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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).  

 

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 impossible 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 §3.1.1.), 

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. Illustration 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 §1.3.), 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)1. 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 (Kovács et al., 2001). This symptom is therefore not specific 

of PD and has rather been suggested as a biomarker of early stages of neurodegenerative 

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 

                                                           
1 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-Döring 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, §3.2.), 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. 

 

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 §1.1. 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.  

 

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 plaques 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 5-25µm 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 
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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. 

 

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 5-25µm 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 

(Holmqvist 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, β-

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.  

 

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 (Aβ) 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, Aβ 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-α (TNFα), 

interferon-γ and interleukin-1β 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 ganglia2 

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 “tâche 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.  

 

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 

                                                           
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 PD4 

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; DeLong, 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)5 

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 

1 §4.3. 

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 

et al., 2013) 6 

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-[18F] 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 

                                                           
6 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 I 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 I 
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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). 

 

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 I, 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 (Hernán 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 (Hernán et al., 2002; Sääksjärvi 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 4q21-23 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 (Muñoz 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 (Krüger 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 (Ibáñez 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 

PARK1 SNCA alpha-synuclein 4q21-q23 AD 
A53T, A30P, 

E46K, G51D 
+ 

(Krüger et al., 1998; 

Lesage et al., 2013; 

Polymeropoulos, 

1998; Zarranz et al., 

2004) 

PARK2 PARK2 parkin 6q25.2-q27 AR deletions ± 
(Kitada et al., 1998; 

Matsumine, 1999) 

PARK3 ND ND 2p13 AD ND ND (Gasser et al., 1998) 

PARK4 SNCA alpha-synuclein 4p14-16.3 AD multiplication + 

(Chartier-Harlin et al., 

2004; Farrer et al., 

1999) 

PARK5 UCHL1 
Ubiquitin c terminal 

hydrolase 
4p14 AD S18Y + (Leroy et al., 1998) 

PARK6 PINK1 
Pten-induced 

putative kinase 1 
1p35-p36 AR G309D, W437X + (Valente et al., 2004) 

PARK7 PARK7 DJ-1 
1p36.33 - 

p36.12 
AR 

L166P and 

deletion 
+ 

(Taipa et al., 2016; 

van Duijn et al., 

2001) 

PARK8 LRRK2 
Leucine-rich repeat 

kinase 2 

12p11.23-

q13.11 
AD >80 mutations + 

(Funayama et al., 

2002) 

PARK9 ATP13A2 
Lysosomal type 5 

ATPase 
1p36 AR truncating - 

(Hampshire et al., 

2001) 

PARK10 ND ND 1p32 RF ND ND (Hicks et al., 2002) 

PARK11 GIGYF2 
GRB interacting 

GYF protein 2 
2q36-q37 AD 9 mutations 

 

(Pankratz et al., 

2003) 

PARK12 ND ND Xq21-q25 
X-

linked 
ND ND 

(Pankratz et al., 

2003) 

PARK13 HTRA2 
HTRA serine 

peptidase 2 
2p12 AD ND ND (Strauss et al., 2005) 

PARK14 PLA2G6 Phospholipase A2 18q11 AR missense - (Gao et al., 2009) 

PARK15 FBXO7 F-box only protein 7 22q12-q13 AR truncating ND (Shojaee et al., 2008) 

PARK16 ND ND 1q32 RF ND ND (Satake et al., 2009) 
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PARK17 VPS35 
Vacuolar protein 

sorting 35 
16q11.2 AD D620N ND 

(Vilariño-Güell et al., 

2011) 

PARK18 EIF4G1 

Eukaryotic 

translation initiation 

factor 4 gamma 1 

3q27.1 AD 5 mutations + 
(Chartier-Harlin et al., 

2011) 

PARK19 DNAJC6 

DNAJ/HSP40 

homolog subfamily 

C member 6 

1p31.3 AR 
splice site / 

truncating 
ND 

(Edvardson et al., 

2012) 

PARK20 SYNJ1 Synaptojanin 1 21q22.11  AR R258Q ND (Olgiati et al., 2014) 

PARK21 DNAJC13 

DnaJ Heat Shock 

Protein Family 

(Hsp40) Member 

C13 

3q22 AD N855S + 
Vilariño-Güell et al., 

2014 

PARK22 CHCHD2 

Coiled-Coil-Helix-

Coiled-Coil-Helix 

Domain-Containing 

protein 2 

7p11.2  AD T61I, R145Q ND 
(Funayama et al., 

2015) 

PARK23 VPS13C 

Vacuolar Protein 

Sorting 13 Homolog 

C 

15q22.2  AR truncating + (Lesage et al., 2016) 

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 

http://www.omim.org/geneMap/21/51?start=-3&limit=10&highlight=51
http://www.omim.org/geneMap/7/250?start=-3&limit=10&highlight=250
http://www.omim.org/geneMap/15/233?start=-3&limit=10&highlight=233
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al., 2010; Simón-Sánchez 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.   

 

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 (MAO) 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 (Özge 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 (IMAO) 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 Björklund, 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 III 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?7 
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 

question. 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 painter8. 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) Modèles 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 §1 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 humans9.   

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 

                                                           
9 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/ 

http://passeurdesciences.blog.lemonde.fr/2014/04/13/ces-medicaments-testes-sur-la-souris-mais-qui-ne-soignent-pas-humain/
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. In vitro 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; Schüle 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 N6,2′-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; Tönges 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 (Brück 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 



62 
 

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 
validity 

 

References 
 Specie

s 
Conditions DD LP Mt DS Inf. OS 

Diff. 
SH-SY5Y 

Human 

overexpression of SNCA ND + ND ND ND ND ND 
(Hasegawa et al., 

2004) 

overexpression of SNCA ND + ND + ND ND ND (Kim et al., 2015) 

SH-SY5Y 

Rotenone + ND ND + ND ND ND 
(Jang et al., 

2015) 

Expression of SNCA 
(WT, A30P, A53T) 

ND + ND ND ND ND ND 
(Smith et al., 

2005) 

Diff. PC12 cells Expression of p25α ND + ND + ND ND ND 
(Ejlerskov et al., 

2013) 

Primary 
hippocampal 

cells 

Rat 
Expression of human WT 

SNCA or aggregation-
prone SNCA-T 

ND + ND ND ND ND ND 
(Poehler et al., 

2014) 

Mouse 
exogenous human 

alpha-synuclein 
protofibrils 

+ + ND ND ND ND ND 
(Volpicelli-Daley 

et al., 2011) 

Mouse 
Snca 
KO 

ND + ND ND ND ND ND 
(Volpicelli-Daley 

et al., 2014) 

primary 
mesecephalic 

cells 

Rat 
Overexpression of SNCA 

(WT, A30P, A53T) 
- ND ND + ND ND ND 

(Koch et al., 
2015) 

Chicke
n 

MPP+ + ND ND ND ND ND ND 
(Tolosa et al., 

2013) 

Mouse Rotenone + ND + ND ND + ND 
(Radad et al., 
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. In vivo 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; Sämann 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.  

Species 
Construct Validity Face validity Predictive 

validity 
References 

Gene Gene form Pr. SN LP MS NMS 

Mouse SNCA“ WT 
Thy1 or 

PDGR-B 
+ + + + - 

(Chesselet et al., 2012; 

Masliah et al., 2000) 

Mouse SNCA“ WT Prp - - - ND ND 
(Lee et al., 2002) 

Mouse SNCA“ A53T Prp ND + + ND ND 

Rat SNCA“ WT CBA + + + ND ND (Kirik et al., 2002) 

Rat SNCA“ 

WT 

A30P 

A53T 

PGK + + ND ND ND (Lo Bianco et al., 2002) 

Rat SNCA“ 

WT 

S87A 

S87E 

BND + + + ND ND (Oueslati et al., 2012) 

Drosophila SNCA“ 

WT 

A30P 

A53T 

elav-

GAL-4 
+ + + ND ND (Feany and Bender, 2000) 

Drosophila SNCA“ 
WT 71-82 

removed 

elav-

GAL-4 
- - ND ND ND (Periquet et al., 2007) 

Mouse LRRK2“ WT 
mLRRK2 

- ND - ND ND 
(Li et al., 2009) 

Mouse LRRK2“ R1441G - - + ND ND 

Mouse LRRK2“ G2019S 
CMVE-

PDGFβ 
+ ND + ND ND 

(Chen et al., 2012; Ramonet 

et al., 2011) 

Mouse LRRK2“ R1441C ROSA26 - - - - ND (Tsika et al., 2014) 

Rat LRRK2“ WT 
SYN1 

- - ND ND ND 
(Dusonchet et al., 2011) 

Rat LRRK2“ G2019S + - ND ND ND 

Drosophila LRRK2“ WT 

elav-

GAL-4 

- ND - ND ND 

(Ng et al., 2009) 
Drosophila LRRK2“ 

G2019S, 

Y1699C, 

G2385R 

+ ND + ND ND 

Mouse 
PARKIN 

# 

Exon 3 

del. 
- - ND + ND ND (Goldberg, 2003) 

Mouse 
PARKIN 

# 
Ex 2 del. - - ND ND - ND (Perez and Palmiter, 2005) 

Mouse 
PARKIN 

# 

Truncated, 

Q311X 
DAT + + ND + 

 
(Lu et al., 2009) 
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Rat PARKIN 
WT (KO-

Exon 4) 
- - ND - ND ND (Dave et al., 2014) 

Drosophila PARKIN* 

P21 

insertion 

(null) 

- - ND ND ND ND (Pesah et al., 2004) 

Mouse PINK1 # 
4-7 Exon 

mutation 
- - - ND ND + (Kitada et al., 2007) 

Rat PINK1 ° 
WT (KO-

Exon 4) 
- + ND + ND ND (Dave et al., 2014) 

Drosophila PINK1 * 

UTR + 

part of 

exon 1 
 

+ ND + ND ND (Park et al., 2006) 

Mouse DJ-1 # Ex 3-5 del. - - ND + ND ND (Kim et al., 2005) 

Mouse DJ-1 # Ex 7 - - ND + ND ND (Manning-Boğ et al., 2007) 

Mouse DJ-1 # Ex 2 del. - ND ND + ND ND (Chandran et al., 2008) 

Mouse DJ-1 # Ex 1 stop - + ND + ND ND (Rousseaux et al., 2012) 

Rat DJ ° 
WT (KO-

Ex 5) 
- + ND + ND ND (Dave et al., 2014) 

Drosophila DJ-1* DJ-1β del. - - ND + ND ND (Park et al., 2005) 

Drosophila DJ-1* 
DJ-1α 

RNAi 
- - ND + ND ND (Lavara-Culebras and 

Paricio, 2007) 
Drosophila DJ-1* DJ-1β 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 §3.1.). Although the mode of action of these 

environmental agents is known, like the inhibitory action of rotenone on the complex I 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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Model 
Behavioral 
symptoms 

Nigrostriatal damage 
Synuclein 

aggregation/Lewy body 
formation 

Uses of the model Disadvantages 

6-OHDA 

Rotational 
behavior after 

uilateral 
injection 

Loss of DA innervation at 
injection site (striatum) 

No inclusions 

Screen therapies 
that may improve 

PD symptoms. 
Study mechanisms 

of cell death 

Require 
intracerebral 

injection, very 
little synuclein 
incolvement 

MPTP 

Motor 
impairments in 
primates. Less 
obvious motor 
impairments in 
acute rodent 

models 

Loss of DA neurons 
dependent on dosing 

regimen, reaching 95% 
in acute high-dose 

conditions. Reduced DS 
levels in striatum 

concurrent with midbrain 
DA neuron loss 

Inclusions not prevalent. 
Few cases of synuclein 

aggregation in 
nonhuman primates, as 

well as increased 
synuclein 

immunoreactivity in 
rodents 

Screen therapies 
that may improve 

PD symptoms. 
Study mechanisms 

of cell death 

Nonprogressive 
model of cell 

death. Inclusions 
are rare. 

Rotenone 

Reports of 
decreased 

motor activity 
in rodents 

Loss of DA neurons 
accompanied by reduced 

DA innervation in 
striatum 

Synuclein aggregation in 
DA neurons 

Test 
neuroprotective 

compounds 

Substantial 
morbidity and 

mortality. Labor 
and time 
intensive 

Paraquat 
No clear motor 

deficits 
Decreased striatal TH 

immunoreactivity 

No inclusions present but 
increased suclein 

immunoreactivity in DA 
neurons of the SN 

Test 
neuroprotective 

strategies 

Not extensively 
tested. Effects on 

either 
neurotransmitter 

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 I 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 

(Kääriäinen 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 (Kääriäinen et al., 2012). 

2.2.1.3. MPTP 

As detailed in chapter 1 §3.1.1.2., 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 (Muñoz-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 (Muñoz-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 I 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 §2, 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 all 

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 I 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 I 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 I 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, II, 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.   
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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 I 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. c, 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; α-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.   

 

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 (González-Polo et al., 2007a, 2007b; 

Marin and Aguilar, 2011; Meredith et al., 2002; Öztaş and Topal, 2003).  

 

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 α-

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 β-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). 

 

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 β-sheet structure which might 

be accessible to the binding of small molecules (Tuttle et al., 2016).  
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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; Aulić 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 (Iljina et al., 2016; Rey et al., 2016; Watts and 



79 
 

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 I 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 (PrPSc). 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 response10. As described above (cf. chapter 2 §3.3.), in 

physiological conditions, alpha-synuclein presents a α-helical conformation when bound to 

synaptic vesicles and a β-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 §1.1., 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/ 



80 
 

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 DISEASE11.  
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; Müller 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 (Ex0 – 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 

UCSC 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_bG7QQtnAIsUTl9KS40bAsPrCC4ia, 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 

                                                           
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.   



83 
 

Ghrelin is mainly expressed in the stomach by X/A-like oxyntic gland cells of the gastric 

fundus mucosa (Kojima et al., 1999; Müller 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 (François 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: 

GHSR1a 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 GHSR1a 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 

(PI3K)/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; Camiña 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 signaling 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 

C/inositol 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 (Ca2+) 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 β-oxidation through AMPK 
phosphorylation. Ghrelin binding to GHSR1a also activates the PI3K/Akt and 
PKC/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 

                                                           
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. 
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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 ghrelin14 
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).  

                                                           
14 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 

                                                           
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; Müller 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; Rodríguez 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. 



89 
 

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 § 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 Aβ peptide (Bulgarelli et al., 2009), as well as neuroprotection of growth hormone 
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secretagogues against cerebellar cell death in aged rats (Pañeda 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-α, interleukine 1β, 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-α and interleukin-1β 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 

cachexia in 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-modifying 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 Aβ1-

42, phosphorylated-tau, total-tau, and total-tau/Aβ1-42, 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 §2.1.) 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. 

 

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 (T0) 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 number 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: T0 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 

(T0), 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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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 T0, 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.  

 

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 cm2 squares) was placed 1 cm above the beam and 

the mice had to walk over the grid.  

No further training was necessary throughout the duration of the experiment. On the test 

days, a mesh wired grid (1.2 cm2 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 

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).  
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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/kg). 

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 für 

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. 200μL 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. 500µL 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. 350µL of 70% ethanol were added for each 700µL 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 (InvitrogenTM UltraPureTM 

Agarose,Thermo Fisher Scientific, Illkirch, France) diluted in 0.5X TBE buffer (Eppendorf, 

Montesson, France). Two microliters of ethidiumbromide (MP, Q-Bio gene, Illkirch, 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 

qPCR 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 

10μL nuclease-free water was added to 10μL 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.  

 

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 6qE3. 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_1B1V0FqKeHhrs9X4toIaS7Vtia5v , 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. 

https://genome.ucsc.edu/
https://genome.ucsc.edu/cgi-bin/hgTracks?db=mm10&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&position=chr6%3A113715090%2D113720779&hgsid=547311775_1B1V0FqKeHhrs9X4toIaS7Vtia5v
https://genome.ucsc.edu/cgi-bin/hgTracks?db=mm10&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&position=chr6%3A113715090%2D113720779&hgsid=547311775_1B1V0FqKeHhrs9X4toIaS7Vtia5v
https://genome.ucsc.edu/cgi-bin/hgTracks?db=mm10&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&position=chr6%3A113715090%2D113720779&hgsid=547311775_1B1V0FqKeHhrs9X4toIaS7Vtia5v
https://genome.ucsc.edu/cgi-bin/hgTracks?db=mm10&lastVirtModeType=default&lastVirtModeExtraState=&virtModeType=default&virtMode=0&nonVirtPosition=&position=chr6%3A113715090%2D113720779&hgsid=547311775_1B1V0FqKeHhrs9X4toIaS7Vtia5v
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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 (Pcsk1), 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 
Length 

(bp) 

Primer set 
Efficiency 

(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 

Pcsk1 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. Pcsk1 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 qPCR 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 1μL cDNA, a power SYBR-

green qPCR mastermix (Thermo Fisher Scientific) and the specific primers for each gene to 

be amplified. qPCR 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-Δ(ΔCT) (Livak and Schmittgen, 2001). 

1.3. Immunohistochemistry 

Immunohistochemical analyses were performed in collaboration with Dr. Anna Bencsik 

and Mr. Mikaël 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 5μm-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% H2O2 to 

eliminate endogenous peroxidase activity, followed by 2 washing steps with PBS-tween. 

Proteinase K (Roche Diagnostic, Meylan, France, 50 µg/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: Illustration 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) 7.5μg/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 AxioImager 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, Nümbrecht, Germany) and kept on ice 

before further processing. These tubes contain ethylene diamine tetra-acetic acid (EDTA) 

(Sarstedt) to prevent blood clotting, and 2 µL 4-hydroxymercuribenzoic acid (PHMB, Sigma-

Aldrich, Saint-Quentin-Fallavier, France) per 100 µL blood was added to prevent protein 

degradation. Samples were centrifuged to collect the plasma and 0.1M hydrogen chloride 

(HCl, 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 μL 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.   

 

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 300µL ice-

cold protein extraction buffer (60 mM TrisHCl (pH 6.8), 1mM Na3VO4, 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 München. The protein concentration from intestine 

extracts was measured using the Nanodrop X100. Samples were further diluted to adjust the 

final protein concentration to 30µg. Twenty µL of protein extracts per sample were loaded 

together with 5 µL 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 (0.45µm, ref. 10600002, 

AmershamTM ProtranTM 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 (3.94µM, 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, München, 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. In vitro 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 55µL of 50µg/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 55µL 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.  



111 
 

The entire brain was removed from the skull and the mesencephalon was isolated as 

shown figure 27 below. 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 1000µL pipet and transferred into a 15 mL falcon tube 

containing 3 mL of Hank’s Balanced Salt Solution and 60µL 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 (20µL/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 1.106 cells/mL (for information, it takes about 6 

embryos to obtain 6 mL of cell suspension at 1.106 cells/mL). 100µl of this cell suspension 

were plated in each well. After 4 hours, 20µL 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), 40µL of medium were replaced in the well by 40 µL of new N2 medium. On DIV 

4, 60µL of medium were removed from each well and replaced by 60µL 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 §1.3.1. above) for 

WB analyses.  

2.1.3. In vitro 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 CO2 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 PI-positive nuclei quantification 

The number of PI-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 PI-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, 

50µL 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 HCl 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 HCl, 1 tube containing medium 

and 1mM PHMB, and 1 tube containing medium, 0.1M HCl 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 

I. 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 (§ 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. Long term 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. 

 

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. 

 

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 0 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 HCl was added after collection of the 

medium; in blue 1mM 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 
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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 HCl 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. 

 

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 (T0) 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 (T0) 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 §2.2.1.3.), 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 ± 4.12, 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 3§2.3., 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 + AG0.1: 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 PI-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 PI-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. 

 

Figure 34: Mean number of propidium iodide-positive cells after exposure to rotenone 

and acyl-ghrelin during three days. Mean number of propidium iodide (PI)-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 PI-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.  

 
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. 



124 
 

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. 

 
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 PI-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 PI-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 (PI)-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 PI-positive cells in the 

control condition and plotted as mean ± SEM. 

PI-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. 

II. 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). 

Table 7: GHRLOS expression is down-regulated in peripheral blood mononuclear cells 

of PD patients as assessed by Illumina 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 Illumina probe binding GHRLOS is provided, as well as the fold change value calculated 

between PD patients and healthy controls for each probe. 

Gene Gene Name Probe FC Patient 

GHRLOS 
ghrelin opposite 
strand RNA (non 

coding) 
ILMN_364273 

-0.167 Mutation G2019S LRRK2 

-0.23 Sporadic 
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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 

qPCR. 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). 

 

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-

∆(∆CT) 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. In vivo 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 
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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). 

 

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). 

As described in other species, plasma acyl- and desacyl-ghrelin concentrations are 

elevated after an overnight fast (Fig. 40). Thirty minutes of access to food induced a 

significant decrease in plasma acyl-ghrelin concentrations (T0: 462 ± 209 pg/mL versus T30: 

182 ± 47.59 pg/mL, p<0.05). In addition, mice were eating at least 2 meals in 90 min as 

shown by the decreases in acyl-ghrelin at T30 and T90. In parallel, concentrations of 

desacyl-ghrelin were high after an overnight fast and progressively decreased after the mice 

regained access to food. 
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2.1.2. Plasma ghrelin variations in healthy 1 year old male mice before and after a 

meal 

Since the animal model of early parkinsonism selected for this study was developed in 

1 year old male mice and considering the well documented variations in ghrelin 

concentrations with sex and age (Al-Massadi et al., 2010; Makovey et al., 2007), we also 

investigated the variations in plasma acyl- and desacyl-ghrelin before and after a meal in 1 

year old C57BL/6J male mice. Based on the results obtained on younger females (cf. supra), 

the protocol was modified to allow a limited access to food for 30 min only (after the first 

blood sampling), after which the food was removed again thus preventing further variations in 

plasma acyl-ghrelin concentrations. This enabled to mimic the procedure followed in humans 

by Unger and colleagues (2011). Figure 41 below represents the variations of plasma acyl-

ghrelin (Fig. 41A) and desacyl-ghrelin (Fig. 41B) concentrations throughout the procedure. 

These results show that acyl-ghrelin concentrations peak after an overnight fast, decrease 

after food intake and increase again until the next meal. These data thus reproduce the 

variations of plasma ghrelin concentrations observed in human beings, therefore validating 

the protocol of temporary food access for the study of plasma ghrelin variations in mice after 

overnight fast. 

 

Figure 41: Mean variations of acyl- and desacyl-ghrelin concentrations after an 

overnight fast and at different time-points after 30 min food intake in 1 year old 

C57BL/6J male mice. The first blood sample was taken after an overnight fast of 13 hours. 

The second sample was collected 30 min after unlimited access to food. The last blood 

sample was taken 120 min after the first sample and was preceded by 90 min without access 

to food. A) A significant decrease in acyl-ghrelin concentrations was observed after 30 min of 

food access (**p<0.01). The concentrations of plasma acyl-ghrelin increased again when the 

food was removed after this 30 min period (**p<0.01). B) Desacyl-ghrelin concentrations 

were stable throughout all the experiment.  

When looking at the dispersion of individual values for each time point of this kinetic study 

(Fig. 42), one can see that the values for acyl-ghrelin are more heterogeneous for the first 
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and the third blood sampling taken after fast (Fig. 42A) whereas desacyl-ghrelin 

concentrations are quite stable throughout the experiment, although some inter-individual 

variations exist (Fig 42B). 

 

Figure 42: Individual variations of acyl- and desacyl-ghrelin concentrations after 

overnight fast followed by 30 min ad libitum access to food. A) Acyl-ghrelin 

concentrations (pg/mL) after overnight fast (T0), 30 min ad libitum access to food (T30) and 

90 min after removal of the food (T120) (n=30). B) Desacyl-ghrelin concentrations 

(expressed in pg/mL) in the same conditions (n=30). 

In conclusion, provided the access to food after an overnight fast is limited to 30 

min the following morning, plasma acyl-ghrelin concentrations are elevated after fast, 

quickly decrease after 30 min ad libitum food intake and increase again until the next 

meal. Such a standardized procedure avoids hectic acyl-ghrelin variations due to a 

continuous food intake (limited to few pellets of food) during the whole period of mice 

activity. It therefore ensures a rigorous study in pathological conditions. 

2.2. Validation of the mouse model of early parkinsonism after chronic exposure 

to low doses of the pesticide rotenone   

2.2.1. Animals well-being throughout the experimental procedure 

General health conditions of the animals were surveyed throughout the experiment. At 

the dose of 5mg/kg rotenone per day, all animals remained alive during the 1.5 months of the 

experimental procedure and showed no sign of general alteration except for one mouse in 

the control group which showed a propensity to spontaneously turn on its right side. 

Although, all mice were able to perform all behavioural tests without experiencing any 

difficulty, this animal was later removed from the cohort after observing a cerebellar 

malformation at autopsy. Since PD is often accompanied with involuntary weight loss (Abbott 

et al., 1992), the mice were daily weighted (Fig. 43A). Their mean food consumption per 

cage was monitored to exclude possible weight loss due to a decreased food intake which 
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was the case when assessing plasma ghrelin concentrations after overnight fast on day 30 

(Fig. 43B). Note that the design of the whole experiment procedure is summarized figure 21 

in the Material and Methods section. 

 

Figure 43: Daily body weight variations and mean food consumption throughout the 

experiment. A) Graphic representation of the mean daily body weight ± SEM per 

experimental group during the six weeks of the experimental procedure. Body weight of 

control mice was significantly higher than the body weight of animals in both solvent and 

rotenone-exposed groups (***p<0.001). B) Graphic representation of the mean daily food 

intake per cage with 2 cages (n=5/cage) per group. A significant decrease in solvent and 

rotenone groups was observed during the first 10 days of the experimental procedure 

(**p<0.01). Black arrows indicate the days when blood sampling (day 30) and intestinal 

motility tests (days 23 and 34) were performed. 

Solvent and rotenone-exposed mice lost weight after 1.5 months of the experimental 

procedure (mean weight difference between the first and the last day of experimental 

procedure in control mice = +0.39 ± 0.27 versus -0.59 ± 0.44 in solvent mice and -0.75 ± 0.32 

in rotenone mice, p<0.001). This loss appeared in the first days of the procedure (post-hoc 



135 
 

analysis, p<0.001 between control and rotenone-exposed mice from D5 to D9, and between 

solvent and rotenone-exposed animals on D8) and was accompanied by a transient 

decrease in food consumption (Day 4-10, p<0.01). No further decrease in body weight or in 

the food consumption was observed after this first week. The gavage alters the body weight 

during the first days of the experimental procedure. However, this alteration was observed 

both in solvent and rotenone-exposed mice, suggesting that rotenone itself does not affect 

the body weight or the food consumption after 1.5 months of the experimental procedure. In 

addition, the weight of several organs (liver, kidneys, gastrocnemius, soleus and heart) 

removed at the autopsy at the end of the experiment was similar between the three groups. 

This suggests that orally administered-rotenone for 1.5 months has no systemic effect 

at the concentration of 5mg/kg/day. 

2.2.2. Evaluation of non-motor symptoms after 1.5 months of exposure to low 

doses of the pesticide rotenone 

During the years preceding the appearance of motor symptoms, PD patients often 

complain about non-motor symptoms among which gastro-intestinal are very common (Cloud 

and Greene, 2011; Poewe, 2008). In order to assess mouse gastro-intestinal function during 

the whole experimental procedure, we adapted a non-invasive test assessing intestinal 

motility in a novel environment (Wang et al., 2008). The day of the test, the mice were 

individually placed in a new cage similar to their home cage but with no litter and a grid at the 

bottom to avoid coprophagy. This new environment, combined with the social isolation, 

generated a mild stress for the mice which enhanced the activity of the autonomic nervous 

system therefore increasing the excretion of feces. Each mouse was observed during 2 

hours by an experimenter and the number of feces was counted every 15 min during the first 

hour and at the end of the 2 hours period (see the Material and Methods section for further 

details on the protocol). The number of excreted feces was counted for all groups at different 

time-points of rotenone exposure (before the beginning of rotenone exposure (Fig. 44A), 

after one month of rotenone exposure (Fig. 44B) and after 1.5 months of rotenone exposure 

(Fig. 44C), and the cumulative number of emitted feces after 1.5 months was compared to 

the number monitored before the beginning of the experiment (Fig. 44D). As expected, the 

intestinal motility test in reaction to novelty activated the autonomic nervous system as 

shown by the global increase in the cumulative number of feces emitted by all animals before 

the beginning of the experimental procedure. Note that at this time-point, all animals were 

already assigned to an experimental group (Fig. 44A). 
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Figure 44: Chronic low doses of the pesticide rotenone alter intestinal motility in 1 

year old C57BL/6J male mice. The cumulative number of excreted feces after 15, 30, 45, 

60 and 120 min in the cage was assessed before the beginning of rotenone exposure (A), 

after 1 month of the experimental procedure (B) and at the end of rotenone exposure (C). D) 

Cumulative number of excreted feces after 15 min (T15), 30 min (T30), 45 min (T45), 60 min 

(T60) and 120 min (T120), represented as a ratio between the beginning and the end of the 

experimental procedure and expressed in percentage. The data is plotted as mean ± SEM 

(n=10 mice per group). 

Interestingly, mice exposed to rotenone emitted less feces compared to other experimental 

groups from 1 month of the experimental procedure, an effect which became significant after 

1.5 months of pesticide exposure (Fig. 44C and 44D). Table 8 below shows the detailed 

mean number of feces emitted across the study. 

In conclusion, of the exposure to low doses of the pesticide rotenone during 1.5 

months significantly reduced the intestinal motility in 1 year old C57BL/6J male mice, 

therefore mimicking one of the non-motor symptoms of PD early stages as 

documented in humans. This satisfies one important face validity criterion for an 

experimental model of early parkinsonism (i.e. presence of non-motor alterations at an 

early stage of the disease). 
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Table 8: Mean number of emitted feces per group and per time spent in the intestinal 
motility test before and after 1 and 1.5 months of the experimental procedure. The 
number of feces emitted after 15, 30, 45, 60 and 120 min spent in the cage was adjusted to 
30g of body weight. Data are presented as mean ± SEM.  
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2.2.3. Investigation of the motor behavior after 1.5 months of exposure to low 

doses of the pesticide rotenone 

2.2.3.1. Analysis of the global motor behavior 

The global motor behavior was assessed using the spontaneous activity test (adapted 

from Fleming, 2004, as detailed in the material and methods section.) 

 
Figure 45: Spontaneous motor activity in response to novelty as measured in the 

cylinder test. A) Mean time spent grooming per group at the beginning, after 1 and 1.5 

months of the experimental procedure. B) Mean number of rearings per group at the 

beginning, after 1 and 1.5 months of the experimental procedure. C) Ratio of the mean 

number of steps made with respectively forelimbs and hindlimbs per group across the study. 

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 exceeded 5 sec. All results are presented as mean ± SEM 

(n=10/group). 

No significant difference was observed in between groups for the time spent grooming (Fig. 

45A) and for the number of steps (Fig. 45C). However, solvent and rotenone-exposed mice 

reared less after 1.5 months of the experimental procedure compared to controls (*p<0.05 

and **p<0.001 respectively) suggesting a global habituation of these mice to the test, 

resulting in decreased exploratory behavior. As this effect is not specific to rotenone mice, 

we concluded that the exposure to low doses of the pesticide rotenone during 1.5 
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months does not affect the spontaneous motor behavior as measured in the cylinder 

test. 

2.2.3.2. Analysis of the fine motor coordination between mouse fore- and hindlimbs 

Since PD symptoms appear progressively over time, the absence of global motor 

deficits could mask subtle alterations of motor capacities such as the coordination between 

the animals’ fore- and hindlimbs. The challenging beam traversal test was therefore used to 

assess the fine motor coordination in mice as described in the Material and Methods section.  

 
Figure 46: Fine motor coordination as analyzed using the challenging beam traversal 

test. A) Time needed to cross the beam as measured in the three experimental groups 

(controls in red, n=10; solvent in blue, n=10; rotenone in green, n=10) before (time 0) and 

after 1 and 1.5 months of exposure. B) Number of steps, defined as a sequential movement 

of fore- or hind-limbs across the floor in less than 5 sec, while crossing the beam in the three 

experimental groups at each time point of the experiment. C) Number of errors per step in 

the different experimental groups at each time-point of the experiment. All data are 

expressed as mean ± SEM.  

Exposure to low doses of rotenone does not alter the fine motor coordination in the 

challenging beam traversal test (Fig. 46). Indeed, rotenone-exposed mice needed 10.1 ± 

0.38 sec to cross the 1m-long beam whereas solvent and control mice needed respectively 

11.6 ± 0.60 sec and 8.9 ± 0.53 sec. Similarly, all mice made more errors in the third section 

of the beam, when the task became more complex (mean errors per step in control mice = 
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3.53 ± 0.44 versus 3.28 ± 0.30 in solvent and 3.26 ± 0.27 in rotenone-exposed mice), but 

there was no between group difference, either for the number of steps needed to cross the 

beam or for the number of errors per step.  

In conclusion, chronic exposure to low doses of rotenone does not alter the 

global or the fine motor behavior as assessed with the cylinder test and the 

challenging beam traversal test. This animal model therefore presents good face 

validity for the reproduction of PD early stages when no motor symptoms can be 

noticed. 

2.2.4. Post-mortem analyses 

2.2.4.1. Histopathological analysis of the substantia nigra 

To further assess the face validity of this mouse model of early parkinsonism induced 

by exposure to low doses of the pesticide rotenone, the number of TH-positive neurons was 

counted in the SN of C57BL/6J mice from the control group and after 1.5 months of exposure 

to either the solvent or rotenone (Fig. 47).  

 

Figure 47: Immunohistological analysis of the substantia nigra. A) Representative 

photographs of the substantia nigra (SN) as observed on a frontal section at Bregma -

3.52mm in control (a), solvent-exposed (b) and rotenone-exposed (c) mice. The SNc is 

surrounded with a red dotted line. B). The mean number of tyrosine hydroxylase (TH)-

producing cells does not significantly differ in the SN between the experimental groups. The 

results are presented as mean ± SEM (n=4/group). 
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Figure 47A shows representative images of TH-positive within the right SN (at Bregma 

-3.52mm) taken at the X100 magnification in the three groups. The mean number of TH-

positive neurons did not significantly differ in between groups (Fig. 47B, control = 58.89 ± 

3.21 versus 71.04 ± 4.81 in solvent and 60.16 ± 4.96 in rotenone-exposed mice, n.s.). The 

counting of TH-positive neurons did not reveal any difference in between groups (mean 

number of dopaminergic neurons per section of SNc in control mice = 58.89 ± 3.21 versus 

71.04 ± 4.81 in solvent and 61.16 ± 4.96 in rotenone-exposed mice, n.s.). Therefore, the 

exposure to low doses of rotenone for 1.5 months did not alter the number of dopaminergic 

neurons within the SN.  

In conclusion, both behavioral and histological analyses show an absence of 

effect of exposure to low doses of the pesticide rotenone for 1.5 months on both the 

motor function and the SN dopaminergic population, which is consistent with the 

requirements for modeling PD premotor stages in animals. However, this regimen of 

exposure altered the intestinal motility. This therefore satisfied the face validity criteria 

of this rodent model of early stages of parkinsonism in our animal facility.  

2.2.4.2. Analysis of the intestinal neuronal populations 

In order to further characterize this animal model at later time-points of exposure, the 

different neuronal populations present in the intestine of mice exposed to 5mg/kg/d of 

rotenone or to the solvent during 2 or 4 months were analyzed using western blots. The 

intestinal tissues were collected from an independent study conducted by Dr. Pan-Montojo 

(Germany) after 2 and 4 months of experimental procedure and stored at -80°C until further 

use. Duodenum, jejunum, ileum and colon samples from solvent and rotenone-exposed mice 

were individually analyzed. Pgp9.5, a ubiquitin carboxy-terminal hydrolase mainly expressed 

in nerve cells, was used as a marker of neurons and compared to glycerinaldehyde-3-

phosphate-dehydrogenase (Gapdh), which is stably expressed in all intestinal cell 

populations. 

After two months of exposure to rotenone, no difference in the protein expression of 

Pgp9.5 was detected in the intestine compared to solvent-exposed mice (Fig. 48 ; Fig. 49). 

The relative protein expression of choline acetyltransferase, the rate limiting enzyme involved 

in the synthesis of acetylcholine within cholinergic neurons, was analyzed in all intestinal 

samples of rotenone-exposed mice compared to solvent-exposed mice. Chat-normalized 

expression (normalization to the neuronal marker Pgp9.5) was not significantly modified after 

two months of oral exposure to low doses of the pesticide rotenone when compared to 

controls (relative Chat expression in the duodenum: 1.00 ± 0.10 in solvent versus 0.83 ± 0.16 

in rotenone-exposed mice; relative Chat expression in the jejunum: 1.00 ± 0.10 in solvent 

versus 0.90 ± 0.09 in rotenone-exposed mice; relative Chat expression in the ileum: 1 ± 0.02 
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in solvent versus 0.80 ± 0.13 in rotenone-exposed mice; relative Chat expression in the 

colon: 1.00 ± 0.15 in solvent versus 0.56 ± 0.06 in rotenone-exposed mice).  

Tyrosine hydroxylase relative protein expression, the enzyme implicated in the 

synthesis of catecholamines such as dopamine, epinephrine and norepinephrine, was 

analyzed in parallel within the same samples. After two months of rotenone exposure, 

normalized-TH expression was significantly higher in the duodenum (Fig. 48A and 49A, 

p<0.05) and the colon (Fig. 48D and 49D, p<0.05) of rotenone-exposed mice compared to 

solvent. However, no difference was observed in the ileum and the jejunum.  

After 4 months of exposure to rotenone, no change in Pgp9.5, ChAT and TH protein 

expression was observed in the four intestinal region tested (see Fig. 50 and 51; relative 

Chat expression in the duodenum: 1.00 ± 0.17 in solvent versus 0.58 ± 0.09 in rotenone-

exposed mice; relative Chat expression in the jejunum: 1.00 ± 0.23 in solvent versus 0.58 ± 

0.07 rotenone-exposed mice; relative Chat expression in the ileum: 1.00 ± 0.04 in solvent 

versus 0.96 ± 0.13 in rotenone-exposed mice; relative Chat expression in the colon: 1.00 ± 

0.15 in solvent versus 1.00 ± 0.04 in rotenone-exposed mice; relative Th expression in the 

duodenum: 1.00 ± 0.17 in solvent versus 0.78 ± 0.19 in rotenone-exposed mice, n.s.; relative 

Th expression in the jejunum: 1.0 ± 0.22 in solvent versus 0.98 ± 0.24 in rotenone-exposed 

mice, n.s.; relative Th expression in the ileum: 1.00 ± 0.15 in solvent versus 1.50 ± 0.34 

rotenone-exposed mice, n.s.; relative Th expression in the colon: 1.00 ± 0.24 in solvent 

versus 1.29 ± 0.16 in rotenone-exposed mice, n.s.). In summary, the chronic oral exposure to 

low doses of the pesticide rotenone for two and four months modifies TH-positive neuronal 

populations within the intestine in a region and treatment-dependent manner. Indeed, TH-

normalized expression was significantly increased in the duodenum and the colon after two 

months of rotenone exposure, therefore confirming the impact of rotenone on TH-producing 

cells in the peripheral nervous system.  

In conclusion, the exposure of 1 year old C57BL/6J male mice to low doses of 

rotenone for 1.5 months altered intestinal motility as evidence in the non-invasive 

intestinal motility test. However, the global motor behavior and the fine motor 

coordination were not affected in these mice and the number of SN dopaminergic 

neurons was similar between all groups studied. Such non-motor impairments in the 

absence of motor dysfunction and of neuronal degeneration within the SN are the 

hallmarks of early stages of PD in humans. We therefore validated this animal model 

of early stages of parkinsonism after chronic oral exposure to low doses of the 

pesticide rotenone in our animal facility.  
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Figure 48: Rotenone-induced modifications of neuronal markers in the intestine of 1 

year old mice after 2 months of exposure as analyzed by western blot. A-D) 

Representative western blots using antibodies raised against choline acetyltransferase 

(Chat), tyrosine hydroxylase (Th), Pgp9.5 and glycerinaldehyde-3-phosphate-dehydrogenase 

(Gapdh), respectively undertaken in the duodenum (A), the jejunum (B), the ileum (C) and 

the colon (D) of mice exposed to the solvent or to chronic low doses of rotenone 

(5mg/kg/day) during 2 months. Gapdh expression was used as a loading control.  
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Figure 49: Relative expression of several neuronal markers in the intestine of 1 year 

old mice exposed to the pesticide rotenone for 2 months. A-D) Graphic representation of 

the relative protein expression of choline acetyltransferase (Chat) and tyrosine hydroxylase 

(Th) both normalized to the expression of Pgp9.5, and of Pgp9.5 normalized to the 

expression of glycerinaldehyde-3-phosphat-dehydrogenase (Gapdh) in respectively the 

duodenum (A; n=5/group), the jejunum (B; n=5/group), the ileum (C; n=3/group) and the 

colon (D; n=5/group) (*p<0.05). 
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Figure 50: Rotenone-induced modifications of neuronal markers in the intestine of 1 

year old mice after 4 months of exposure. A-D) Representative western blots using 

antibodies raised against choline acetyltransferase (Chat), tyrosine hydroxylase (Th) and 

Pgp9.5 normalized to the expression of glycerinaldehyde-3-phosphat-dehydrogenase 

(Gapdh), respectively undertaken in the duodenum (A), the jejunum (B), the ileum (C) and 

the colon (D) of mice exposed to the solvent or to chronic low doses of rotenone 

(5mg/kg/day) during 4 months. Gapdh expression was used as a loading control.  
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Figure 51: Relative expression of several neuronal markers in the intestine of 1 year 

old mice exposed to the pesticide rotenone for 4 months. A-D) Graphic representation of 

the relative protein expression of choline acetyltransferase (Chat) and tyrosine hydroxylase 

(Th) both normalized to the expression of Pgp9.5, and of Pgp9.5 normalized to the 

expression of glycerinaldehyde-3-phosphat-dehydrogenase (Gapdh) in respectively the 

duodenum (A; n=5/group), the jejunum (B; n=5/group), the ileum (C; n=2/ solvent group, 

n=3/rotenone group) and the colon (D; n=5/group). 
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2.3. Ghrelin variations in a mouse model of early parkinsonism 

2.3.1. Plasma ghrelin variations after 1.5 months of rotenone exposure 

Based on the satisfying level of validation of this rodent model of early stages of 

parkinsonism, plasma acyl- and desacyl-ghrelin concentrations were investigated after 

rotenone exposure in 1 year old male mice. The details of the experimental procedure are 

exposed in the Material et Methods section and results are shown figure 52 below. 

 

Figure 52: Variations of plasma acyl- and desacyl-ghrelin concentrations throughout 

the experimental procedure. A-C) Ratio of mean acyl-ghrelin concentrations in the plasma 

of control (A, n=10), solvent (B, n=10) and rotenone-exposed mice (C, n=10) before and after 

1.5 months of exposure. D-E) Ratio of mean desacyl-ghrelin concentrations in the plasma of 

control (D, n=10), solvent (E, n=10) and rotenone-exposed mice (F, n=10) after 1.5 months 

of exposure. Blood samples were collected from all mice before and after a standard meal as 

described in the Material and Methods section. The data are presented as mean ± SEM. 

For the three experimental groups, plasma acyl-ghrelin concentrations were higher 

after an overnight fast, decreased after the food access and increased again at 120 min both 

before and after 1.5 months of experimental procedure, except in the control group before 

the experiment. Acyl-ghrelin concentrations in the plasma of rotenone and solvent animals 

were similar at the beginning of the experimental procedure and after 1.5 months. For the 

three experimental groups, plasma desacyl-ghrelin concentrations were highly variable 

between mice of the same group. Moreover, no significant difference was observed in 

plasma desacyl-ghrelin concentrations after 1.5 months of exposure.  

In conclusion, the exposure to low doses of the pesticide rotenone for 1.5 months did 

no alter plasma acyl- and desacyl-ghrelin concentrations. 
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2.3.2. Ghrelin-related gene expression in the duodenum of rotenone-exposed mice 

Last, to further characterize this animal model of early parkinsonism in relation to 

ghrelin, we analyzed ghrelin-related gene expression within the duodenum using qPCR. In 

particular, we focused on the expression of three of the four existing transcript variants of the 

mouse Ghrl gene (see Fig. 53) and of the prohormone convertase 1/3 (Psck1), an enzyme 

implicated in the processing of proghrelin into mature ghrelin protein (see introduction, 

chapter 3, Fig. 18). Since the main innervation of the gastro-intestinal tract consists in 

cholinergic neurons, the gene expression of Chat was also studied in parallel. The 

peptidylprolyl isomerase A was used as a reference gene to normalize gene expression 

between mice.  

 

Figure 53: Relative gene expression in the duodenum of C57BL/6J mice as measured 

by qPCR. The results are plotted as mean ratio of 5 independent samples per group and 

expressed using the 2-Δ(ΔCT) method as detailed in the Material and Methods section. The 

relative gene expression of choline acetyl transferase (Chat), of ghrelin gene variants 1, 2 

and 4 (Ghrl-1, Ghrl-2 and Ghrl-4) and the prohormone convertase 1/3 (Psck1) were 

compared to the expression of the reference gene peptidylprolyl isomerase A. 

Figure 53 shows a global tendency to increase in the expression of all genes 

investigated in the rotenone group compared to controls and solvent-exposed animals, 

although it did not reach statistical significance. One can note a similar increase of Ghrl-2 

variant expression which was significantly higher in rotenone-exposed mice compared to the 

solvent group. This latter group showed an unexpected reduced expression for this specific 

variant.  

In summary, no significant differences in the protein and mRNA levels of ghrelin were 

observed after 1.5 months of exposure to low doses of the pesticide rotenone. 

To conclude, 1 year old C57BL/6J male mice exposed to 5mg/kg/day of rotenone 

during 1.5 months progressively developed an altered intestinal motility but did not 
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present any global or fine motor impairment, as evaluated with the spontaneous 

activity test and the challenging beam traversal test. Brain immunohistophatological 

analyses did not reveal differences in the number SN dopaminergic neurons between 

groups. We therefore validated the animal model of early stages of parkinsonism in 

our animal facility. This in vivo study did however not reveal differences in acyl- or 

desacyl-ghrelin concentrations in this mouse model of early parkinsonism after 1.5 

months of cumulative low doses of the pesticide rotenone. This therefore does not 

validate the potential of ghrelin as a biomarker of PD early stages. 
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CHAPTER 6: DISCUSSION 
At the beginning of the present work, and in view of the divergent data from the 

literature, our objectives were to clarify the potential roles of ghrelin as a biomarker of early 

PD stages and as a disease-modifying agent having shown interesting neuroprotective 

properties in specific in vitro and in vivo models (cf. introduction chapter 3, §2.3.). As 

exposed earlier in this manuscript, we chose to investigate the disease-modifying properties 

of this orexigenic peptide in mouse primary mesencephalic cells exposed to low doses of the 

pesticide rotenone. This in vitro model presents a good internal validity as these cultures are 

heterogeneous and contain a small amount of TH-positive cells together with a majority of 

other cell types such as glial cells which provide trophic support to neighboring neurons 

(Falkenburger et al., 2016; Ikemoto et al., 1998): this reproduces the cerebral 

microenvironment of the SN more closely than other in vitro models. Moreover, this model 

also displays good construct and face validities since the exposure to low doses of rotenone, 

a pesticide known to induce parkinsonism in humans (Tanner et al., 2011b), induces a 

progressive neuronal death among primary dopaminergic cells. This model therefore allows 

to study the progressive molecular and cellular modifications ultimately leading to the 

characteristic neurodegeneration of dopaminergic SNc neurons as observed in PD brain 

(Tretiakoff, 1919). Our data suggest that, whereas acyl-ghrelin did not exert any 

neuroprotective effect in our experimental conditions, desacyl-ghrelin seemed to prevent the 

rotenone-induced reduction in the number of TH-positive cells. In parallel, the transcriptomic 

analyses conducted on patients-derived samples showed a reduced expression of the 

ghrelin opposite strand/antisense non-coding RNA GHRLOS in PD samples. Since GHRLOS 

is a known regulator of ghrelin expression (Seim et al., 2008b), such a reduced expression in 

PD patients is therefore expected to alter ghrelin concentrations in biological fluids: if specific 

and sensitive enough, this indicator could be used as a biomarker of PD, and possibly of 

early phases of the disease including the premotor stage. However, our preliminary in vivo 

study in a model of chronic exposure of 1 year old male mice to low doses of the pesticide 

rotenone, a protocol mimicking premotor stages of PD, showed similar plasma 

concentrations of acyl- and desacyl-ghrelin between mice exposed to rotenone for 1.5 

months and control animals. In the next pages, we intend to first discuss the relevance and 

limits of using acyl-ghrelin versus desacyl-ghrelin as disease-modifying strategies in 

experimental analogues of PD. We will also discuss the potential of desacyl-ghrelin in the 

context of PD taking into account the currently limited knowledge on its physiological roles. 

Last, the relevance of conducting human-based studies for further validation of ghrelin-

derived molecules in PD patients will be commented before addressing the experimental 

perspectives of this thesis work. 
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1. Ghrelin as a disease-modifying agent in PD: is the good player acyl- or 

desacyl-ghrelin? 
As described in the introduction, recent research have suggested a disease-modifying 

role of ghrelin in in vivo and in vitro models of parkinsonism (Andrews et al., 2009; Dong et 

al., 2009; Moon et al., 2009; Yu et al., 2016). Our in vitro investigations in mouse primary 

mesencephalic cells exposed to low doses of the pesticide rotenone did not confirm this 

neuroprotective role of acyl-ghrelin. Indeed, the number of TH-positive primary cells did not 

differ when exposed to rotenone alone and after three days of exposure to acyl-ghrelin plus 

rotenone. More importantly, after seven days of exposure to acyl-ghrelin and exposure to 

rotenone for the last three days, the number of TH-positive cells was significantly lower than 

in cells exposed to rotenone alone. Such a decrease in the number of TH-positive cells, only 

observed after seven days of exposure to acyl-ghrelin, suggests a time-dependent 

synergistic deleterious effect of the exposition of primary mesencephalic cells to acyl-ghrelin 

and rotenone. The results obtained in our conditions of culture therefore oppose to data from 

the literature. Such divergent results are surprising, in particular compared to another 

published in vitro investigation undertaken in rat primary mesencephalic cells exposed to 

MPTP (Moon et al., 2009). Indeed, in both our study and the work published by Moon and 

colleagues (2009), rodent primary mesencephalic cells were exposed to two inhibitors of the 

mitochondrial complex I, respectively rotenone and MPTP, which resulted in a 60% decrease 

in the number of TH-positive cells. Although ghrelin exposure started at DIV6 in the study of 

Moon and colleagues (2009) and at DIV7 in our experiment, this should not play a significant 

role since rat and mouse embryonic developments are slightly shifted of 0.5 to 1 day 

(Pruszak et al., 2009). However, ghrelin neuroprotection against TH-positive cell death in 

primary rat mesencephalic cells and MES23.5 cells was achieved after only 20 min of pre-

incubation with ghrelin followed by 24 hours of simultaneous incubation with either MPTP or 

rotenone (Dong et al., 2009; Moon et al., 2009; Yu et al., 2016). As we did not observe a 

deleterious effect of acyl-ghrelin on rotenone-exposed cells after three days of incubation, 

the different timing of exposures and therefore the design of our protocol might explain such 

divergent results. 

Beyond differences in culture and exposure protocols, it has to be stressed out that 

most published in vitro studies did not take into account ghrelin acylation state, therefore the 

reported neuroprotective effect of ghrelin might be attributed to either acyl- or desacyl-ghrelin 

(Dong et al., 2009; Moon et al., 2009; Yu et al., 2016). Indeed, due to its short half-life in the 

blood, mature acyl-ghrelin is rapidly deacylated by cytosolic lysophospholipid hydrolyzing 

enzyme, namely APT1/lysophospholipase I, therefore deacyl-ghrelin is the major form of 

circulating ghrelin (Delhanty et al., 2015; Satou et al., 2010). Similarly, this ghrelin 
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deacylation enzyme can be purified from the medium of cultured cells expressing APT1 as 

well as from the fetal bovine serum which was used as an additive in culture media of all 

above-mentioned in vitro studies (Satou et al., 2010). Thus, any ghrelin added into the 

culture medium or injected into rodents is rapidly transformed into desacyl-ghrelin; this is 

again in support of a probable role of desacyl-ghrelin in all phenomena reported 

independently of ghrelin acylation state. Nevertheless, the exposure of rat primary 

mesencephalic cells to D-Lys-3-GHRP-6, an inhibitor of the ghrelin receptor GHRS1a, 

strongly attenuated the protective effect of ghrelin against MPTP-induced neuronal death 

(Moon et al., 2009). Since desacyl-ghrelin does not bind the GHSR1a at physiological 

concentrations (Gauna et al., 2007; Kojima et al., 1999), such a result would suggest an acyl-

ghrelin-dependent effect. Yet, this neuroprotective effect of ghrelin in TH-positive rat primary 

mesencephalic cells was evidenced in presence of ghrelin concentrations in the culture 

medium ranging from 0.1 to 10nM (Moon et al., 2009; Yu et al., 2016). Considering the 

estimation of mean desacyl-ghrelin physiological concentrations which amount to 2406.2 ± 

105.21 pg/mL in our cohort of 30 C57BL/6J male mice and based on desacyl-ghrelin 

molecular weight, the concentrations of ghrelin used in these in vitro experiments equal up to 

31.88x103pg/mL which largely exceeds physiological concentrations. Therefore, one cannot 

rule out a probable effect of desacyl-ghrelin at the concentrations used in these in vitro 

studies. In the contrary, recent experiments undertaken in a mouse model of advanced 

parkinsonism induced by intraperitoneal injections of 30mg/kg MPTP over two days showed 

a neuroprotective effect of acyl-ghrelin in a context of chronic food deprivation, whereas 

desacyl-ghrelin did not prevent MPTP-induced neuronal death (Bayliss et al., 2016a). 

Interestingly, this neuroprotective effect of acyl-ghrelin was only evidenced after mice had 

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). Similarly, the continuous injection of 

acyl-ghrelin with an osmotic pump in ad libitum-fed mice did not prevent the MPTP-neuronal 

death within the SN (Andrews et al., 2009), thus further reinforcing the importance of the 

nutritional status and the timing of ghrelin delivery for observing a protective effect of this 

orexigenic peptide. Indeed, since the effect of acyl-ghrelin on the number of SNc TH-positive 

neurons was assessed two weeks after the implantation of acyl-ghrelin-containing osmotic 

pumps and, based on the short half-life of acyl-ghrelin in biological fluids, the different results 

obtained in mice submitted or not to caloric restriction might not only arise from the different 

nutritional status of the animals but also from different methods of ghrelin administration 
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(continuous delivery versus repeated injections), as well as from the rapid deacylation of 

acyl-ghrelin at the beginning of the exposure. In addition, the different effect of acyl-ghrelin 

according to the nutritional status of mice can be correlated to the protective effect of caloric 

restriction against MPTP in mice and non-human primates as discussed earlier in this 

manuscript (Duan and Mattson, 1999; Maswood et al., 2004). Altogether these observations 

challenge the hypothesis of a disease-modifying role of acyl-ghrelin in PD. 

Interestingly, in our in vitro experiments, the simultaneous exposure to desacyl-

ghrelin and rotenone for three days induced a slight although non-significant increase in the 

number of TH-positive cells compared to the cells exposed to rotenone alone. If confirmed, 

such results would suggest a protective role of desacyl-ghrelin against rotenone-induced 

neuronal death in primary mesencephalic cells, therefore challenging the above-discussed in 

vivo results (Bayliss et al., 2016a). Desacyl-ghrelin has long been thought to be an inactive 

peptide resulting from the degradation of acyl-ghrelin with no documented biological activity 

(Kojima et al., 1999). It is now suggested to antagonize the effects of acyl-ghrelin, notably on 

glucose metabolism and food intake, which could be of interest in the search for therapeutic 

strategies against obesity and metabolic syndrome (Asakawa et al., 2005; Broglio et al., 

2004b; Delhanty et al., 2014). Moreover, a protective role of desacyl-ghrelin has already 

been shown against apoptosis in cardiomyocytes, microendothelial cells or islets of 

Langerhans (Baldanzi et al., 2002; Granata et al., 2007; Shimada et al., 2014). Since 

rotenone is known to induce apoptosis in mesencephalic primary cells (Liu et al., 2015; Yu et 

al., 2015), the potential protective effect of desacyl-ghrelin observed in our experimental 

conditions might involve its anti-apoptotic effect (Li, 2003). As this is, to our knowledge, the 

first investigation of the role of desacyl-ghrelin in a cellular model of parkinsonism, further 

investigations are needed to conclude on a potential protective effect of desacyl-ghrelin 

against the rotenone-induced dopaminergic neuronal death. 

2. Can ghrelin be used as a biomarker of PD early stages? 

Recent research conducted on human-based samples have shown altered 

concentrations of ghrelin in PD patients with weight loss (Fiszer et al., 2010) or suffering from 

RBD, a non-motor symptom preceding the diagnosis of PD and often associated with 

premotor stages of the disease (Unger et al., 2011). This indicated a potential role of ghrelin 

as a biomarker of PD early phases and prompted us to further investigate this aspect in 

human biological samples. Our transcriptomic analyses conducted on patients-derived 

samples showed a reduced expression of the ghrelin opposite strand/antisense non-coding 

RNA GHRLOS in PD samples. Since GHRLOS is a known regulator of ghrelin expression 

(Seim et al., 2008b), this could alter circulating ghrelin concentrations in PD subjects. 

Whether such altered ghrelin concentrations are a cause of the disease or a consequence of 
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the nutritional status of PD patients still needs to be clarified. Indeed, most PD patients 

experience involuntary weight loss during the progression of the disease (Abbott et al., 1992) 

and regain it placed under deep brain stimulation (Perlemoine et al., 2005). Such body 

weight modifications could result either from difficulties to eat, swallow or digest (Kim and 

Sung, 2015; Nozaki et al., 1999) or from a higher energy consumption by hypertonic muscles 

of PD patients with rigidity (Broussolle et al., 1991; Levi et al., 1990; Markus et al., 1992). 

These aspects deserve further investigations in patient-based cohorts. However, considering 

the many challenges in recruiting patients for clinical trials (which are not specific to PD, as 

largely commented elsewhere16), implementing such a properly designed study during my 

Ph.D. was not feasible. We therefore decided to further investigate ghrelin’s potential as a 

biomarker of early PD in a mouse model of early parkinsonism (i.e. mimicking PD premotor 

stage). Our investigations revealed similar plasma acyl- and desacyl- ghrelin concentrations 

between mice exposed to low doses of the pesticide rotenone for 1.5 months and control 

mice. In addition, no difference in the mRNA expression of the three mouse Ghrelin gene 

variants investigated was observed in the duodenum of rotenone-exposed mice compared to 

controls, although a global increased gene expression was reported in the rotenone group. 

On one hand, these results could be attributed to an investigation at too early stages of the 

pathological process as developed in this experimental model. Indeed, after 1.5 months of 

exposure to low doses of rotenone, C57BL/6J mice develop intestinal motility impairments in 

the absence of motor dysfunctions which are observed only after 3 months of exposure to 

the pesticide. Interestingly, mice show increased intestinal motility alterations after 2 months 

of rotenone exposure and start developing alpha-synuclein-positive neuronal inclusions 

restricted to the enteric nervous system whereas no neuronal death is observed in the SN 

(Pan-Montojo et al., 2010). After 3 months of exposure, alpha-synuclein aggregates and a 

decrease in the number of TH-positive cells are reported in SN neurons and mice start 

exhibiting motor dysfunctions (Pan-Montojo et al., 2010; 2012). Therefore, the experiment 

should be further replicated at later time-points when the phenotype progressively evolves 

towards the motor stage. On the other hand, the inter-individual variability in mouse plasma 

ghrelin concentrations measured in our experiment could explain this absence of difference. 

This can be commented in light of the similar inter-individual variability observed in PD 

patients (Unger et al., 2011): ghrelin is an orexigenic peptide whose inter-individual variations 

might indeed be difficult to control if rigorous procedures at the time of collecting blood 

samples are not implemented and if a careful examination of the status of individuals 

included in each experimental group is not ensured. This applies not only to the nutritional 

                                                           
16 For further comments on such recruitment and retention difficulties of patients in clinical trials, see 
http://www.appliedclinicaltrialsonline.com/print/209555?page=full and 
https://www.ncbi.nlm.nih.gov/books/NBK92105/  

http://www.appliedclinicaltrialsonline.com/print/209555?page=full
https://www.ncbi.nlm.nih.gov/books/NBK92105/
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status of animals as discussed above, but also to any other parameter which might affect 

ghrelin concentrations. It is therefore essential to better control the whole experimental 

procedure. We have already developed a standardized blood sampling procedure after an 

overnight fast, which prevents irregular plasma ghrelin variations due to continuous food 

intake in mice. However, another important parameter to control is the anxiety levels of the 

mice before the start of the experiment as well as during blood sampling. In this view, a new 

cohort of 1 year old male C57BL/6J mice will be exposed to the solvent or to rotenone 

(5mg/kg/day) during 2 and 4 months. Non-motor behaviors will be extensively studied with a 

particular focus on anxiety and stress. More precisely, the elevated plus maze and the white 

and black box will be used to assess anxiety levels of the mice before their assignment to the 

different experimental groups: this should enable to stratify the animals based on their 

anxiety levels and therefore reduce the important variability of acyl-ghrelin concentrations 

between mice of the same group. In addition, a kinetic of blood sampling over a much longer 

exposure to the pesticide and following the standardized procedure with strict criteria used 

during this thesis should allow concluding on the potential role of ghrelin as a biomarker of 

early stages of parkinsonism in this animal model. This study is about to start in the 

laboratory of Dr. Pan-Montojo in Munich where I am now hired. In conclusion, although the 

discovery of PD biomarkers from biological fluids is important and has been the focus of 

several research efforts, one recent study highlighted the importance of a different type of 

biomarkers (Jain et al., 2015). Indeed, whereas PD non-motor symptoms, including 

cognitive, olfactory, autonomic, psychiatric and sleep disturbances, allowed the recognition of 

early drug-naïve PD patients with 89% sensitivity and 79% specificity, the use of 

cerebrospinal fluids biomarkers such as alpha-synuclein, tau phosphorylated at threonine 

181, total tau, and Aβ1-42 did not improve the accuracy of the diagnosis. The study of such 

non-motor symptoms in subjects at-risk to develop PD might therefore not only improve the 

knowledge of PD earlier stages but also provide crucial information for an earlier diagnosis of 

the disease which could ultimately lead to a better design of clinical trials set up to discover 

new therapeutic strategies. 

3. Implication for patient-based investigations: is the translation "from the bench 

to the bedside" always possible? 

As already briefly discussed in the introduction, the search for biomarkers and the 

development of new therapeutics are currently the two most important challenges for 

research in the PD field. In the last decades, many independent studies have been initiated 

aiming to reach either objective (Alberio and Fasano, 2011; Blennow et al., 2016; Devos et 

al., 2014; Radad et al., 2009). Unfortunately, most molecules tested in these preclinical 

studies gave disappointing results once translated into clinical trials (Duty and Jenner, 2011). 
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This had also been the case for other neurological diseases and the ability of preclinical 

works to accurately predict drug effects in humans has largely been discussed elsewhere: 

the conclusion is always disappointing, indeed “even after animal studies suggest that a 

treatment will be safe and effective, more than 80% of potential therapeutics fail when tested 

in people” as wrote Steve Perrin, chief scientific officer at the ALS Therapy Development 

Institute in Cambridge, Massachusetts, USA (Perrin, 2014)17. The main explanation for this 

discrepancy between animal and clinical studies is often a lack of rigor in the design and 

realization of preclinical experiments (Begley and Ellis, 2012). In addition, the design of 

cohorts of subjects to be investigated in human studies might further increase this gap 

between preclinical studies and clinical trials, notably due to the inclusion of either 

misdiagnosed patients in the cohorts as it is the case for neurodegenerative diseases whose 

definite diagnosis can only be established upon autopsy or a lack of appropriate differential 

diagnosis between closely related pathological conditions. Recently, a worldwide program 

named Parkinson’s Progression Markers Initiative (PPMI)18 was initiated to “comprehensively 

evaluate people with PD and those at greater risk of developing the disease”, an effort which 

should improve the quality of cohorts recruited for clinical trials. It consists in a landmark 

observational clinical study aiming at collecting imaging data, biological samples and clinical 

evaluations from PD patients, subjects at risk to develop PD, i.e. subjects with a familial 

history of PD or a genetic mutation linked to the development of PD, subjects with or without 

motor symptoms, with or without non-motor symptoms, as well as from healthy volunteers. 

This program gathers 33 clinical sites in Europe, the United States, Israel and Australia. The 

final objective of this program is to identify biomarkers of PD and of its progression in order to 

improve the design of clinical trials and increase the chances to discover new therapeutics. 

In this scientific context, ghrelin has been proposed as a potential biomarker of PD 

early stages. To our knowledge, only two published studies investigated the potential of 

ghrelin as a biomarker of PD (Fiszer et al., 2010; Unger et al., 2011). However, these studies 

provided controversial results. While Fiszer and colleagues did not observe differences in 

plasma acyl-ghrelin concentrations in PD patients compared to controls (Fiszer et al., 2010), 

Unger and colleagues described a slower increase of plasma concentrations of total ghrelin, 

including both acyl- and desacyl-ghrelin, during the late postprandial phase (Unger et al., 

2011). This difference was observed both in PD patients and in subjects with RBD, a non-

motor symptom often associated with PD early stages. As already discussed, such opposite 

results might arise from differences in the sampling procedure and the nutritional state of the 

                                                           
17 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/  
18 http://www.ppmi-info.org/  

http://passeurdesciences.blog.lemonde.fr/2014/04/13/ces-medicaments-testes-sur-la-souris-mais-qui-ne-soignent-pas-humain/
http://passeurdesciences.blog.lemonde.fr/2014/04/13/ces-medicaments-testes-sur-la-souris-mais-qui-ne-soignent-pas-humain/
http://www.ppmi-info.org/
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patients (Kadas et al., 2014). Indeed, human ghrelin concentrations are known to be higher 

after fast and decrease after a meal before progressively increasing again until the next meal 

(Inui, 2001; Unger et al., 2011). It is therefore essential to standardize the food intake of 

patients or animals before blood sampling to limit such an inter-individual variability. Based 

on these criteria, we designed a protocol of blood sampling in mice after fast and 30 min 

access to the food. This standardized protocol relies on a strict procedure including an 

overnight fast, a sampling undertaken in the morning between 08h00 and 10h00, a limited 

period of access to the food to control the food ingestion pattern of mice and the addition of 

the protease inhibitor PHMB + HCl in the collecting tube prior to the sampling to avoid rapid 

deacylation of acyl-ghrelin. Although this standardized procedure allowed the reproduction in 

mice of human plasma ghrelin variations after fast and consumption of a standard meal 

(Unger et al., 2011), it did not reveal differences between rotenone-exposed and control 

mice. The main difference between the procedure used in humans and the one applied in 

mice is that patients and controls had the same standard meal whereas the mice were not 

isolated during the feeding but placed in a cage together with their littermate. It is thus 

possible that some mice ate more than others due to dominancy behaviors (Tamashiro et al., 

2007). This bias could be avoided by placing mice in metabolic cages which enable 

recording individual food intake. However, this solution, although available in our animal 

facility, was not selected because social isolation is a known source of stress for mice (Ieraci 

et al., 2016) and stress and stress-related factors like glucocorticoids are known to increase 

ghrelin concentrations (Jaremka et al., 2014). In this view, a stratification of mice based on 

their basal anxiety levels before the assignment to the different experimental groups would 

be useful to minimize such an inter-individual variability. However, such stratification is not 

realistic to implement in PD patients as a good biomarker should be detected in all patients 

independently of their stress levels. Interestingly, since their initial publication in 2011, Unger 

and colleagues repeated their experiment in a larger cohort of patients and, although they 

still observed the lower increase of ghrelin during the late postprandial phase in PD patients 

compared to controls, they concluded that the important inter-individual variations of ghrelin 

concentrations were a limiting parameter for the use of ghrelin as a biomarker of PD19.  

In summary, the use of ghrelin as a biomarker of PD early stages is currently limited 

by an important inter-individual variability. This variability could be reduced with better design 

of the experimental procedure. Such studies must therefore involve a tight collaboration 

between neurologists and researchers to create well-defined large cohorts of PD patients 

with detailed information about the age, the sex, the body weight variations, the global 

                                                           
19 Data not yet published but available on https://www.michaeljfox.org/foundation/grant-
detail.php?grant_id=704  
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anxiety levels, the treatments, the disease duration and the clinical phenotype of the subjects 

included, as well as highly standardized sampling procedures. However, the power of such a 

biological marker could be reinforced if used in combination with several other indicators of 

altered functions in PD premotor stages, such as reduced signals in the DaTSCAN™ (Booij et 

al., 2001) or olfactory dysfunction (Morley and Duda, 2010). 

4. Experimental perspectives 

As discussed above, the results from our in vitro study challenge the data available in 

the literature by highlighting a potential disease-modifying role for desacyl-ghrelin rather than 

acyl-ghrelin. Further investigations are however needed to confirm such results and to 

understand the molecular and cellular modifications induced by desacyl-ghrelin. First, the 

presence of the ghrelin receptor GHSR1a has to be demonstrated in primary mesencephalic 

cultures from mouse embryos (embryonic day 14) and more precisely in TH-producing 

neurons. Indeed, its expression has been established in the mesencephalon of adult mice as 

well as in MES23.5 cells (Dong et al., 2009; Moon et al., 2009; Zigman et al., 2006), but it 

has never been validated in mouse primary mesencephalic cultures of embryonic origin. Our 

first attempt to identify GHSR1a by immunocytochemistry or western blotting in these primary 

cultures failed due to non-specific binding of all commercially available anti-GHSR1a 

antibodies tested (Santa Cruz Biotechnology, sc-10359 and sc-374515). An alternative 

option is therefore to study GHSR1a mRNA using either PCR or in situ hybridization. If 

GHSR1a is expressed in these primary mesencephalic cells, the concomitant exposure to 

acyl- / desacyl-ghrelin and low doses of the pesticide rotenone will be repeated in presence 

of the GHSR1a inhibitor D-Lys-3-GHRP-6 to determine its potential role in the 

deleterious/protective effect of long-term exposure to, respectively, acyl-/desacyl-ghrelin in 

rotenone-exposed cells. Similarly, the signal transduction of GHSR1a in both conditions will 

be investigated, with a particular emphasis on the phosphorylation state of ERK1/2, mTOR, 

Akt and AMPK which have been implicated in ghrelin’s action in other physiological or 

pathological contexts. Moreover, as ghrelin has been shown to protect MES23.5 cells 

exposed to rotenone via an inhibition of rotenone-induced mitochondrial impairments and 

apoptosis (Yu et al., 2016), the study of the mitochondrial membrane potential as well as the 

concentrations in ROS generated in our conditions of culture should enable clarifying the 

mechanism of action of acyl- versus desacyl-ghrelin in these mouse primary mesencephalic 

cells. Last, the potential expression of markers of apoptosis such as nuclear condensation 

and activated-caspase 3 should be performed to further characterize cellular and molecular 

events underlying the deleterious versus protective effect of respectively acyl- and desacyl-

ghrelin in mouse primary mesencephalic cultures.  
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CHAPTER 7: CONCLUSION 
Most age-related neurodegenerative diseases such as Alzheimer’s disease and related 

disorders, PD and other atypical parkinsonian conditions, or even amyotrophic lateral 

sclerosis evolve slowly and insidiously before the onset of clearly detectable clinical 

symptoms. As a consequence, they represent a difficult challenge in terms of diagnosis for 

our clinician colleagues. Tremendous efforts have been made in the last decades up to very 

recently to improve the quality of the differential diagnosis of neurodegenerative disorders 

using for example structural magnetic resonance imaging data (Koikkalainen et al., 2016) 

single photon emission computed tomography approaches (Nuvoli et al., 2016), genetic or 

demographic information (Karch et al., 2016), or even motor performances (Fritz et al., 

2016). Similarly, countless studies have explored the potential of blood or cerebrospinal fluid 

biomarkers in these specific neurological contexts (see for example among others, Llorens et 

al., 2016; Shahim et al., 2016). All those efforts have however proven very limited impact in 

daily clinical practice and neurologists still have to face many unsolved challenges for taking 

care of patients and their specific disease phenotypes (Griggs et al., 2011). This is of 

particular concern in a context of increasing life expectancy in developed and developing 

countries: indeed, the prevalence of neurodegenerative diseases in these countries keeps 

increasing and brain disorders are estimated to represent 35% of all disease burden in the 

world (Olesen and Leonardi, 2003). Although important breakthroughs have been made in 

understanding the possible causes, the specific clinical manifestations and the 

pathophysiological alterations of age-related neurodegenerative disorders, their diagnosis 

remains uncertain without a detailed post-mortem neuropathological examination of the 

patient’s brain and some phenotypic manifestations might not always be confirmed at the 

autopsy (see for instance, Koga et al., 2015). Other efforts towards increasing the accuracy 

of this differential diagnosis were based on brain biopsy simulations from actual autopsy-

confirmed data and have shown a sensitivity ranging from 75% up to 100% for most 

disorders investigated although some pathological contexts such as progressive 

supranuclear palsy or amyotrophic lateral sclerosis showed poor sensitivity (King et al., 2013; 

Venneti et al., 2011). It has to be emphasized however that brain biopsies not only represent 

a technical/surgical risk for the patients but also raise ethical concerns and are expected to 

be restricted to a limited number of cases in atypical pathological contexts. Alternative 

initiatives have been encouraged to increase the diagnosis accuracy of age-related 

neurodegenerative disorders and international multicenter-based research programs like the 

PPMI for PD (discussed in previous pages) have been created to collect biological and 

clinical data from patients worldwide in order to identify reliable biomarkers at different stages 

of the disease. The PPMI for instance should enable diagnosing subjects at risk to develop 

PD and to treat them earlier while adapting treatment options as the disease progresses. 
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This has already generated interesting results, notably by highlighting the importance of non-

motor symptoms in the diagnosis of PD early stages (Jain et al., 2015). Such encouraging 

data bring new hopes for the earlier detection of such debilitating neurological disease. 

However, currently available treatments for age-related neurodegenerative disorders only 

alleviate clinical symptoms and do not stop or reverse the disease progression. Again, this is 

a source of ethical concerns: is it ethical to potentially establish an early diagnosis of a 

disease which cannot be cured and for which most currently available treatments induce 

strong side effects in the long term? In this regard, the current debate within the French 

administration to stop reimbursing four Alzheimer’s disease-related medications based on 

the argumentation that they show insufficient therapeutic benefit to justify their coverage by 

the national solidarity is particularly worrying20. Can some of the answers to such concerns 

come from preclinical studies and basic science? Many research have been conducted in 

cellular and animal models of parkinsonism to find such answers and in particular to explore 

new disease-modifying molecules. However, despite the discovery of several interesting 

candidates, the translation of preclinical studies into clinical trials in humans has been 

unsuccessful so far. As largely discussed in this manuscript (see introduction, chapter 2), the 

resulting disappointment might originate from the use of inadequate models and/or the poor 

reproducibility of the data due to a lack of rigor in the design of preclinical studies. If animal 

models of human-specific diseases are just tools created to investigate a specific working 

hypothesis, and should only be considered as a simplified representation of the much more 

complex reality of the human disorder, this should however not become a pretext for not 

satisfying elementary scientific rules. Animal models are expensive tools, especially when it 

comes to reproduce age-related disorders in mammals. As highlighted on several occasions 

in the literature, there is no scientific justification for using cohorts of young animals whose 

nervous system is not fully mature at the time of the study, or to investigate mutant strains 

whose life expectancy is sometimes tremendously reduced compared to their wild-type 

littermates, but still most studies deliberately use young animals having reached only ¼ of 

their life expectancy (Johnson, 2015). The scientific community should therefore develop 

adapted aging models to investigate age-related neurodegeneration questions. Similarly, 

preclinical studies should include animals of both sexes in the investigated cohorts for most 

age-related neurodegenerative diseases affect both men and women, and the difference in 

sex ratio is not sufficient enough to suspect a major role of sex hormones in the phenotypes 

of such diseases (Pringsheim et al., 2014). Last, huge efforts should be concentrated on 

increasing the reproducibility of preclinical data by increasing the size of the cohorts of 

animals, by including all control groups (and not only the control of the compound tested, but 

                                                           
20 http://www.has-sante.fr/portail/jcms/c_2679466/fr/medicaments-de-la-maladie-d-alzheimer-un-interet-
medical-insuffisant-pour-justifier-leur-prise-en-charge-par-la-solidarite-nationale?cid=fc_1250094 
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also positive and negative controls of all procedures) and by using appropriate statistical 

tests (Begley, 2013b). Such quality improvements of preclinical studies can only be reached 

at an important financial cost for basic science laboratories. This should focus the attention of 

all funding agencies when they reach their decisions to support, or not, preclinical work. This 

should also be examined in the context of the European legislation on the use of animals in 

research. The “3R rule” is indeed often misinterpreted when it comes to the “reduction in the 

number of animals used”: such a reduction cannot be made at the expense of the scientific 

result, and the legislator has made it perfectly clear in the law. To conclude, PD research, 

and more largely the research on age-related disorders, is now experiencing a crucial period 

as it is time not only to improve the standards of preclinical studies but also to optimize the 

design of clinical trials in humans following standardized and reproducible procedures, and 

by including better diagnosed patients. Such improvements should ultimately open the way 

for improved diagnosis and treatment options for the patients. 
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CHAPTER 9 : ANNEXES 

Annex 1: Document de synthèse en français 

Etude du rôle de la ghréline dans des modèles expérimentaux de 

stades précoces de la maladie de Parkinson : vers une clarification 

des potentiels diagnostique et thérapeutique de ce peptide 

orexigène. 

 

1. Contexte scientifique 

La maladie de Parkinson (MP) est une maladie neurodégénérative qui se développe 

progressivement et entraîne des atteintes cérébrales irréversibles telles que la mort de 

neurones dopaminergiques au sein de la Substance Noire (SN) et la présence d’inclusions 

intra-cytoplasmiques, nommées corps de Lewy, dans les neurones survivants (Parkinson, 

2002). A l’heure actuelle les stratégies thérapeutiques utilisées visent à réduire les 

symptômes moteurs causés par cette perte neuronale massive (estimée à plus de 50% du 

nombre initial de neurones dopaminergiques de la SN à l’apparition des symptomes 

moteurs) au sein des ganglions de la base : le tremblement de repos, la bradykinésie et la 

rigidité des membres, conduisant progressivement à une instabilité posturale (Fahn, 2015). Il 

est pour l’instant impossible de stopper ou de contrer la mort neuronale et les traitements 

disponibles offrent un répit de courte durée puisqu’ils nécessitent la présence des neurones 

dopaminergiques survivants pour fonctionner (Schapira, 2009; Schapira et al., 2009). Des 

stratégies neuroprotectrices pourraient cependant ralentir la mort neuronale et retarder 

l’apparition des symptômes moteurs (Cabantchik et al., 2013). Pour ce faire, il nous faut 

trouver une solution pour diagnostiquer les patients parkinsoniens bien avant l’apparition des 

premiers troubles moteurs, à un stade où la mort neuronale n’est pas encore trop importante.  

Le diagnostic de certitude de la maladie de Parkinson ne peut être effectué qu’après 

observation des lésions neuropathologies caractéristiques dans le cerveau du patient lors de 

l’autopsie. Néanmoins, depuis quelques années, des travaux ont révélé la présence de 

symptômes non moteurs tels que l’anosmie, la dépression ou des troubles gastro-

intestinaux, plusieurs années avant l’apparition des premiers symptômes moteurs (Poewe, 

2008). De plus, la présence d´agrégats d’alpha-synucléine ressemblant à des corps de Lewy 

dans le système nerveux périphérique des patients, et plus précisément dans les plexus de 

Meissner et d’Auerbach innervant le tractus gastro-intestinal, suggère que la maladie pourrait 

débuter en périphérie puis progresser lentement jusqu’au cerveau (Braak et al., 2006, 2003). 

Ces découvertes nous offrent des pistes pour cibler les personnes à risque pour la MP et 

leur offrir des solutions neuroprotectrices lorsque la mort neuronale au sein de la SN n’est 
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pas trop importante. Malheureusement, les troubles non moteurs tels que l’anosmie ou la 

constipation ne sont pas spécifiques de la maladie de Parkinson et ne peuvent être utilisés 

seuls pour poser un diagnostic. L’objectif désormais est donc de trouver un ou plusieurs 

biomarqueurs des stades plus précoces de la maladie. 

Nous nous sommes basés sur des études transcriptomiques réalisées au laboratoire 

ainsi que sur les données de la littérature pour identifier une molécule qui pourrait servir de 

biomarqueur des stades précoces de la maladie. Notre choix s’est porté sur la ghréline. En 

effet, les concentrations plasmatiques de ce peptide orexigène après un repas standard 

semblent différentes chez les patients parkinsoniens par rapport à celles mesurées chez des 

sujets sains (Unger et al., 2011) et son utilisation dans des modèles in vitro et in vivo de 

stades avancés de syndrome parkinsonien a révélé un rôle neuroprotecteur potentiel pour 

les neurones dopaminergiques de la SN (Andrews et al., 2009; Bayliss and Andrews, 2013). 

Cette molécule pourrait ainsi servir à la fois de biomarqueur des stades précoces de la MP 

mais aussi d’agent neuroprotecteur potentiel, sous réserve d’en comprendre les mécanismes 

d’action sur les neurones présentant des corps de Lewy dans les systèmes nerveux 

périphérique et central. 

2. Ghréline : un peptide neuroprotecteur dans la MP ? Etude dans 

les cellules mésencéphaliques primaires 

Avant d’étudier les effets neuroprotecteurs potentiels de la ghréline in vivo, il est 

indispensable d’établir ce rôle in vitro. Puisqu’aucune lignée cellulaire neuronale 

dopaminergique exprimant le récepteur de la ghréline (GHSR1a) n’est disponible dans le 

commerce, nous avons souhaité développer un modèle de culture primaire de neurones 

mésencéphaliques dopaminergiques reproduisant des stades précoces d’un syndrome 

parkinsonien. Pour cela, ce modèle devrait présenter les critères moléculaires et cellulaires 

suivants : mort neuronale présente mais modérée (pour rappel lorsque les symptômes 

moteurs apparaissent environ la moitié des neurones dopaminergiques de la SN sont morts) 

causée par une exposition chronique à de faibles doses de roténone (connues pour induire 

des syndromes parkinsoniens chez l´homme et chez les rongeurs), un déficit du complexe 1 

de la chaîne respiratoire mitochondriale, une modification du système de dégradation des 

protéines mal conformées (pouvant conduire à l´apparition des agrégats d´alpha-synucléine) 

et une activation de la glie.  

2.1. Effet de l’exposition à l’acyl-ghréline sur des cellules primaires 

mésencéphaliques  
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Notre premier objectif était de déterminer le rôle potentiel de la ghréline sur des 

cultures primaires de neurones dopaminergiques exposées à la roténone. Plusieurs 

paramètres étaient cependant à préciser avant de pouvoir effectuer cette étude. En effet, 

bien que la ghréline ait déjà été utilisée en tant que molécule protectrice dans de 

nombreuses études de cultures cellulaires (Baldanzi, 2002; Bayliss and Andrews, 2013; 

Kenny et al., 2013; Moon et al., 2009), aucun article ne relate son usage sur des cultures 

primaires murines de neurones dopaminergiques. Nous devions donc tout d´abord nous 

assurer que son utilisation n´était pas toxique pour nos cellules. Pour ce faire, nous avons 

exposé une première série de cultures primaires à différentes concentrations de ghréline 

seule (0.3, 1, 3, 10, 30, 100, 300 et 1000 nM) et avons effectué un comptage des neurones 

dopaminergiques survivants (positifs pour la tyrosine hydroxylase (TH+), clone LNC1, 

MAB318 Millipore) après 10 jours en culture (DIV10), dont 7 jours d´exposition à la ghréline 

(DIV3-DIV7). Le nombre moyen de neurones produisant de la tyrosine hydroxylase (TH+) 

pour chaque condition étudiée ainsi que des photos représentatives des cellules cultivées 

dans du milieu classique ou exposées à la plus forte dose de ghréline (1000 nM) sont 

présentées en figure 28. Le nombre moyen de neurones dans chaque condition est 

normalisé par rapport au nombre moyen de neurones dans les puits sans exposition à la 

ghréline. La ghréline seule ne semble pas délétère pour les neurones primaires 

dopaminergiques dans nos conditions de culture (nombre moyen de cellules TH+ : 38.40 ± 

2.16 en condition contrôle versus 48.80 ± 7.37 pour la plus haute dose d’acyl-ghréline, n.s.). 

Une légère tendance à l´augmentation est même observée dans les puits exposés à 100nM 

ou plus de ghréline. De plus, toutes les cellules, qu’elles soient exposées ou non à la 

ghréline présentent un corps cellulaire de forme ovale et de nombreux prolongements longs 

et fins (Fig. 28B). La ghréline ne semble donc pas altérer la morphologie neuronale aux 

doses étudiées. Nous avons choisi la dose de 100nM d’acyl-ghréline pour les expériences 

suivantes puisqu’à cette dose le nombre et la morphologie des neurones TH+ n’étaient pas 

modifiés et que cela correspondait à la dose moyenne utilisée dans la littérature.  

En conclusion, l’exposition de cellules primaires murines mésencéphaliques à 

l’acyl-ghréline seule durant sept jours ne modifie pas la morphologie globale et le 

nombre de cellules produisant la TH. Ceci indique qu’une exposition à long-terme à 

l’acyl-ghréline n’a pas d’effet délétère sur la survie des neurones produisant la TH 

dans les cultures primaires murines mésencéphaliques.  

2.2. Temps de demi-vie de l’acyl-ghréline dans le milieu de culture 

L’acyl-ghréline a un temps de demi-vie très court dans les fluides biologiques (Delhanty 

et al., 2015) qui est par exemple de 8 minutes dans le sang de rats (Hosoda and Kangawa, 
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2012; Tong et al., 2013).  La prochaine étape de notre étude était donc d’étudier le temps de 

demi-vie de la ghréline dans le milieu de culture. Il était en effet essentiel de déterminer non 

seulement la stabilité de l’acyl-ghréline dans nos conditions de culture mais aussi la 

fréquence à laquelle elle devrait être ajoutée lors d’expositions à long terme. 

Après une exposition de cellules primaires mésencéphaliques à l’acyl-ghréline durant 

différentes périodes, le milieu a été collecté pour chaque condition. Différentes conditions de 

stockage ont été testées pour déterminer le protocole le plus adapté pour une utilisation 

ultérieure des échantillons. Les résultats présentés en figure 29 montrent que les 

concentrations d’acyl-ghréline diminuent fortement dans les minutes suivant son ajout dans 

le milieu de culture tandis que les concentrations de desacyl-ghréline, bien que hétérogènes 

durant toute l’expérience, restaient élevées pendant plusieurs heures. L’acyl-ghréline était en 

effet dégradée rapidement dans le milieu de culture et n’était plus détectée 10 minutes après 

son ajout si un traitement supplémentaire du milieu de culture n’était pas effectué (Fig. 29A, 

courbe verte). L’ajout de l’inhibiteur de protéase 4-hydroxymercuribenzoic acid (PHMB) 

immédiatement avant congélation des échantillons empêchait une plus ample dégradation 

de l’acyl-ghréline. Cependant, même en présence de PHMB, l’acyl-ghréline était totalement 

dégradée une heure après son ajout dans le milieu de culture. De façon surprenante, bien 

que seule l’acyl-ghréline pure ait été resuspendue en solution, les concentrations de desacyl-

ghréline étaient élevées dès le début de l’expérience jusqu’à un jour après l’ajout d’acyl-

ghréline dans le milieu. L’ajout de PHMB ou d’HCl n’entraînait pas de modification des 

concentrations de desacyl-ghréline dans le milieu de culture. Au contraire, l’ajout de PHMB 

permettait une meilleure préservation du groupement acyl de l’acyl-ghréline. Ce protocole a 

donc été adopté comme procédure standard pour les expériences suivantes de dosage des 

concentrations de ghréline dans le milieu de culture. Ces résultats ont été confirmés dans 

une seconde expérience réalisée en triplicats sur des cellules primaires mésencéphaliques 

exposées ou non à 100nM d’acyl-ghréline pendant 10 minutes. Tout comme pour 

l’expérience précédente, les concentrations de ghréline étaient plus élevées après 10 

minutes d’exposition des cellules à l’acyl-ghréline si le PHMB était ajouté dans les tubes 

collecteurs comparé à la congélation des milieux de culture directement après récupération 

(valeurs moyennes = 90980 pg/mL ± 13948 versus 10pg/mL ± 0 respectivement, cf. Fig. 30). 

Les concentrations de désacyl-ghréline après 10 minutes d’exposition des cellules étaient 

plus basses quand le PHMB était ajouté dans les tubes collecteurs comparé aux milieux de 

cultures congelés directement après leur prélèvement (valeurs moyennes = 31= 31380 

pg/mL ± 5370.70 versus 165480 pg/mL ± 28694 respectivement). 

En conclusion, ces expériences ont établi l’absence de toxicité de l’acyl-ghréline 

sur les cellules primaires mésencéphaliques à toutes les concentrations utilisées. De 
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plus, l’acyl-ghréline était totalement dégradée dans l’heure suivant son ajout dans le 

milieu de culture, même en présence de l’inhibiteur de protéase PHMB. Ceci devrait 

donc être pris en compte lors d’expositions à long-terme. Enfin, des précautions 

doivent être prises lors du stockage et de l’utilisation des milieux de culture après 

exposition à l’acyl-ghréline, notamment avec l’ajout de PHMB dans les tubes 

collecteurs comme lors d’utilisation d’échantillons de plasma.  

3. Etude du potentiel neuroprotecteur de la ghréline dans un 

modèle cellulaire de syndrome parkinsonien 

3.1. Evaluation des validités de construction et d’apparence du modèle 

cellulaire 

L’exposition au pesticide roténone produit un syndrome parkinsonien chez l’homme  

(Tanner et al., 2011a). De plus, la MP étant une maladie neurodégénérative progressive 

évoluant sur plusieurs décennies, il est important de développer un protocole d’exposition à 

la roténone qui implique au moins plusieurs jours d’exposition au pesticide. De plus, il est 

estimé que les symptômes moteurs caractéristiques de la MP apparaissent après disparition 

de plus de 50% des neurones dopaminergiques de la SN (Bernheimer et al., 1973; Riederer 

and Wuketich, 1976). La dose et la durée d’exposition à la roténone ont ainsi été 

déterminées de façon à reproduire, autant que possible dans un modèle in vitro limité par la 

durée maximum de vie des cellules primaires, la mort neuronale progressive se déroulant 

dans le cerveau des patients parkinsoniens. En nous basant sur des données de la 

littérature et des expériences précédentes réalisées dans le laboratoire du Dr. Pan-Montojo, 

les cellules primaires mésencéphaliques ont été exposées à 5nM ou 10nM de roténone 

durant 2 ou 3 jours à partir du 8ème jour en culture (DIV8) ou du 7ème jour en culture (DIV7) 

respectivement. Le nombre de cellules TH+ est évalué au 10ème jour en culture (DIV10) à la 

fin de l’exposition. L’exposition de cellules primaires mésencéphaliques à 5nM de roténone 

n’induisait pas de diminution significative du nombre de cellules TH+ après deux ou trois 

jours d’exposition (Fig. 31A). De manière similaire, cela ne modifiait pas la morphologie des 

cellules TH+ (Fig. 32B). Au contraire, 10nM de roténone diminuait le nombre de cellules TH+ 

de 32% ou 61% après deux ou trois jours d’exposition respectivement (nombre moyen de 

cellules TH+ : C = 17.81 ± 3.94, R5 = 17.66 ± 4.17, R10 = 12.16 ± 6.76, n.s. comparé aux 

cellules contrôles après deux jours d’exposition à la roténone ; C = 17.00 ± 4.60, R5 = 14.33 

± 4.12, R10 = 6.66 ± 2.08, n.s. comparé aux cellules contrôles après trois jours d’exposition). 

De plus, comme présenté en figure 32C, l’exposition à 10nM de roténone modifiait fortement 

la morphologie des neurones survivants qui présentait des prolongements moins développés 

et moins ramifiés.  
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En conclusion, pour les expériences suivantes, les cellules primaires 

mésencéphaliques ont été exposées aux deux doses de roténone quand cela était 

possible, i.e. quand un nombre suffisant de cellules pouvait être obtenu lors de 

l’isolation. Nous nous sommes concentrés sur l’exposition à 10nM de roténone durant 

trois jours (DIV7-DIV10) quand le nombre de cellules isolées était limité puisque ce 

protocole induisait un effet délétère sur les cellules, permettant ainsi l’étude du rôle 

potentiellement protecteur de la ghréline avec plus de précision que l’exposition à 

5nM de roténone.  

3.2 Effet d’exposition à court et long-terme à l’acyl-ghréline sur des cellules 

mésencéphaliques primaires exposées à la roténone 

Nous avons ensuite étudié le potentiel rôle neuroprotecteur de la ghréline dans des 

modèles de syndrome parkinsonien. Plusieurs études in vivo et in vitro argumentent en 

faveur un rôle neuro-protecteur de ce peptide orexigène dans la MP (Andrews et al., 2009; 

Bayliss et al., 2016a; Dong et al., 2009; Moon et al., 2009). La plupart des résultats montrant 

un effet neuro-protecteur de la ghréline in vitro ont été obtenus dans des cellules 

préalablement exposées à la ghréline seule durant 20 minutes puis à la ghréline et l’agent 

délétère (roténone ou MPTP) durant 24 heures. Les cellules mésencéphaliques primaires 

ont été exposées à la roténone et à l’acyl-ghréline pour une courte période de trois jours 

(DIV7-DIV10). L’acyl-ghréline était ajoutée dans le milieu de culture toutes les 24 heures, en 

raison de la dégradation rapide de l’acyl-ghréline dans le milieu de culture, alors que la 

roténone était ajoutée tous les deux jours. Le nombre de cellules TH+, leur morphologie, 

ainsi que le nombre de cellules marquées par de l’iodure de propidium (IP+), un intercalant 

de l’ADN des cellules aux membranes perforées révélant ainsi la présence des noyaux de 

cellules mourantes ou mortes, ont été analysés.   

Comme présenté en figure 33A, le nombre de cellules TH+ diminuait dans les puits 

exposées à 10nM de roténone (C: 26.30 ± 3.38; R:9.70 ± 2.08, p<0.01) ou 10nM de 

roténone plus 0.1nM d’acyl-ghréline (R + AG0.1: 6.66 ± 1.60, p<0.05), 1nM d’acyl-ghréline 

(R + AG1: 8.60 ± 1.24, p<0.01), 10nM d’acyl-ghréline (R + AG10: 10.80 ± 1.84, p<0.05) et 

100nM d’acyl-ghréline (R + AG100: 11.80 ± 3.39, p<0.05) comparé à la condition contrôle. 

Aucune différence significative n’était observée dans le nombre moyen de cellules TH+ entre 

les cellules exposées à la roténone seule ou à la roténone plus des doses croissantes d’acyl-

ghréline. De plus, les cellules TH+ exposées au solvant seul ou à l’acyl-ghréline seule 

présentaient un corps cellulaire ovale et des prolongements neuronaux longs et ramifiés, une 

morphologie similaire à celle des cellules en condition contrôle (Fig. 33B conditions a et b). 

Cependant, les cellules exposées à 10nM de roténone durant trois jours présentaient des 
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prolongements plus courts (Fig. 33B, condition c). Cette morphologie était plus amplement 

modifiée pour les cellules exposées simultanément à la roténone et à l’acyl-ghréline (10 ou 

100nM), dans ces conditions les prolongements rétrécissaient et disparaissaient 

progressivement (Fig. 33B, condition d). De façon similaire, comme présenté en figure 34, 

les cellules exposées à 10nM de roténone seule et les cellules exposées à 10nM de 

roténone et à l’acyl-ghréline comportaient un nombre de cellules IP+ plus important comparé 

à la condition contrôle (Fig. 34 ; valeurs moyennes C = 1781 ± 226, R = 2491 ± 301, R + 

AG100 = 3553 ± 158, n.s.), bien que cette différence n’atteigne pas le seuil de significativité 

statistique.  

En conclusion, l’exposition de cellules murines primaires mésencéphaliques à la 

roténone seule ainsi qu’à la roténone et à l’acyl-ghréline durant trois jours altérait le 

nombre et la morphologie des neurones TH+ et augmentait légèrement le nombre de 

cellules IP+. Ainsi, plutôt que d’exercer une action protectrice contre la mort cellulaire 

induite par la roténone dans des cellules mésencéphaliques primaires, l’acyl-ghréline 

semble potentialiser l’action délétère de la roténone dans nos conditions de culture.  

Puisque des études montrant un rôle neuro-protecteur de la ghréline incluaient une 

phase de prétraitement à l’acyl-ghréline, nous avons ensuite étudié l’effet d’une exposition à 

long terme à l’acyl-ghréline (DIV3-DIV10) sur des cellules primaires mésencéphalique 

exposées à la roténone durant les trois derniers jours (DIV7-DIV10). Pour ce protocole 

l’intervalle d’ajout dans le milieu de culture était de deux jours pour la ghréline et la roténone. 

Puisqu’aucune exposition à long terme à la ghréline n’a été publiée in vitro, nous nous 

sommes basés sur les résultats de Jiang et collaborateurs montrant que des injections 

quotidiennes de ghréline réduisaient la mort des neurones dopaminergiques et la déplétion 

en dopamine striatale induites par le MPTP (un inhibiteur mitochondrial induisant une mort 

rapide et importante des neurones dopaminergiques de la substance noire) dans un modèle 

murin (Jiang et al., 2008). La ghréline était administrée en prétraitement durant 3 jours puis 

conjointement avec le MPTP pendant 5 jours. Nous avons donc étudié les effets d’un 

prétraitement à la ghréline en exposant les cellules à la ghréline seule durant 4 jours (le 

milieu de culture étant changé toutes les deux jours dans notre protocole cela correspondait 

à deux changements de milieu), puis à la roténone en poursuivant l’exposition à la ghréline 

durant 3 jours avant de fixer les cellules. Des photos représentatives des neurones 

dopaminergiques pour chaque condition sont présentées en figure 35. D’après ces résultats, 

et comme déjà décrit plus haut, la morphologie des cellules exposées au solvant ou à 5nM 

de roténone ne semble pas différer de celle des cellules contrôles. Leurs corps cellulaires 

sont ovales, les prolongements sont longs et nombreux. De même, pour les faibles 

concentrations de ghréline (1 et 10nM), la morphologie des neurones semble identique à 
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celle des cellules contrôles (Fig. 35B). A partir de 30nM de ghréline, la morphologie des 

neurones se modifie, l´arbre dendritique disparait et le corps cellulaire s´arrondit. Il en est de 

même pour les concentrations plus fortes de ghréline. Les résultats de cette étude nous 

confirment qu´une concentration de 5nM de roténone n´est pas suffisante pour induire une 

perte significative des cellules TH+. De plus, une diminution significative du nombre de 

neurones dopaminergiques était observée pour les puits exposés à la roténone et à 30, 100, 

300 ou 1000nM de ghréline (R+ AG30 : 35,.+/-2.55, n.s., R+ AG100 : 32+/-5.39, n.s., RG 

+A300:12.16+/-0.43, ** p<0.01, R + AG1000: 32+/-5.39, n.s.). Ce résultat étant inattendu, au 

regard de l’effet neuro-protecteur de la ghréline observé dans les autres modèles in vitro et 

in vivo de syndromes parkinsoniens notamment après exposition au MPTP, nous avons 

reproduit cette expérience. Les résultats obtenus confirmaient l’effet délétère d’une 

exposition à long terme à l’acyl-ghréline sur des cellules primaires dopaminergiques (Fig. 

36). 

En conclusion nous avons démontré ici qu’une exposition à court ou long terme 

à l’acyl-ghréline ne protégeait pas les cellules des modifications du nombre de 

cellules TH+ et de leurs morphologies induites par la roténone dans nos conditions de 

culture.  

3.3 Effet d’une exposition à court terme à la desacyl-ghréline sur des cellules 

primaires mésencéphaliques exposées à la roténone.  

Nous avons ensuite étudié l’effet de la desacyl-ghréline dans notre modèle de 

syndrome parkinsonien. En effet, aucune précision n’était donnée concernant l’état 

d’acylation de la ghréline utilisée pour induire l’effet neuroprotecteur décrit dans la littérature. 

Nous avons ainsi réalisé une exposition à court terme à différentes doses de desacyl-

ghréline (0.1, 1, 10 et 100nM) sur des cellules exposées ou non à 10nM de roténone et 

avons analysé le nombre de cellules TH+ ainsi que leur morphologie et le nombre de cellules 

IP+. La figure 37A montre le nombre moyen et la morphologie des cellules TH+ dans les 

différentes conditions étudiées.  Nous avons observé une diminution du nombre de cellules 

TH+ après l’exposition à 10nM de roténone seule ou accompagnée de 1nM ou 100nM de 

desacyl-ghréline (C: 79.41 ± 4.19, R: 13.96 ± 1.97, **p<0.01; R+DAG1: 34.41 ± 6.58, 

*p<0.05; R+DAG100: 48.8 ± 9.63, n.s.). Cependant, cette diminution était moins importante 

après exposition conjointe à la roténone et à la desacyl-ghréline. Nous avons également 

étudié le nombre de cellules IP+ dans chaque condition pour déterminer si cet effet était 

commun à toutes les cellules en culture ou spécifique des cellules TH+ (Fig. 38). Le nombre 

de cellules IP+ était significativement augmenté dans les puits exposés à 10nM de roténone 

et à 1 nM de desacyl-ghréline comparé à la condition contrôle (C: 1285.66 ± 67.80; R: 

1677.37 ± 140.45, n.s.; R+DAG1: 135.26 ± 8.38, p<0.05; R+DAG10: 124.93 ± 5.93, n.s. ; 



213 
 

R+DAG100: 113.06 ± 10.89, n.s.). Cependant, aucune différence n’était observée dans les 

autres conditions.  

En conclusion, l’exposition à court terme à la desacyl-ghréline semble protéger 

les cellules primaires mésencéphaliques des modifications du nombre et de la 

morphologie des cellules TH+ induites par la roténone. Cet effet n’était pas observé 

dans l’étude du nombre de cellules IP+, suggérant une action spécifique des neurones 

TH+. En résumé, notre étude in vitro ne confirme pas le rôle neuro-protecteur de 

l’acyl-ghréline dans les cellules primaires mésencéphaliques exposées à de faibles 

doses de roténone. Cependant, la desacyl-ghréline semble capable de protéger ces 

cellules.  

4. Etude du potentiel de la ghréline en tant que biomarqueur des 

stages précoces de la maladie de Parkinson 

4.1. Variation de GHRLOS dans des échantillons de patients 

parkinsoniens 

Notre laboratoire a collecté différents échantillons biologiques tels que le sang ou le 

liquide cérébrospinal à partir de patients parkinsoniens sporadiques ou porteurs d’une 

mutation génétique ainsi que de contrôles appariés (sexe et âge) depuis plus d’une 

décennie. Des articles publiés précédemment en utilisant des approches transcriptomiques 

puissantes sans a priori ont identifié des dérégulations des voies cellulaires impliquées dans 

l’apoptose, la survie cellulaire, l’inflammation et la réponse immunitaire ainsi que la 

production de protéines et l’endocytose dans des cellules mononucléaires périphériques de 

patients parkinsoniens comparé aux contrôles appariés (Mutez et al., 2014, 2011). Comme 

présenté dans le tableau 7, l’ARN situé sur le brin opposé du gène de la ghréline (ghrelin 

opposite strand RNA, GHRLOS) était identifié parmi les gènes significativement dérégulés 

dans les cellules mononuclées sanguines périphériques de patients parkinsoniens 

sporadiques ou porteurs de la mutation G2019S du gène LRRK2 (FC : -0.167 et FC : -0.23 

respectivement). Cet ARN non codant est transcrit par un gène qui étend son promoteur et 

ses régions non traduites sur 44kb sur le brin opposé au gène de la ghréline et pourrait 

exercer de potentiels rôles régulateur et fonctionnel sur l’expression de la ghréline (Seim et 

al., 2008a). Nous avons ainsi étudié l’expression de GHRLOS dans les cellules mononuclées 

sanguines périphériques et les lignées cellulaires lymphoblastoïdes immortalisées par le 

virus Epstein-Barr de patients parkinsoniens par qPCR. Comme montré en figure 39, 

l’expression de GHRLOS était diminuée chez les patients parkinsoniens comparés aux 

contrôles (expression relative de GHRLOS dans le groupe contrôle = 1.30 ± 0.29 versus 0.74 

± 0.14 chez les patients parkinsoniens, p=0.08).  
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En conclusion, cette première série d’expériences a révélé une diminution de 

l’expression de GHRLOS qui pourrait conduire à une altération de l’expression de la 

ghréline. Ceci nous a donc conduit à étudier l’expression de la ghréline dans des 

échantillons biologiques de souris présentant un phénotype proche de celui de la MP.  

 

4.2. Etude in vivo dans un analogue expérimental de syndrome parkinsonien 

précoce 

4.2.1. Variations physiologiques des concentrations plasmatiques de ghréline 

chez la souris 

Puisque nous ne pouvions pas initier une étude chez les patients durant la thèse, nous 

avons étudié les variations de ghréline dans un modèle animal de stades précoces de 

syndrome parkinsonien induit par l’exposition chronique à de faibles doses du pesticide 

roténone (Pan-Montojo et al., 2010 ; 2012). Considérant l’étude conduite par Unger et 

collaborateurs (2011) montrant un retour aux concentrations basales de ghréline retardé 

après un repas standard chez les patients parkinsoniens comparés aux sujets contrôles, 

nous souhaitions étudier les concentrations plasmatiques de ghréline après un repas faisant 

suite à un jeûne nocturne chez des souris exposées ou non à de faibles doses du pesticide 

roténone. Cependant, au début de notre étude, les variations des concentrations 

plasmatiques de ghréline en condition physiologique avant et après un repas n’étaient pas 

décrites dans la littérature disponible. Nous avons donc conduit une étude pilote sur des 

souris C57BL/6J mâles et femelles.  

4.2.1.1. Variations des concentrations plasmatiques de ghréline avant et 

après un repas chez des souris saines âgées de 4-5 mois.  

Une étude préliminaire a tout d’abord été conduite avant et après un repas chez 20 

souris femelles C57BL/6J pour évaluer la durée de prise alimentaire nécessaire pour induire 

une diminution des concentrations plasmatiques d’acyl-ghréline. Pour cette expérience, des 

échantillons sanguins ont été prélevés sur des souris soumises à un jeûne de nuit et à 

différents temps après le retour des souris dans leurs cages avec accès ad libitum à la 

nourriture. L’acyl- et la desacyl-ghréline étaient dosées dans le plasma (Fig. 40). Comme 

décrit dans d’autres espèces, les concentrations plasmatiques d’acyl- et de desacyl-ghréline 

étaient élevées après un jeûne nocturne. Trente minutes d’accès à la nourriture induisaient 

une diminution significative des concentrations plasmatiques d’acyl-ghréline (T0 : 462 ± 209 

pg/mL versus T30: 182 ± 47.59 pg/mL, p<0.05). De plus, les souris mangeaient au moins 

deux repas en 90 minutes comme montré par les diminutions des concentrations d’acyl-
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ghréline à T30 et T90. En parallèle, les concentrations de desacyl-ghréline étaient élevées 

après un jeûne nocturne et diminuaient progressivement après que les souris ont retrouvé un 

accès à la nourriture.  

4.2.1.2. Variations plasmatiques des concentrations de ghréline chez des 

souris saines mâles âgées de 1 an 

Puisque le modèle animal de syndrome parkinsonien précoce sélectionné pour cette 

étude a été développé chez des souris males âgées de un an et considérant les variations 

de concentrations de ghréline liées à l’âge et au sexe (Al-Massadi et al., 2010; Makovey et 

al., 2007), nous avons aussi étudié les variations des concentrations plasmatiques d’acyl- et 

de desacyl-ghréline avant et après un repas chez des souris C57BL/6J males âgées de un 

an. Basé sur les résultats obtenus sur les femelles plus jeunes (cf. supra), le protocole a été 

modifié pour autoriser un accès limité à la nourriture durant 30 minutes seulement (après le 

premier prélèvement sanguin), après quoi la nourriture était de nouveau retirée pour 

empêcher les variations supplémentaires des concentrations plasmatiques d’acyl-ghréline. 

Ce protocole permettait de mimer la procédure suivie chez l’homme par Unger et 

collaborateurs (2011). La figure 41 représente les variations des concentrations 

plasmatiques d’acyl- (Fig. 41A) et de desacyl-ghréline (Fig. 41B) durant l’expérience. Les 

concentrations plasmatiques d’acyl-ghréline étaient plus élevées après un jeûne nocturne, 

diminuaient après la prise alimentaire et augmentaient de nouveau jusqu’au prochain repas. 

Ces données reproduisaient ainsi les variations des concentrations d’acyl-ghréline 

plasmatique observées chez l’homme, validant ainsi ce protocole d’accès temporaire à la 

nourriture pour l’étude des variations de concentrations plasmatiques de ghréline chez la 

souris après un jeûne nocturne. La figure 42 montre également que les valeurs de 

concentrations d’acyl-ghréline étaient plus hétérogènes lors du premiers et du dernier 

prélèvement sanguin tandis que les concentrations de desacyl-ghréline étaient stables tout 

au long de l’expérience bien qu’une certaine variabilité interindividuelle existe.  

En conclusion, lorsque l’accès à la nourriture est limité à 30 minutes après un 

jeûne nocturne, les concentrations plasmatiques d’acyl-ghréline sont élevées après le 

jeûne, diminuent rapidement après 30 minutes d’accès ad libitum à la nourriture et 

augmentent de nouveau jusqu’au prochain repas. Une telle procédure standardisée 

évite les variations de ghréline dues à la prise alimentaire continue (limitée à quelques 

croquettes) pendant toute la période d’activité de la souris. Cela assure donc une 

étude rigoureuse des variations de ghréline dans les conditions pathologiques. 
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4.2.2. Validation du modèle animal de syndrome parkinsonien précoce 

après exposition chronique à de faibles doses du pesticide roténone   

4.2.2.1. Bien-être animal tout au long de la procédure 

Trente souris mâles C57BL/6J âgées de 1 an ont été réparties en 3 groupes 

(n=10/groupe) : contrôle, solvant et roténone. Pour les souris du groupe contrôle, la sonde 

de gavage était introduite délicatement dans l’œsophage de la souris puis retirée ; les souris 

du groupe solvant recevaient un gavage avec une solution de carboxymethylcellulose 2% et 

de chloroforme 1.25% durant 1.5 mois alors que les souris du groupe roténone recevaient un 

gavage avec 5mg/kg/jour de roténone diluée dans la solution solvant durant 1.5mois. Toutes 

les souris étaient manipulées et pesées cinq jours par semaine. La procédure expérimentale 

suivie est détaillée en figure 21. Les conditions générales de santé des animaux ont été 

surveillées tout au long de l’expérimentation. A la dose de 5mg/kg, tous les animaux sont 

demeurés en vie durant les 6 semaines de procédure expérimentale et n’ont montré aucun 

signe d’altération générale. A l’exception d’une souris dans le groupe contrôle qui montrait 

une tendance à tourner spontanément sur le côté droit, toutes les souris étaient capables de 

réaliser les tests comportementaux. Cet animal a été retiré de la cohorte après observation, 

lors de l’autopsie, d’une atrophie du cervelet. Comme la MP est souvent accompagnée d’une 

perte de poids involontaire, les souris ont été pesées quotidiennement (Fig. 43A). Leur prise 

alimentaire par cage a aussi été étudiée pour exclure une perte de poids due à une 

diminution de la prise alimentaire (Fig. 43B). La mesure du poids montre que les souris 

exposées au solvant ou à la roténone semblent perdre du poids après 1,5 mois 

d’expérimentation (différence de poids moyenne entre le premier et le dernier jour de 

procédure expérimentale pour le groupe contrôle = +0.39 ± 0.27 versus -0.59 ± 0.44 pour les 

souris solvant et -0.75 ± 0.32 pour les souris roténone, p<0.001). Cette perte apparait durant 

les premiers jours de procédure (analyse post-hoc p<0.001 entre les souris contrôles et les 

souris roténone à partir du jour 5 de la procédure expérimentale, et entre les souris contrôles 

et les souris roténone à partir du jour 8) et était accompagnée par une diminution de la prise 

alimentaire (Jour 4-10 de la procédure expérimentale, p<0.01). Aucune diminution 

supplémentaire du poids ou de la prise alimentaire n’était observée après cette première 

semaine. Ces résultats suggèrent que la roténone n’affecte pas le poids ni la prise 

alimentaire des souris après 1.5 mois de procédure expérimentale. De plus, le poids de 

plusieurs organes (foie, reins, gastrocnémien, soléus et cœur) prélevés à l’autopsie était 

similaire entre les trois groupes (données non présentées). Ceci suggère que la roténone 

n’a pas d’effet systémique dans notre protocole. 
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4.2.2.2. Evaluation des symptômes non moteurs après 1.5 mois d’exposition à de 

faibles doses du pesticide roténone 

Durant les années précédant l’apparition des symptômes moteurs, les patients 

parkinsoniens souffrent souvent de symptômes non moteurs parmi lesquels les troubles 

gastro-intestinaux sont fréquents (Cloud and Greene, 2011; Poewe, 2008). Pour évaluer 

l’effet de la roténone sur la motilité intestinale, les souris étaient placées individuellement 

dans une cage, similaire à leur cage habituelle, mais dans laquelle la litière avait été retirée 

et qui était équipée d’une grille de fond destinée à éviter la coprophagie fréquente chez les 

rongeurs, sans nourriture mais avec accès illimité à l’eau. Ce nouvel environnement, 

combiné à l’isolement social, générait un stress modéré pour la souris qui augmentait 

l’activité du système nerveux autonome, augmentant ainsi l’excrétion des fèces. Le nombre 

de fèces a été compté toutes les 15 minutes durant une heure et à la fin de la seconde heure 

(Wang et al., 2008). La figure 44 (A, B and C) montre le nombre de fèces excrétés pour tous 

les groupes et tous les temps d’étude. La figure 44 D montre le nombre cumulé moyen de 

fèces émis par les souris d’un même groupe après 1.5 mois d’exposition comparé au 

nombre enregistré avant le début de l’expérience. Comme attendu, le test de motilité 

intestinale en réaction à la nouveauté activait le système nerveux autonome comme montré 

par l’augmentation globale du nombre cumulatif de fèces émis par tous les animaux avant le 

début de la procédure expérimentale. A ce temps, tous les animaux étaient déjà assignés à 

un groupe expérimental (Fig. 44A). De manière intéressante, les souris exposées à la 

roténone émettaient moins de fèces comparées aux deux autres groupes expérimentaux à 

partir d’un mois de procédure expérimentale, un effet qui devenait significatif après 1.5 mois 

d’exposition au pesticide (Fig. 44C and 44D). Le tableau 8 montre les nombres détaillés de 

fèces émis lors de cette expérience.  

En conclusion, les résultats du test de motilité intestinale montrent que 

l’exposition de souris C57BL/6J mâles âgées de un an à de faibles doses du pesticide 

roténone durant 1.5 mois affecte la motilité intestinale, mimant ainsi un des 

symptômes non moteurs documentés par les patients parkinsoniens durant les stades 

précoces de la maladie.  

4.2.2.3. Etude du comportement moteur après 1.5 mois d’exposition à de faibles 

doses du pesticide roténone 

4.2.2.3.1. Analyse du comportement moteur global 

Le comportement moteur global a été étudié à l’aide du test d’activité spontanée 

(adapté de Fleming et al., 2004). Brièvement, chaque souris a été placée dans un cylindre 

de verre (15.5cm de haut, 12.7cm de diamètre) pendant 3 min (Schallert et al., 2000). La 
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réaction des animaux en réponse à ce nouvel environnement était enregistrée, un miroir 

étant placé sous le cylindre pour faciliter l’enregistrement de tous les mouvements dans le 

cylindre par une caméra (Sony DCR-SX30). Les vidéos ont été analysées par la suite à 

vitesse ralentie pour dénombrer le nombre de redressement (en réaction à un nouvel 

environnement), indice de la réactivité de l’animal à son nouvel environnement, le temps 

passé à se toiletter, indice d’anxiété si frénétique, le nombre de pas réalisés avec les pattes 

avant et les pattes arrière (Fig. 45). Aucune différence statistique n’a été observée entre les 

différentes sessions de tests pour le temps de toilettage et le nombre de pas avec les pattes 

avant et arrière. Le groupe control ne montre aucune différence dans les nombre de 

redressement mais le groupe solvant (p<0.05) et le groupe roténone (p<0.001) se redressent 

moins après 1,5 mois, suggérant une habituation globale de ces souris au test, résultant en 

une diminution du comportement exploratoire. Puisque cet effet n’est pas spécifique des 

souris exposées à la roténone, nous en avons conclu que l’exposition à la roténone 

durant 1,5 mois n’affectait pas le comportement moteur spontané comme mesuré par 

le test du cylindre.  

4.2.2.3.2. Analyse de la coordination motrice entre les pates avant et arrière de la 

souris 

Puisque les symptômes moteurs de la MP apparaissent progressivement dans le 

temps, l’absence de déficit moteur global pourrait masquer de plus subtiles altérations des 

capacités motrices telle que la coordination des pattes avant et arrière de l’animal. Le test de 

traversée de la poutre (adapté de Fleming et al., 2004) a donc été utilisé pour étudier la 

coordination motrice des souris. Brièvement, ce test consiste en une poutre de 1 mètre de 

long qui diminue de 0.5cm en largeur tous les 25cm. L’extrémité la plus étroite conduit 

directement dans la cage de l’animal. Avant le début de la procédure expérimentale, les 

souris étaient entraînées durant deux jours à traverser la poutre. Le troisième jour, une grille 

(quadrillage 12.7x12.7mm) était placée 1 cm au-dessus de la poutre. Les souris traversaient 

cinq fois la poutre pour chaque session de test (avant le début du gavage, après un mois de 

gavage et après 1.5 mois de gavage). Chaque traversée était enregistrée par une caméra 

Sony DCR-SX30 pour analyser les vidéos à vitesse ralentie et étudier le temps de traversée, 

le nombre de pas et le nombre d’erreurs. La figure 46 présente les résultats obtenus pour 

chaque paramètre. Il n’y a pas de différence dans le temps de traversée de la poutre au sein 

des groupes mais il y a une différence entre les souris contrôles et les souris solvant après 

1.5 mois de procédure expérimentale (p<0.05). En effet, les souris solvant semblaient 

nécessiter moins de temps pour traverser la poutre après 1.5 mois et ne faisaient pas plus 

d’erreurs par pas (temps moyen pour traverser la poutre pour le groupe contrôle : 8.9 ± 0.53 

sec ; pour le groupe solvant : 11.6 ± 0.60 sec et pour le groupe roténone :  10.1 ± 0.38 sec). 
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Nous en avons donc conclu que la roténone ne semblait pas affecter la coordination motrice 

dans le test de traversée de la poutre après 1.5 mois d’exposition.  

En conclusion, l’exposition chronique à de faibles doses du pesticide roténone 

n’altère pas le comportement moteur, tel qu’analysé avec le test d’activité spontanée 

et le test de traversée de la poutre. Ce modèle animal présente donc une bonne 

validité d’apparence pour la reproduction des stades précoces de la MP durant 

lesquels aucun symptôme moteur n’est détecté.  

2.2.2.4. Analyses post-mortem 

2.2.2.4.1. Analyse histopathologique de la substance noire 

Pour analyser plus amplement la validité d’apparence de ce modèle animal induit par 

exposition à de faibles doses du pesticide roténone, le nombre de cellules TH+ a été compté 

dans la SN de souris C57BL/6J pour les trois groupes expérimentaux, (n=4/groupe) par un 

marquage en DAB utilisant un anticorps anti-tyrosine hydroxylase (AB112, Abcam). Un 

exemple de marquage effectué sur des souris de chaque groupe est présenté en figure 47A. 

Le comptage des neurones dopaminergiques de la SN (voir figure 47B) ne montrait aucune 

différence entre les groupes étudiés (nombre moyen de cellules TH+ dans le groupe contrôle 

= 58.89 ± 3.21 versus 71.04 ± 4.81 dans le groupe solvant et 60.16 ± 4.96 dans le groupe 

roténone, n.s.), validant ainsi un nouveau critère additionnel pour l’établissement de ce 

modèle animal dans notre laboratoire. En effet, dans les travaux du Dr. Pan-Montojo, aucune 

mort neuronale n’est observée au sein de la substance noire après 1.5 mois d´exposition à la 

roténone. 

En conclusion, les analyses comportementales et histologiques montrent une 

absence d’effet de l’exposition de 1.5 mois à de faibles doses du pesticide roténone, 

ce qui est cohérent avec les critères à respecter dans la modélisation des stades 

précoces de la MP chez l’animal. Cependant, ce type d’exposition altère la motilité 

intestinale. Ceci satisfait donc les critères de validité d’apparence pour ce modèle 

murin de stades précoces des syndromes parkinsoniens.  

2.2.2.4.2. Analyse des populations neuronales de l’intestin 

Pour caractériser d’avantage ce modèle animal après une plus longue exposition au 

pesticide, les différentes populations neuronales de l’intestin de souris exposées à la 

roténone durant 2 ou 4 mois ont été analysées par western blots. Les tissus intestinaux ont 

été collectés lors d’une expérience indépendante réalisée par le Dr. Pan-Montojo et stockés 

à -80°C jusqu’à leur utilisation. Le duodénum, le jéjunum, l’iléon et le colon de souris 

exposées au solvant ou à la roténone ont été analysés individuellement. Pgp9.5, une 
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ubiquitine carboxy-terminal hydrolase principalement exprimée dans les cellules nerveuses, 

a été utilisée comme marqueur neuronal et comparée à la glycérinaldehyde-3-phosphate-

dehydrogenase (Gapdh) qui est exprimée de façon stable dans toutes les populations 

intestinales, permettant ainsi une normalisation de l’expression protéique relative.  

Après deux mois d’exposition à la roténone, les niveaux de Pgp9.5 diminuaient non-

significativement dans le duodénum et le jéjunum comparés aux souris exposées au solvant 

(Fig. 48A and 48B; Fig. 49A and 49B). La roténone avait un effet plus hétérogène sur les 

autres régions intestinales. En effet, les niveaux protéiques de Pgp9.5 étaient soit similaires 

entre les souris exposées au solvant ou à la roténone dans l’iléon (Fig. 48C and 49C), ou 

légèrement plus hauts dans le colon des souris exposées à la roténone (Fig. 48D and 49D). 

L’expression protéique relative de la choline acétyltransferase (Chat), l’enzyme 

limitante dans la synthèse de l’acétylcholine au sein des neurones cholinergiques, a été 

analysée dans toutes les régions de l’intestin de souris exposées au solvant ou à la roténone 

(Fig. 48, 49). L’expression normalisée de Chat (normalisation à l’expression de Pgp9.5) était 

légèrement diminuée après deux mois d’exposition au pesticide comparée aux souris solvant 

(expression protéique relative de Chat dans le duodénum : 1.00 ± 0.10 pour le groupe 

solvant versus 0.83 ± 0.16 pour le groupe roténone; expression protéique relative de Chat 

dans le jéjunum : 1.00 ± 0.10 pour le groupe solvant versus 0.90 ± 0.09 pour le groupe 

roténone; relative Chat expression in the iléon: 1 ± 0.02 pour le groupe solvant versus 0.80 ± 

0.13 pour le groupe roténone; expression protéique relative de Chat dans le colon: 1.00 ± 

0.15 pour le groupe solvant versus 0.56 ± 0.06 pour le groupe roténone). 

L’expression protéique relative de la TH, une enzyme impliquée dans la synthèse de la 

dopamine, l’adrénaline et la noradrénaline, a été analysée en parallèle sur les mêmes 

échantillons. Après deux mois d’exposition à la roténone, l’expression normalisée de la TH 

(normalisation à l’expression de Pgp9.5) était significativement plus importante dans le 

duodénum (Fig. 48A and 49A, p<0.05) et le colon (Fig. 48D and 49D, p<0.05) des souris 

exposées à la roténone. Cependant, aucune différence n’était observée dans l’iléum. De 

plus, l’expression normalisée de la TH était légèrement plus faible dans le jéjunum des 

souris exposées à la roténone comparée aux souris solvant (expression relative de la TH 

dans le jéjunum pour le groupe solvant : 1 ± 0,09 versus 0,73 ± 0,12 pour le groupe 

roténone.  

 Après 4 mois d’exposition à la roténone, une diminution non significative des niveaux 

de Pgp9.5 était observée dans le duodénum (Fig. 50A and 51A) et l’iléon (Fig. 50C, 51C) 

des souris exposées à la roténone tandis qu’aucune différence n’était détectée dans le 

jéjunum (Fig 50B, 51B). Cependant, une augmentation non significative des niveaux de 
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Pgp9.5 était observée dans le colon des souris exposées à la roténone comparés aux souris 

solvant (Fig. 50D and 51D). L’expression normalisée de Chat était non significativement 

diminuée dans le duodénum (Fig. 50A and 51A) et le jéjunum (Fig. 50B, 51B) des souris 

exposées à la roténone comparées aux souris exposées au solvant mais pas dans l’iléon et 

le colon pour lesquels l’expression relative de Chat était similaire entre les deux groupes 

étudiés (Fig. 50 et 51; expression relative de Chat dans le duodénum: 1.00 ± 0.17 des souris 

solvant versus 0.58 ± 0.09 pour le groupe roténone; expression relative de Chat dans le 

jéjunum: 1.00 ± 0.23 des souris solvant versus 0.58 ± 0.07 pour le groupe roténone; 

expression relative de Chat dans l’iléon: 1.00 ± 0.04 des souris solvant versus 0.96 ± 0.13 

pour le groupe roténone; expression relative de Chat dans le colon: 1,00 ± 0,15 des souris 

solvant versus 1.00 ± 0.04 pour le groupe roténone). Après 4 mois d’exposition à la 

roténone, aucune différence significative n’était observée entre les souris exposées à la 

roténone et celles exposées au solvant pour toutes les régions étudiées (cf. Fig. 50 et 51; 

expression relative de la TH dans le duodénum: 1.00 ± 0.17 pour le groupe solvant versus 

0.78 ± 0.19 pour le groupe roténone, n.s.; expression relative de la TH dans le jéjunum: 1.00 

± 0.22 pour les souris solvant versus 0.98 ± 0.24 pour les souris roténone, n.s.; expression 

relative de la TH dans l’iléon: 1.00 ± 0.15 pour les souris solvant versus 1.50 ± 0.34 pour les 

souris roténone, n.s.; expression relative de la TH dans le colon: 1,00 ± 0,24 pour les souris 

solvant versus 1.29 ± 0.16 pour les souris roténone, n.s.). Cependant, une tendance à 

l’augmentation était observée dans l’iléon et le colon des souris exposées à la roténone 

comparé aux souris exposées au solvant tandis qu’aucune modification n’était observée 

dans le jéjunum et qu’une diminution modérée était observée dans le duodénum. En résumé, 

l’exposition orale chronique à de faibles doses du pesticide roténone durant 2 ou 4 mois 

modifiait les populations neuronales au sein de l’intestin en fonction de la région étudiée et 

de la durée d’exposition au pesticide. En particulier, l’expression normalisée de la TH était 

significativement augmentée dans le duodénum et le colon après deux mois d’exposition à la 

roténone, confirmant ainsi l’impact de la roténone sur les cellules produisant la TH dans le 

système nerveux périphérique. 

En conclusion, l’exposition de souris mâles C57BL/6J à de faibles doses du 

pesticide roténone altérait la motilité intestinale, comme mis en évidence par un test 

non-invasif de motilité intestinale. Cependant, le comportement moteur global et la 

coordination motrice fine n’étaient pas affectées chez ces souris et le nombre de 

neurones dopaminergiques de la SN était similaire entre tous les groupes étudiés. De 

tels troubles non moteurs en absence d’altérations motrices et de neuro-

dégénérescence au sein de la SN sont des marqueurs caractéristiques des stades 

précoces de la MP chez l’homme. Nous validons ainsi ce modèle animal de stades 
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précoces de syndrome parkinsonien après exposition orale chronique à de faibles 

doses du pesticide roténone.  

2.2.2.5. Variations des concentrations de ghréline dans un modèle de stades 

précoces de syndrome parkinsonien  

2.2.2.5.1. Variations plasmatiques des concentrations de ghréline après 1.5 mois 

d’exposition à la roténone 

Compte tenu du niveau satisfaisant de validation de ce modèle animal de stades 

précoces de syndrome parkinsonien, les concentrations plasmatiques d’acyl- et de desacyl-

ghréline ont été étudiées après exposition à la roténone de souris C57BL/6J mâles âgées 

d’un an. Pour les trois groupes expérimentaux étudiés, les concentrations plasmatiques 

d’acyl-ghréline étaient plus élevées après un jeûne nocturne, diminuaient après l’accès à la 

nourriture et augmentaient de nouveau à 120 min, avant et après l’exposition à la roténone, 

excepté chez les souris contrôles au début de la procédure expérimentale. Les 

concentrations d’acyl-ghréline dans le plasma de souris exposées à la roténone ou au 

solvant durant 1,5 mois étaient similaires à celles observées avant le début de l’exposition 

(Fig. 52). Pour les trois groupes expérimentaux, les concentrations de desacyl-ghréline 

plasmatique étaient très variables entre les souris d’un même groupe. De plus, aucune 

différence significative n’était observée dans les concentrations de desacyl-ghréline 

plasmatique entre les trois groupes étudiés après 1,5 mois de procédure expérimentale.  

En conclusion, l’exposition à de faibles doses du pesticide roténone durant 1,5 

mois n’altère pas les concentrations plasmatiques d’acyl- et de desacyl-ghréline. 

2.2.2.5.2. Expression de gènes liés à la ghréline dans le duodénum de souris 

exposées à la roténone 

Enfin, pour parfaire la caractérisation de ce modèle animal de stades précoces de 

syndrome parkinsonien en relation avec la ghréline, nous avons analysé l’expression de 

gènes liés à la ghréline dans le duodénum par qPCR. En particulier, nous nous sommes 

focalisés sur l’expression de trois des quatre variants existants du gène murin Ghrl (Fig. 53) 

et l’expression de la prohormone convertase 1/3 (Psck1), une enzyme impliquée dans la 

maturation de la ghréline (Fig. 18). Puisque l’innervation principale du tractus gastro-

intestinal est cholinergique, l’expression du gène de Chat était aussi étudiée en parallèle. La 

peptidylprolyl isomerase A était utilisée en tant que gène de référence pour normaliser 

l’expression des gènes entre les souris. Une augmentation globale de l’expression des 

gènes étudiés était observée dans le groupe roténone comparé aux groupes contrôle et 

solvant (Fig. 53). Cependant, cette différence n’atteignait pas le seuil de significativité 



223 
 

statistique. L’expression de Chat était légèrement augmentée dans le groupe roténone. En 

résumé, aucune différence significative dans les niveaux protéiques ou ARN de la ghréline 

n’était observée après 1,5 mois d’exposition à de faibles doses du pesticide roténone.  

Pour conclure, les souris mâles C57BL/6J âgées de un an et exposées à 5mg/kg/j 

de roténone durant 1.5 mois développaient progressivement des altérations de la 

motilité intestinale mais ne présentaient pas de troubles moteurs tels qu’évalués avec 

le test d’activité spontanée et le test de traversée de la poutre. Les analyses 

immunohistopathologiques ne révélaient pas de différence dans le nombre de 

neurones produisant de la TH au sein de la SN. Nous avons donc validé le modèle 

animal de syndrome parkinsonien précoce dans notre animalerie. Cette étude in vivo 

n’a cependant pas révélée de différences dans les concentrations d’acyl- et de 

desacyl-ghréline dans ce modèle animal. Ainsi, nos résultats ne valident pas le 

potentiel de la ghréline en tant que biomarqueur des stades précoces de la MP.  
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5. Perspectives expérimentales 

Les résultats de notre étude in vitro, présentés ci-dessus, remettent en question les 

données disponibles dans la littérature en mettant en avant un potentiel rôle neuro-

protecteur de la desacyl-ghréline. Des études approfondies sont cependant nécessaires pour 

confirmer ces résultats et pour comprendre les modifications cellulaires et moléculaires 

induites par la desacyl-ghréline. Tout d’abord, la présence du récepteur de la ghréline 

GHRS1a doit être démontrée dans les cellules primaires mésencéphaliques isolées 

d’embryons de souris au 14ème jour de gestation et plus précisément dans les cellules 

produisant la ghréline. En effet, son expression a été établie dans le mésencéphale de souris 

adultes ainsi que dans les cellules MES23.5 (Dong et al., 2009; Moon et al., 2009; Zigman et 

al., 2006) mais n’a, à notre connaissance, jamais été validée dans les cultures primaires 

mésencéphaliques murines. Notre première tentative pour identifier GHRS1a par 

immunocytochimie ou western blots dans ces cultures primaires a échoué en raison de 

marquages non spécifiques des deux anticorps anti-GHSR1a testés (Santa Cruz 

Biotechnology, sc-10359 and sc-374515). Une solution alternative est donc d’étudier 

l’expression de GHSR1a par PCR ou par hybridation in situ. Si GHRS1a est exprimé dans 

les cellules primaires mésencéphaliques, l’exposition concomitante à l’acyl- ou la desacyl-

ghréline et à de faibles doses du pesticide roténone sera répétée en présence d’un inhibiteur 

du récepteur, le D-Lys-3-GHRP-6, pour déterminer son rôle potentiel dans l’effet 

délétère/protecteur de l’exposition à long terme respectivement à l’acyl- / la desacyl-ghréline 

dans les cellules exposées à la roténone. De façon similaire, la cascade de transduction de 

GHSR1a sera étudiée dans les deux conditions avec un intérêt particulier pour l’état 

phosphorylé / déphosphorylé des protéines ERK1/2, mTOR, Akt et AMPK qui ont été 

impliquées dans l’action de la ghréline dans d’autres contextes physiologiques ou 

pathologiques. De plus, puisque la ghréline protégeaient les cellules MES23.5 des 

altérations mitochondriales et de l’apoptose induites par la roténone (Yu et al., 2016), l’étude 

du potentiel de membrane mitochondrial et des concentrations de ROS dans nos conditions 

de culture devrait clarifier le mécanisme d’action de l’acyl- versus la desacyl-ghréline dans 

ces cellules mésencéphaliques primaires. Enfin, l’expression potentielle de marqueurs de 

l’apoptose telles que la condensation du noyau ou l’activation de la caspase 3 devraient être 

analysée pour caractériser plus amplement les événements moléculaires et cellulaires sous-

jacents de cet effet délétère versus protecteur de l’acyl- et la desacyl-ghéline respectivement 

dans les cultures primaires mésencéphaliques.  
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Annex 2: NMS-Quest  

PD NMS QUESTIONNAIRE 
Name: ............................................................... Date: .......................... Age: 
....................... 
Centre ID: Male Female 
NON-MOVEMENT PROBLEMS IN PARKINSON’S 
The movement symptoms of Parkinson’s are well known. However, other problems can 
sometimes occur as part of the condition or its treatment. It is important that the doctor 
knows about these, particularly if they are troublesome for you. 
A range of problems is listed below. Please tick the box ‘Yes’ if you have experienced it 
during the past month. The doctor or nurse may ask you some questions to help decide. If 
you have not experienced the problem in the past month tick the ‘No’ box. You should 
answer ‘No’ even if you have had the problem in the past but not in the past month. 
Yes No 
1. Dribbling of saliva during the daytime ......................... 
2. Loss or change in your ability to taste or smell .......... 
3. Difficulty swallowing food or drink or problems with choking ................................................................. 
4. Vomiting or feelings of sickness (nausea) ................... 
5. Constipation (less than 3 bowel movements a week) or having to strain to pass a stool (faeces) ......... 
6. Bowel (fecal) incontinence ........................................... 
7. Feeling that your bowel emptying is incomplete after having been to the toilet ...................................... 
8. A sense of urgency to pass urine makes you rush to the toilet ........................................................... 
9. Getting up regularly at night to pass urine .................. 
10. Unexplained pains (not due to known conditions such as arthritis) ........................................................... 
11. Unexplained change in weight (not due to change in diet) .............................................................. 
12. Problems remembering things that have happened recently or forgetting to do things .............. 
13. Loss of interest in what is happening around you or doing things ...................................................... 
14. Seeing or hearing things that you know or are told are not there .......................................................... 

15. Difficulty concentrating or staying focussed ...............Yes No 
16. Feeling sad, ‘low’ or ‘blue’ .......................................... 
17. Feeling anxious, frightened or panicky ....................... 
18. Feeling less interested in sex or more interested in sex .......................................................... 
19. Finding it difficult to have sex when you try ............... 
20. Feeling light headed, dizzy or weak standing from sitting or lying ..................................................... 
21. Falling .......................................................................... 
22. Finding it difficult to stay awake during activities such as working, driving or eating .............................. 
23. Difficulty getting to sleep at night or staying asleep at night ............................................................. 
24. Intense, vivid dreams or frightening dreams ............... 
25. Talking or moving about in your sleep as if you are ‘acting’ out a dream .............................................. 
26. Unpleasant sensations in your legs at night or while resting, and a feeling that you need to move .... 
27. Swelling of your legs ................................................... 
28. Excessive sweating ..................................................... 
29. Double vision ............................................................... 
30. Believing things are happening to you that other people say are not true ............................................... 

Have you experienced any of the following in the last month? 
All the information you supply through this form will be treated with confidence and will only be used for the 
purpose for which it has been 
collected. Information supplied will be used for monitoring purposes. Your personal data will be processed and 
held in accordance with the 
Data Protection Act 1998. 

Developed and validated by the International PD Non Motor Group 
For information contact: susanne.tluk@uhl.nhs.uk or alison.forbes@uhl.nhs.uk 

  

mailto:alison.forbes@uhl.nhs.uk
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Annex 3: Hoehn and Yahr scale 

Modified Hoehn and Yahr staging 

 

Stage 0 No signs of disease 

Stage 1 Unilateral disease 

Stage 1.5 Unilateral plus axial involvement 

Stage 2 Bilateral disease, without impairment of balance 

Stage 2.5 Mild bilateral disease, with recovery on pull test 

Stage 3  Mild to moderate bilateral disease; some postural instability; physically 

independent 

Stage 4 Severe disability; still able to walk or stand unassisted 

Stage 5 Wheelchair bound or bedridden unless aided 
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Annex 4 : Unified Parkinson’s Disease Rating scale  

I. MENTATION, BEHAVIOR AND MOOD  

1. Intellectual Impairment 

0 = None.  

1 = Mild. Consistent forgetfulness with partial recollection of events and no other difficulties.  

2 = Moderate memory loss, with disorientation and moderate difficulty handling complex 

problems. Mild but definite  

impairment of function at home with need of occasional prompting.  

3 = Severe memory loss with disorientation for time and often to place. Severe impairment in 

handling problems.  

4 = Severe memory loss with orientation preserved to person only. Unable to make 

judgements or solve problems.  

Requires much help with personal care. Cannot be left alone at all.  

2. Thought Disorder (Due to dementia or drug intoxication)  

0 = None.  

1 = Vivid dreaming.  

2 = "Benign" hallucinations with insight retained.  

3 = Occasional to frequent hallucinations or delusions; without insight; could interfere with 

daily activities.  

4 = Persistent hallucinations, delusions, or florrid psychosis. Not able to care for self.  

3. Depression  

1 = Periods of sadness or guilt greater than normal, never sustained for days or weeks.  

2 = Sustained depression (1 week or more).  

3 = Sustained depression with vegetative symptoms (insomnia, anorexia, weight loss, loss of 

interest).  

4 = Sustained depression with vegetative symptoms and suicidal thoughts or intent.  

4. Motivation/Initiative  

0 = Normal.  

1 = Less assertive than usual; more passive.  

2 = Loss of initiative or disinterest in elective (nonroutine) activities.  

3 = Loss of initiative or disinterest in day to day (routine) activities.  

4 = Withdrawn, complete loss of motivation.  

 

II. ACTIVITIES OF DAILY LIVING (for both "on" and "off")  
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5. Speech  

0 = Normal.  

1 = Mildly affected. No difficulty being understood.  

2 = Moderately affected. Sometimes asked to repeat statements.  

3 = Severely affected. Frequently asked to repeat statements.  

4 = Unintelligible most of the time.  

6. Salivation  

0 = Normal.  

1 = Slight but definite excess of saliva in mouth; may have nighttime drooling.  

2 = Moderately excessive saliva; may have minimal drooling.  

3 = Marked excess of saliva with some drooling.  

4 = Marked drooling, requires constant tissue or handkerchief.  

7. Swallowing  

0 = Normal.  

1 = Rare choking.  

2 = Occasional choking.  

3 = Requires soft food.  

4 = Requires NG tube or gastrotomy feeding.  

8. Handwriting  

0 = Normal.  

1 = Slightly slow or small.  

2 = Moderately slow or small; all words are legible.  

3 = Severely affected; not all words are legible.  

4 = The majority of words are not legible.  

9. Cutting food and handling utensils  

0 = Normal.  

1 = Somewhat slow and clumsy, but no help needed.  

2 = Can cut most foods, although clumsy and slow; some help needed.  

3 = Food must be cut by someone, but can still feed slowly.  

4 = Needs to be fed.  

10. Dressing  

0 = Normal.  



229 
 

1 = Somewhat slow, but no help needed.  

2 = Occasional assistance with buttoning, getting arms in sleeves.  

3 = Considerable help required, but can do some things alone.  

4 = Helpless.  

11. Hygiene  

0 = Normal.  

1 = Somewhat slow, but no help needed.  

2 = Needs help to shower or bathe; or very slow in hygienic care.  

3 = Requires assistance for washing, brushing teeth, combing hair, going to bathroom.  

4 = Foley catheter or other mechanical aids.  

12. Turning in bed and adjusting bed clothes  

0 = Normal.  

1 = Somewhat slow and clumsy, but no help needed.  

2 = Can turn alone or adjust sheets, but with great difficulty.  

3 = Can initiate, but not turn or adjust sheets alone.  

4 = Helpless.  

13. Falling (unrelated to freezing)  

0 = None.  

1 = Rare falling.  

2 = Occasionally falls, less than once per day.  

3 = Falls an average of once daily.  

4 = Falls more than once daily.  

14. Freezing when walking  

0 = None.  

1 = Rare freezing when walking; may have starthesitation.  

2 = Occasional freezing when walking.  

3 = Frequent freezing. Occasionally falls from freezing.  

4 = Frequent falls from freezing.  

15. Walking 

0 = Normal.  

1 = Mild difficulty. May not swing arms or may tend to drag leg.  

2 = Moderate difficulty, but requires little or no assistance.  
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3 = Severe disturbance of walking, requiring assistance.  

4 = Cannot walk at all, even with assistance.  

16. Tremor (Symptomatic complaint of tremor in any part of body.)  

0 = Absent.  

1 = Slight and infrequently present.  

2 = Moderate; bothersome to patient.  

3 = Severe; interferes with many activities.  

4 = Marked; interferes with most activities.  

17. Sensory complaints related to parkinsonism  

0 = None.  

1 = Occasionally has numbness, tingling, or mild aching.  

2 = Frequently has numbness, tingling, or aching; not distressing.  

3 = Frequent painful sensations.  

4 = Excruciating pain.  

 

III. MOTOR EXAMINATION  

18. Speech  

0 = Normal.  

1 = Slight loss of expression, diction and/or volume.  

2 = Monotone, slurred but understandable; moderately impaired.  

3 = Marked impairment, difficult to understand.  

4 = Unintelligible.  

19. Facial Expression  

0 = Normal.  

1 = Minimal hypomimia, could be normal "Poker Face".  

2 = Slight but definitely abnormal diminution of facial expression  

3 = Moderate hypomimia; lips parted some of the time.  

4 = Masked or fixed facies with severe or complete loss of facial expression; lips parted 1/4 

inch or more.  

20. Tremor at rest (head, upper and lower extremities)  

0 = Absent.  

1 = Slight and infrequently present.  
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2 = Mild in amplitude and persistent. Or moderate in amplitude, but only intermittently 

present.  

3 = Moderate in amplitude and present most of the time.  

4 = Marked in amplitude and present most of the time.  

21. Action or Postural Tremor of hands  

0 = Absent.  

1 = Slight; present with action.  

2 = Moderate in amplitude, present with action.  

3 = Moderate in amplitude with posture holding as well as action.  

4 = Marked in amplitude; interferes with feeding.  

22. Rigidity (Judged on passive movement of major joints with patient relaxed in sitting 

position. Cogwheeling to be ignored.)  

0 = Absent.  

1 = Slight or detectable only when activated by mirror or other movements.  

2 = Mild to moderate.  

3 = Marked, but full range of motion easily achieved.  

4 = Severe, range of motion achieved with difficulty.  

23. Finger Taps (Patient taps thumb with index finger in rapid succession.)  

0 = Normal.  

1 = Mild slowing and/or reduction in amplitude.  

2 = Moderately impaired. Definite and early fatiguing. May have occasional arrests in 

movement.  

3 = Severely impaired. Frequent hesitation in initiating movements or arrests in ongoing 

movement.  

4 = Can barely perform the task.  

24. Hand Movements (Patient opens and closes hands in rapid succesion.)  

0 = Normal.  

1 = Mild slowing and/or reduction in amplitude.  

2 = Moderately impaired. Definite and early fatiguing. May have occasional arrests in 

movement.  

3 = Severely impaired. Frequent hesitation in initiating movements or arrests in ongoing 

movement.  

4 = Can barely perform the task.  
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25. Rapid Alternating Movements of Hands (Pronation-supination movements of hands, 

vertically and horizontally, with as large an amplitude as possible, both hands 

simultaneously.)  

0 = Normal.  

1 = Mild slowing and/or reduction in amplitude.  

2 = Moderately impaired. Definite and early fatiguing. May have occasional arrests in 

movement.  

3 = Severely impaired. Frequent hesitation in initiating movements or arrests in ongoing 

movement.  

4 = Can barely perform the task.  

26. Leg Agility (Patient taps heel on the ground in rapid succession picking up entire leg. 

Amplitude should be at least 3 inches.)  

0 = Normal.  

1 = Mild slowing and/or reduction in amplitude.  

2 = Moderately impaired. Definite and early fatiguing. May have occasional arrests in 

movement.  

3 = Severely impaired. Frequent hesitation in initiating movements or arrests in ongoing 

movement.  

4 = Can barely perform the task.  

27. Arising from Chair (Patient attempts to rise from a straightbacked chair, with arms 

folded across chest.)  

0 = Normal.  

1 = Slow; or may need more than one attempt.  

2 = Pushes self up from arms of seat.  

3 = Tends to fall back and may have to try more than one time, but can get up without help.  

4 = Unable to arise without help.  

28. Posture  

0 = Normal erect.  

1 = Not quite erect, slightly stooped posture; could be normal for older person.  

2 = Moderately stooped posture, definitely abnormal; can be slightly leaning to one side.  

3 = Severely stooped posture with kyphosis; can be moderately leaning to one side.  

4 = Marked flexion with extreme abnormality of posture.  

29. Gait  

0 = Normal.  
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1 = Walks slowly, may shuffle with short steps, but no festination (hastening steps) or 

propulsion.  

2 = Walks with difficulty, but requires little or no assistance; may have some festination, short 

steps, or propulsion.  

3 = Severe disturbance of gait, requiring assistance.  

4 = Cannot walk at all, even with assistance.  

30. Postural Stability (Response to sudden, strong posterior displacement produced by 

pull on shoulders while patient erect with eyes open and feet slightly apart. Patient is 

prepared.)  

0 = Normal.  

1 = Retropulsion, but recovers unaided.  

2 = Absence of postural response; would fall if not caught by examiner.  

3 = Very unstable, tends to lose balance spontaneously.  

4 = Unable to stand without assistance.  

31. Body Bradykinesia and Hypokinesia (Combining slowness, hesitancy, decreased 

armswing, small amplitude, and poverty of movement in general.)  

0 = None.  

1 = Minimal slowness, giving movement a deliberate character; could be normal for some 

persons. Possibly reduced  

amplitude.  

2 = Mild degree of slowness and poverty of movement which is definitely abnormal. 

Alternatively, some reduced  

amplitude.  

3 = Moderate slowness, poverty or small amplitude of movement.  

4 = Marked slowness, poverty or small amplitude of movement.  

 

IV. COMPLICATIONS OF THERAPY (In the past week)  

A. DYSKINESIAS 

32. Duration: What proportion of the waking day are dyskinesias present? (Historical 

information.)  

0 = None  

1 = 1-25% of day.  

2 = 26-50% of day.  

3 = 51-75% of day.  

4 = 76-100% of day.  
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33. Disability: How disabling are the dyskinesias? (Historical information; may be 

modified by office examination.)  

0 = Not disabling.  

1 = Mildly disabling.  

2 = Moderately disabling.  

3 = Severely disabling.  

4 = Completely disabled.  

34. Painful Dyskinesias: How painful are the dyskinesias?  

0 = No painful dyskinesias.  

1 = Slight.  

2 = Moderate.  

3 = Severe.  

4 = Marked.  

35. Presence of Early Morning Dystonia (Historical information.)  

0 = No  

1 = Yes  

 

B. CLINICAL FLUCTUATIONS  

36. Are "off" periods predictable?  

0 = No  

1 = Yes  

37. Are "off" periods unpredictable?  

0 = No  

1 = Yes  

38. Do "off" periods come on suddenly, within a few seconds?  

0 = No  

1 = Yes  

39. What proportion of the waking day is the patient "off" on average?  

0 = None  

1 = 1-25% of day.  

2 = 26-50% of day.  

3 = 51-75% of day.  
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4 = 76-100% of day.  

 

C. OTHER COMPLICATIONS  

40. Does the patient have anorexia, nausea, or vomiting?  

0 = No  

1 = Yes  

41. Any sleep disturbances, such as insomnia or hypersomnolence?  

0 = No  

1 = Yes  

42. Does the patient have symptomatic orthostasis?  

(Record the patient's blood pressure, height and weight on the scoring form)  

0 = No  

1 = Yes  

 

V. MODIFIED HOEHN AND YAHR STAGING  

STAGE 0 = No signs of disease.  

STAGE 1 = Unilateral disease.  

STAGE 1.5 = Unilateral plus axial involvement.  

STAGE 2 = Bilateral disease, without impairment of balance.  

STAGE 2.5 = Mild bilateral disease, with recovery on pull test.  

STAGE 3 = Mild to moderate bilateral disease; some postural instability; physically 

independent.  

STAGE 4 = Severe disability; still able to walk or stand unassisted.  

STAGE 5 = Wheelchair bound or bedridden unless aided.  

 

VI. SCHWAB AND ENGLAND ACTIVITIES OF DAILY LIVING SCALE  

100% = Completely independent. Able to do all chores without slowness, difficulty or 

impairment. Essentially normal.  

Unaware of any difficulty.  

90% = Completely independent. Able to do all chores with some degree of slowness, 

difficulty and impairment. Might  

take twice as long. Beginning to be aware of difficulty.  
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80% = Completely independent in most chores. Takes twice as long. Conscious of difficulty 

and slowness.  

70% = Not completely independent. More difficulty with some chores. Three to four times as 

long in some. Must spend  

a large part of the day with chores.  

60% = Some dependency. Can do most chores, but exceedingly slowly and with much effort. 

Errors; some impossible.  

50% = More dependent. Help with half, slower, etc. Difficulty with everything.  

40% = Very dependent. Can assist with all chores, but few alone.  

30% = With effort, now and then does a few chores alone or begins alone. Much help needed.  

20% = Nothing alone. Can be a slight help with some chores. Severe invalid.  

10% = Totally dependent, helpless. Complete invalid.  

0% = Vegetative functions such as swallowing, bladder and bowel functions are not 

functioning. Bedridden.  
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Annex 5: article 1: Is there a role for ghrelin in central dopaminergic systems? Focus on 

nigrostriatal and mesocorticolimbic pathways. 
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Abstract: 

The gastro-intestinal peptide ghrelin has been assigned many functions. These include 

appetite regulation, energy metabolism, glucose homeostasis, intestinal motility, anxiety, 

memory or neuroprotection. In the last decade, this pleiotropic peptide has been proposed as a 

therapeutic agent in gastroparesis for diabetes and in cachexia for cancer. Ghrelin and its 

receptor, which is expressed throughout the brain, play an important role in motivation and 

reward. Ghrelin finely modulates the mesencephalic dopaminergic signaling and is thus 

currently studied in pathological conditions including dopamine-related disorders. Dopamine 

regulates motivated behaviors, modulating reward processes, emotions and motor functions to 

enable the survival of individuals and species. Numerous dopamine-related disorders 

including Parkinson’s disease or eating disorders like anorexia nervosa involve altered ghrelin 

levels. However, despite the growing interest for ghrelin in these pathological conditions, 

global integrative studies investigating its role in brain dopaminergic structures are still 

lacking. In this review, we discuss the role of ghrelin on dopaminergic neurons and its 

relevance in the search for new therapeutics for Parkinson’s disease- and anorexia nervosa-

related dopamine deficits. 

 

Key words: anorexia nervosa, dopamine, ghrelin, goal-directed action, motivation, 

Parkinson’s disease. 
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1. Introduction 

Dopamine is a key neuromodulator involved in motivated behaviors, such as feeding, 

reproduction, the search for a refuge or the flight from a predator. It therefore plays a central 

role in the survival of species and individuals. Brain areas implicated in the control of such 

behaviors have been submitted to high selection pressure and were highly conserved across 

evolution (O’Connell and Hofmann, 2012). These structures, initially identified in rats in 

1964 (Dahlström and Fuxe, 1964) and mapped in 1971 (Ungerstedt, 1971), contain 

dopaminergic neurons and were described not only in mammals, but also in fish, reptiles and 

birds (O’Connell and Hofmann, 2012; Yamamoto and Vernier, 2011). The number of tyrosine 

hydroxylase-positive cells, the rate-limiting enzyme of dopamine biosynthesis, is 20-30 000 in 

mice and 400-600 000 in humans, a difference associated with the expansion of dopaminergic 

fibers, in particular in the human and non-human primate neocortices (Björklund and Dunnett, 

2007; Oades and Halliday, 1987). 

Dopaminergic neurons originate from a population of progenitor cells located on the 

mesencephalic floor plate in rodent embryos, namely the ventral aqueductal ventricular zone 

(Gates et al., 2006; Hu et al., 2004; Ono et al., 2007; Vitalis et al., 2005). After differentiation, 

these neurons migrate to form different subgroups of dopaminergic neurons: among them, the 

A9 group is located in the substantia nigra pars compacta (SNc), and the A10 group in the 

ventral tegmental area (VTA; Björklund and Dunnett, 2007; Ferreira et al., 2008). SNc 

dopaminergic neurons send projections to the dorsal striatum within the nigrostriatal pathway 

and are involved in the control of voluntary movements. VTA dopaminergic neurons project 

to the ventral striatum containing the accumbens nucleus, as well as to the amygdala and the 

pre-frontal cortex via the mesocorticolimbic pathway (see Figure 1). The VTA is known for 

its role in reward and motivational behaviors. Thus, in addition to their anatomical proximity 

and shared dopaminergic neurochemistry, VTA and SNc both contribute to the fine tuning of 

motivated behaviors. The mesocorticolimbic pathway provides the motivation to act whereas 

the nigrostriatal pathway modulates voluntary movements needed to reach the goal. 

The appropriate functioning of both dopaminergic circuits contributes to this similar general 

goal, namely the adaptation to the environment and the maintenance of homeostasis. Their 

deregulation in humans leads to dysfunctions such as voluntary movement disorders in the 

case of the nigrostriatal pathway, and alterations of reward or motivational regulation for the 

mesocorticolimbic system (Berridge and Kringelbach, 2015; Lees et al., 2008; Missale et al., 
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1998). In this view, dopaminergic neuronal death occurring within the SNc in Parkinson’s 

disease (PD) and the resulting decrease in striatal dopamine concentrations are responsible for 

the classical motor phenotype associated to this disorder: bradykinesia, rigidity and resting 

tremor (Błaszczyk, 1998; Postuma et al., 2015). Similarly, abnormalities in mesocorticolimbic 

dopaminergic neuronal function impair motivation and reward processes and contribute to 

pathological conditions such as depression, apathy and addictive-compulsive behaviors 

(Lammel et al., 2014). Due to their above-mentioned anatomical proximity and shared 

neurochemistry, drug modulation of one dopaminergic pathway will affect the other. For 

instance, dopamine agonists used to alleviate motor symptoms in PD patients can trigger a 

hyperactivity of dopaminergic VTA targets (Vaillancourt et al., 2013). As a consequence, 

patients under dopaminergic drugs, mainly dopamine agonists, can suffer from impulse 

control disorders (Sáez-Francàs et al., 2016). However, the interactions between these two 

dopaminergic pathways are not fully understood yet. Interestingly, SNc and VTA 

dopaminergic neurons share an additional feature since they both express receptors for the 

orexigenic hormone ghrelin (Andrews et al., 2009; Mani et al., 2014; Zigman et al., 2006) 

suggesting a common higher order regulation. Few studies have however investigated the role 

of ghrelin in both dopaminergic structures. The present review aims to provide a 

comprehensive picture of the role of ghrelin on SNc and VTA dopaminergic neurons both in 

physiology and in several pathological conditions and to highlight its potential as a biomarker 

and a disease-modifying compound in PD and anorexia nervosa (AN) in view of the recent 

literature. 

2. Ghrelin: a pleiotropic hormone? 

2.1. Origin and biosynthesis of ghrelin 

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; Müller 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 and codes for a 117 amino acid-long preprohormone, named preproghrelin. 

This precursor is cleaved into proghrelin, a 94 amino acid-long peptide (Kojima and 

Kangawa, 2005). In the endoplasmic reticulum, proghrelin will undergo acylation through the 
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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 Figure 2; 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 

thus generating a 28 amino acid-long peptide named ghrelin and a 23 amino acid-long peptide 

named obestatin (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 acyl-protein thioesterase 1 (Satou et al., 2010). 

Ghrelin is mainly expressed in the stomach by X/A-like oxyntic gland cells of the gastric 

fundus mucosa (Kojima et al., 1999; Müller 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 by Furness and colleagues 

(2011). Similarly, other authors have not been able to find any preproghrelin mRNA in this 

brain structure (François 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 VTA (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, SNpc and VTA neurons expressing ghrelin receptors readily 

respond to ghrelin in slice preparations and to direct microinjections (Abizaid et al., 2006). 

2.2. 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: GHSR1a and 

GHSR1b, which belong to the family of G protein-coupled receptors. Acyl-ghrelin binds 

GHSR1a, the full length receptor with seven transmembrane domains, through its 10 N-

terminal amino acids (Kojima et al., 1999). The GHSR1a activates several intracellular 

cascades in different cell types and tissues, including ERK 1/2, PI3K/Akt/mTOR and AMPK 

signaling pathways, thus mediating the different physiological functions of ghrelin. In 
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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 / diacyl glycerol (IP3/DAG) 

pathway (see Figure 3; Camiña et al., 2007; Ghigo et al., 2005). In addition, in the arcuate 

nucleus of the hypothalamus, GHSR1a activation triggers the phosphorylation of both 5' 

adenosine monophosphate-activated protein kinase (AMPK), a sensor of energy homeostasis, 

and mammalian target of rapamycin (mTOR), thus leading to an increase in 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 

signaling cascades results in the synthesis of the orexigenic NPY (neuropeptide Y) / AgRP 

(agouti-related protein) neuropeptides therefore triggering food intake (see Figure 3). More 

precisely, this signaling pathway simultaneously inhibits acetyl coenzyme A carboxylase and 

increases the ac -

oxidation within mitochondria and the resulting production of reactive oxygen species. This 

activates, in turn, the mitochondrial uncoupling protein 2 (UCP2), which neutralizes reactive 

oxygen species 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 C/inositol 

trisphosphate or the adenylate cyclase/protein kinase A pathways, resulting in an increase in 

intracellular calcium levels (see Figure 3). As a result, the calcium calmodulin kinase kinase, 

a sensor of intracellular calcium, activates the Akt/MAPK pathways, thus modulating 

proliferation and apoptosis (see Figure 3; 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 (Chow et al., 2012; 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 VTA, the 

hippocampus, the amygdala and the olfactory bulb (Andrews et al., 2009; Mani et al., 2014; 
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Zigman et al., 2006). However, definitive proof of GHSR1a in the human brain is still 

lacking. The 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 Wellman and Abizaid, 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. 

2.3. Functions of ghrelin 

Ghrelin targets various brain structures and peripheral organs (see Figure 4). 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, Steyn et al., 2016). Ghrelin also modulates food intake behavior, body weight, energy 

expenditure, glucose and lipid homeostasis, neurogenesis, blood pressure, heart rate and 
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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). 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 levels 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 fasting/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 VTA activating the reward system, the hippocampus 

facilitating learning and memory, and the central nucleus of amygdala modulating emotional 

arousal and cue-potentiated feeding (see §4 below; Bali and Jaggi, 2016; Diano et al., 2006; 

Dickson et al., 2011; Müller et al., 2015; Skibicka et al., 2013, 2011). 

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., 

2004b; Delhanty, 2006; Delhanty et al., 2014; Zizzari et al., 2011). Recent studies using 

GHSR1a knock-out mice and cells that do not express GHSR1a showed that acyl- and/or 

desacyl-ghrelin induced adipogenesis in bone marrow, impaired atrophy of skeletal muscles 

after fasting, 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 
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physiological roles independently of GHSR1a. Nevertheless, while the role of ghrelin on 

VTA dopaminergic neurons in the control of feeding behavior and its motivational/reward 

aspects is largely documented, much less is known regarding its effects on substantia nigra 

(SN) dopaminergic neurons. 

3. Ghrelin/Dopamine interactions in the nigrostriatal pathway 

3.1. The nigrostriatal pathway and the control of motor behavior 

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. First named locus niger or “tâche noire” by the French neuroanatomist Vicq-d’Azyr 

due to its black coloration later associated with the presence of melanin inside its neurons 

(Vicq d’Azyr, 1786), 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 in 

order to inhibit its signaling to the motor cortex (see Figure 5). 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 VTA 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 proper/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 
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which will in turn activate the inhibitory output from the SNr/globus pallidus internalis, thus 

preventing undesired movements. As shown in Figure 5, 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). Such opposite effects within the nigrostriatal pathway rely on a 

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

receptors are 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 motor thalamus, thus facilitating 

the contralateral movement initiated by the cortex. 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. 

3.2. Dysfunctions of the nigrostriatal pathway in PD 

Parkinson’s disease is the most emblematic disorder affecting the nigrostriatal pathway. Its 

clinical diagnosis is based on the observation of the classical motor symptoms: bradykinesia, 

rigidity, resting tremor, and later postural instability. Its neuropathological diagnosis relies on 

the report of neuronal death within the ventral tier of the SNc and the presence of intra-

cytoplasmic inclusions named Lewy bodies inside the surviving neurons (Lewy, 1912; 

Tretiakoff, 1919). Such a dopaminergic neuronal death in PD leads on one hand to dopamine 

depletion in the striatum and subsequent lower activation of the direct pathway, thus 

hindering the selection of the appropriate motor program, and on the other hand to a higher 

activation of the indirect pathway (see Figure 6; Albin et al., 1989; DeLong, 1990). It is 

estimated that PD first motor symptoms appear only after at least 50% of SNc dopaminergic 

neurons are dead (Bernheimer et al., 1973; Riederer and Wuketich, 1976), which indicates a 

high plasticity within this midbrain structure. PD clinical diagnosis is therefore established 

late in the course of the disease considering its molecular and cellular progression.  
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L-DOPA is currently the major pharmacological treatment for PD. It aims at compensating 

the striatal dopamine depletion in order to restore the coordination of direct and indirect 

pathways within the basal ganglia. 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. In most PD patients, this pharmacological therapy alleviates motor 

symptoms in the first years after the diagnosis. 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 postsynaptic 

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 fluctuations (Sharma et al., 2015). Moreover, L-DOPA 

worsens PD-related gastro-intestinal disorders (Poewe, 2008). Such gastro-intestinal 

manifestations include constipation or gastroparesis, which corresponds to a delayed gastric 

emptying in the absence of mechanical obstruction, the latter contributing to L-DOPA-

induced fluctuations by modulating the amount of bioavailable L-DOPA (Marrinan et al., 

2014). Other treatments like dopamine agonists can be used in first instance to delay the use 

of L-DOPA or later in association when L-DOPA is insufficient to control PD symptoms. 

However, the intake of dopamine agonists has been linked to the development of impulse 

control disorders (see below §4.2. ; Callesen et al., 2013; Poletti et al., 2012; Probst and van 

Eimeren, 2013). Other therapeutic options, essentially deep brain stimulation, are available for 

patients responsive to L-DOPA but who developed severe motor complications. Deep brain 

stimulation involves long and difficult surgical procedures, which cannot be performed in all 

patients. The pharmacological strategies are therefore privileged. However, considering the 

loss of L-DOPA efficacy over time and its above-mentioned side effects, it is 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. 

3.3.  Therapeutic potential of ghrelin in PD 

Ghrelin displays several characteristics of interest suggesting a potential benefit in PD. First, 

based on the neuroprotection potential of both acyl- and desacyl-ghrelin after transient focal 
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ischemia reperfusion (Hwang et al., 2009) or in microglial cell cultures exposed to amyloid 

beta peptide (Bulgarelli et al., 2009), as well as neuroprotection of growth hormone 

secretagogues against cerebellar cell death in aged rats (Pañeda 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 

neuronal death induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a toxic 

compound and inhibitor of mitochondrial complex I targeting dopaminergic neurons 

(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 and involves an 

increase in the concentration of tyrosine hydroxylase and the dopamine turnover in the 

striatum, as well as an upregulation of UCP2-dependant mitochondrial mechanisms (see §2.2. 

and Figure 3; 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 AN and in rodent models 

of chronic food restriction (see §4.3. below; 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 calorie 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 induce 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 levels, 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 
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of ghrelin involve anti-inflammatory and anti-apoptotic mechanisms as shown both in vitro 

and in vivo. For instance, in rat primary mesencephalic cells exposed to MPTP, ghrelin 

suppresses MPTP-induced microglial activation and reduces the expression of microglia-

derived pro-inflammatory cytokines such as TNF- -

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., 2011; 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 tyrosine hydroxylase 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. 

Second, fasting acyl-ghrelin levels tend to decrease in PD patients compared to patients 

suffering from other non-neurodegenerative diseases (Fiszer et al., 2010). But these 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 REM (rapid eye movement) sleep behavior disorder, a non-motor symptom 

preceding the diagnosis of PD and often associated to pre-motor stages of the disease, 

compared to healthy subjects (Unger et al., 2011). Therefore, altered plasma levels of acyl-
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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). In addition, our recent transcriptomic analyses performed 

on peripheral blood mononuclear cells and Epstein-Barr virus (EBV)-transformed 

lymphoblastoid cell lines of PD patients showed a lower expression of the ghrelin opposite 

strand/antisense RNA (GHRLOS; see Figure 7; Chartier-Harlin, unpublished data; Chartier-

Harlin et al., 2004; Mutez et al., 2014, 2011). This non-coding RNA is encoded by a gene 

present on the opposite strand of the ghrelin gene and spans its promoter and untranslated 

regions over 44kb on 3p25.3 (Seim et al., 2008). GHRLOS is extensively spliced, harbors 

multiple variable exons, is poorly conserved among vertebrates and is subjected to differential 

tissue expression with a higher expression in tissues recognized as major sites of non-coding 

RNA expression such as the thymus, brain and gonads. Therefore GHRLOS could exert 

potential regulatory and functional roles in ghrelin expression (Seim et al., 2008). 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. Further studies should assess 

the sensitivity and specificity of such an approach for PD. 

Third, 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 levels in patients 

undergoing deep brain stimulation and/or L-DOPA therapies has however generated 

controversial results. On one hand, plasma concentrations of total fasting ghrelin are 

unchanged either by L-DOPA alone or by deep brain stimulation alone when evaluated up to 

12 months after the surgery (Arai et al., 2012; Corcuff et al., 2006; Novakova et al., 2011). 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 
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therefore needed to clarify these data. In addition, a detailed evaluation of circulating acyl- 

and desacyl-ghrelin concentrations in PD patients under deep brain stimulation after fasting 

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. 

Last, since ghrelin agonists show 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-hydroxydopamine, a 

toxic agent selectively targeting noradrenergic and dopaminergic neurons, injections of 

ghrelin, 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. 

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 cachexia in ageing and cancer. 

4. Ghrelin/Dopamine interactions in the mesocorticolimbic system 

4.1. Role of the mesocorticolimbic system in the control of reward and reward-based 

locomotor activity 

The mesocorticolimbic pathway is crucial in reward-based behaviors and motivational 

control. This pathway originates from dopaminergic VTA neurons. Dahlström and Fuxe 

(1964) delineated the VTA as containing the dopaminergic A10 nucleus while Oades and 

Halliday (1987) considered the VTA from its cytoarchitecture regrouping midline, 
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interfascicular, rostral linear and central linear nuclei (see Figure 8; Dahlström and Fuxe, 

1964; Oades and Halliday, 1987). The anatomical organization later proposed by Ikemoto was 

based on the density of dopaminergic cells: he distinguished the paranigral nucleus and the 

parabrachial pigmented area, which are enriched in dopaminergic neurons, from the 

parafasciculus retroflex area and the ventral tegmental tail, also called rostromedial tegmental 

nucleus, which contain less dopaminergic neurons (see Figure 8; Ikemoto, 2007). In addition 

to its structural heterogeneity, the VTA also displays a cellular heterogeneity where 

dopaminergic, GABAergic and glutamatergic projection neurons are intermingled (Li et al., 

2013; Nair-Roberts et al., 2008; Salamone and Correa, 2012; Yamaguchi et al., 2015). 

Dopaminergic projections from the VTA principally target the accumbens nucleus (NAc) 

located in the ventral striatum (see Figure 1). This nucleus is itself differentiated into at least 

two anatomically and functionally distinct regions: a ventromedial and a dorsolateral area 

respectively named the accumbens shell and the accumbens core (Heimer et al., 1991). The 

dopamine released from the VTA binds D1R, D2R and D3R mainly expressed on GABAergic 

projection neurons, known as medium spiny neurons, the main NAc cell type (Volkow and 

Morales, 2015). Dopaminergic VTA neurons also project on other brain areas such as the 

olfactory tubercule, the dorsal striatum and limbic-related regions, including the septum, the 

hippocampus, the amygdala and the prefrontal cortex (Beier et al., 2015; Ikemoto, 2007; 

Lammel et al., 2015, 2008; Swanson, 1982). In addition, closed interconnections between the 

VTA and the SNc were reported (Ferreira et al., 2008). Indeed, the tail of the VTA, and more 

particularly the rostromedial tegmental nucleus (see Figure 8, bregma -4.04mm), acts as a 

major GABAergic brake for the nigrostriatal pathway and therefore for the related motor 

functions: the ablation of the VTA tail results in increased basal activity of SNc dopaminergic 

neurons and improves performances in motor tasks, thus emphasizing the role of this 

midbrain area in motor performance and motor skill learning (Bourdy et al., 2014). 

Such a neuroanatomical organization underlies a tremendous functional complexity. The 

dopaminergic VTA-NAc pathway plays a key role in the processing of motivationally 

relevant reward-related stimuli, including those associated with drugs of abuse (Wise, 2008). 

Indeed, to adequately cope with the many challenges from the environment, individuals must 

constantly adapt their behavior. Such an adaptation is deeply shaped by behavioral outcomes 

whether they are rewarding such as food or mates, or aversive like predators. Reward is a 

complex process composed of several psychological components, such as liking (pleasure, 

hedonic reaction of pleasure), wanting (desire, motivational process of incentive salience) and 
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learning (see Box 1; Berridge and Kringelbach, 2015). The prospect of obtaining reward or 

avoiding punishment essentially drives decision making, motivates learning and relies upon 

an adapted voluntary locomotor activity. This requires intact and properly functioning 

dopaminergic systems both in the VTA and the SNc (Ilango et al., 2014; Rossi et al., 2013; 

Tellez et al., 2016). Indeed, mice lacking tyrosine hydroxylase in all dopaminergic neurons 

are hypoactive (Zhou and Palmiter, 1995). Restoration of tyrosine hydroxylase expression in 

the NAc of these dopamine deficient mice leads to a recovery of locomotor activity (Heusner 

et al., 2003). In addition, such dopamine deficient mice are aphagic and they starve by four 

weeks of age (Palmiter, 2008; Zhou and Palmiter, 1995). A daily L-DOPA treatment restores 

their activity and feeding behavior, further highlighting the tight cooperation between VTA 

and SNc in maintaining adapted locomotion and motivation-based behaviors. Similarly, the 

ablation of VTA dopaminergic neurons induces complex sensorimotor alterations and 

hypophagia both attributed to a lack of reward associated with food intake (Salamone et al., 

1993; Szczypka et al., 2001; Zhou and Palmiter, 1995). Furthermore, dopamine plays a major 

role in reinforcement learning leading to adapted behavioral outputs (Britt and Bonci, 2013; 

Day et al., 2010). Such reward-related information is integrated within the NAc together with 

inputs from other brain areas, including the prefrontal cortex, the basolateral amygdala, the 

ventral hippocampus and the thalamus (Britt et al., 2012; Haber and Knutson, 2010). In 

addition to dopamine, glutamate also plays a crucial role in reward-related motor activity 

induced by VTA dopaminergic inputs. Indeed, glutamate agonists or inhibitors of glutamate 

reuptake activate glutamate receptors located on NAc mesolimbic dopaminergic terminals, 

thus increasing the release of dopamine and subsequently locomotor activity (Kim and 

Vezina, 1999; Wu et al., 1993). Antagonists of glutamate receptors have an opposite effect in 

particular when injections are performed within the NAc core (Pulvirenti et al., 1994). 

Altogether, these studies highlight the complexity of the integration of dopamine signaling 

within the NAc. Nevertheless, dopamine is required not only for the motor compound of 

reward-based behaviors through the NAc core (Maldonado-Irizarry and Kelley, 1995), but 

also for the incentive value of the stimulus through the NAc shell (Di Chiara, 2002; Ghods-

Sharifi and Floresco, 2010; Stopper and Floresco, 2011). Therefore, alterations in VTA 

dopaminergic pathways might compromise motivation and reward. 

4.2. Dysfunctions of the mesocorticolimbic system 

Dysfunctions of the dopaminergic mesocorticolimbic system have been implicated in various 

psychiatric disorders such as schizophrenia, manic depressive disorder or addiction (Hyman et 
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al., 2006; Ikemoto et al., 2015; Simpson et al., 2012), as well as in neurodegenerative diseases 

like PD (Albin et al., 1989; DeLong, 1990; Wichmann and DeLong, 1996). AN and PD are 

two diseases in which alterations of either the food intake or the motor behavior or both occur, 

notably due to maladaptive changes in dopaminergic neuromodulatory systems and neural 

circuits of voluntary locomotor activity, reward and motivation. 

Anorexia nervosa is one of the most severe psychiatric disorders, for it has the highest 

mortality rates of all psychiatric diseases (Weiselberg et al., 2011). This disease primarily 

affects female teenagers and young adult women. Excessive physical activity is observed in 

40–80% of AN cases (Davis, 1997). The disease is often associated with psychiatric 

comorbidities including depression, anxiety, obsessive compulsive or personality disorders, 

chemical drug abuse and somatic complications (Erdur et al., 2012; Kask et al., 2016; Roux et 

al., 2013; Scanelli et al., 2014). According to the American diagnostic and statistical manual 

of mental disorders (DSM5; American Psychiatric Association, 2013) the diagnosis of AN 

relies on three major criteria: 1) a persistent restriction of energy intake relative to 

requirements, leading to significantly lower body weight; 2) an intense fear of gaining weight 

or of becoming fat; and 3) an alteration in the evaluation of one's body weight or shape, called 

dysmorphophobia. Two subtypes of AN are classically described both resulting in a severe 

loss of body weight: the restrictive type and the binge-eating/purging type. Dopamine 

dysfunction has been suggested to predispose to AN by disturbing reward associated with 

food intake and/or by its potential involvement in the development of personality traits 

associated with this disease (Bailer et al., 2013; Clarke et al., 2016; Kaye et al., 1999; Kontis 

and Theochari, 2012). Neuroimaging analyses indeed report dopaminergic alterations in AN 

patients (Fladung et al., 2013; Frank et al., 2012; Kaye et al., 2013; Södersten et al., 2016). 

Positron emission tomography (PET) studies using the selective D2R/D3R antagonist 

[11C]raclopride in recovered AN patients compared to controls showed an increased binding 

in the ventral striatum (Bailer et al., 2013; Frank et al., 2005). Such a difference might be the 

consequence of either a decrease in intrasynaptic dopamine concentrations or an elevation of 

the density and/or affinity of the D2R/D3R. The former hypothesis is further sustained by 

significantly lower concentrations of homovanillic acid, a major metabolite of dopamine, in 

the cerebrospinal fluid of AN patients of the restrictive type compared to controls (Kaye et al., 

1999). Such dopaminergic dysfunctions in AN are further emphasized by the presence of 

genetic alterations in some patients such as hypermethylation of genes involved in dopamine 

signaling or D2R and D4R gene polymorphisms (Bergen et al., 2005; Booij et al., 2015; 
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Boraska et al., 2014; Gervasini et al., 2013; Peng et al., 2016; Rask-Andersen et al., 2010). 

Taken together, these data have contributed to the recent recognition of AN as an addictive-

like behavioral disorder linked to either food deprivation or weight loss or excessive physical 

activity (Clarke et al., 2016). For instance, dieting might indeed be perceived as a reward by 

AN patients. These patients also display a tendency to be over-controlled, anhedonic and able 

to sustain self-denial of food compared to healthy individuals (Steinglass et al., 2012; Wagner 

et al., 2006). The D2R/D3R system is thought to be overactive in AN, rendering the patients 

unable to appropriately respond to salient stimuli and affecting their decision-making (see 

Box 1; Bailer et al., 2013; Frank et al., 2005; O’Hara et al., 2015). On one hand, if AN 

patients experience food intake-related endogenous dopamine release as anxiogenic rather 

than hedonic, they will keep avoiding eating: food refusal would thus be an effective means of 

diminishing such anxious feelings. On the other hand, as shown by fMRI, AN patients exhibit 

a predominant activation of frontal and parietal brain regions, particularly activated during the 

cognitive control during task performance and excessive effort, as well as a reduced activation 

in the thalamus, the ventral striatum, the anterior cingulate cortex and the sensorimotor area, 

which are involved in motivated behaviors (Zastrow et al., 2009). AN patients might therefore 

experience an imbalance in their information processing, with an impaired ability to identify 

the emotional significance of a stimulus like an appetitive food, together with an increased 

trafficking in neuronal circuits involved in the planning of action. This increased 

dopaminergic response might reinforce maladapted rewarding behaviors such as dieting and 

excessive physical activity which become habits over time (Davis and Kaptein, 2006; Davis 

and Woodside, 2002; Kohl et al., 2004). This physical hyperactivity therefore serves dual 

functions, to burn excess calories as well as a strategy of hunger reduction (Davis, 1997). 

Altogether, these data support a strong role for dopamine signaling and more specifically for 

the D2R/D3R system in the decision-making processes for AN, which involves the integration 

of reward information. However, it is not clear yet whether these changes are cause or 

consequence; i.e. due to AN itself, or to the disease-related nutritional deficit. In AN of the 

restrictive type, malnutrition is associated with central nervous system changes such as a 

reduction in the gray matter, a greater cerebrospinal fluid volume, and an altered white matter 

integrity, as well as profound metabolic, electrolytic and endocrine alterations (Kaye et al., 

2009). Similarly, studies in animals have shown that diet (enriched food vs low calorie diet) 

and weight (obese vs lean) can influence dopamine metabolism (Johnson and Kenny, 2010; 

Méquinion et al., 2015). Further studies should clarify these elements. 
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Maladaptive changes in dopaminergic neural circuits of voluntary locomotor activity, reward 

and motivation are also largely documented in PD. Although this neurodegenerative disorder 

has long been considered as a pure motor disease (see supra §3.2.), its non-motor component 

has recently focused the attention of the scientific community. Indeed, PD patients also 

present with generalized anxiety, panic disorders, phobia, apathy, alexithymia, and psychoses 

(Alzahrani and Venneri, 2015; Assogna et al., 2016). 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 is reinforced by the better knowledge of anatomical and functional connections between 

basal ganglia, frontal lobes and limbic system (see supra, §3.1. and 4.1.). Therefore, the 

related dysfunction of baso-thalamo-cortical circuits is considered at the origin of such 

psychiatric manifestations of PD. 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). However such personality traits alone are not believed to predispose to PD (Arabia et 

al., 2010). Besides these intrinsic neuropsychiatric deficits, some pharmacological treatments 

currently used in PD strongly disturb dopamine signaling in the whole brain. Indeed, 

impulsive and compulsive behaviors are reported in 14% of PD patients under dopaminergic 

drugs, mainly dopamine agonists, compared to only 1.1-1.6% of the general adult population 

(Callesen et al., 2013; Poletti et al., 2012; Probst and van Eimeren, 2013; Weintraub et al., 

2010). Impulsive and compulsive behaviors include impulse control disorders such as 

gambling addiction, hypersexuality, compulsive shopping or binge eating, as well as a 

compulsive use of dopamine replacement therapy called dopamine dysregulation syndrome, 

and stereotyped behaviors known as punding. Such disorders negatively impact the patients’ 

quality of life and can be as debilitating as PD itself (Phu et al., 2014). PET studies using the 

radioligand [11C]raclopride further confirmed alterations of striatal dopamine release in PD 

patients with and without impulsive-compulsive behaviors to whom neutral or rewarding 

visual cues were presented (O’Sullivan et al., 2011). PD patients with impulsive and 

compulsive behaviors exhibited an enhanced dopamine release only in the ventral striatum 

compared to PD patients without impulsive and compulsive behaviors. This is consistent with 

the incentive salience theory of compulsive drug use (Berridge et al., 2009; Robinson and 

Berridge, 1993). Similarly, repeated sensitizations of ventral striatal circuits in a physiological 

context contribute to the facilitation of appetitive and consummatory aspects of different 
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behaviors such as sex or food intake. Indeed, rats repeatedly exposed to psychostimulants 

such as D-amphetamine or cocaine, in which ventral striatal circuits are hyperstimulated by 

the increased dopamine efflux in the NAc, show increased pursuit of natural rewards (Fiorino 

and Phillips, 1999a, 1999b; Nocjar and Panksepp, 2002; Wyvell and Berridge, 2001). In this 

view, impulsive and compulsive behaviors in PD occurring during “ON” dopaminergic states 

might be the consequence of an enhanced incentive salience attribution to potent reward cues 

(ie. cues taking on incentive motivational features of their rewards) which, in turn, lead to the 

compulsive pursuit of various rewards (Lawrence et al., 2003). Impulsive and compulsive 

behaviors in PD patients have been related to risk factors such as alcohol abuse or addiction to 

illicit drugs, smoking and high novelty seeking personality traits (Averbeck et al., 2014). 

Therefore, impulsive and compulsive behavior-related rewarding cues, dopamine itself or 

dopaminergic medications may explain the pathological incentive salience and the excessive 

wanting even in the absence of differences in hedonic responses (or liking) as it is the case in 

other addictions (see Box1; Robinson and Berridge, 2008). Indeed PD patients are still able of 

hedonic ratings of “liking” despite extensive dopaminergic depletion in the SNc (Sienkiewicz-

Jarosz et al., 2013). 

In summary, the implication of dopamine in AN and PD-related impulsive and compulsive 

behaviors is now largely acknowledged. However, as discussed previously (see §4.1.), the 

integration of dopaminergic signals involves various other neuromediators and/or 

neuropeptides such as glutamate, GABA and opioids. Further studies in animal models and in 

patients are necessary to elucidate the actual contribution of dopamine in the genesis of these 

conditions. Indeed, prospective studies investigating premorbid dopaminergic status in AN 

are still lacking. One can also question the possible chronically elevated dopamine levels in 

the brain before individuals develop an eating disorder. Similarly, considering the complexity 

and diversity of the neuronal populations of the VTA and SNc, a focus on the regulation of 

the mesencephalic dopaminergic neuron should enable a better understanding of mechanisms 

by which peripheral signals reaching these midbrain structures can exert a regulatory role to 

modulate motivation, reward and the locomotor activity needed to reach a goal. Ghrelin might 

be one of these potential neuromodulator. 

4.3. Ghrelin and reward: physiological role and therapeutic potential 

The action of ghrelin in regulating motivational aspects of feeding behavior is largely 

documented. Indeed, ghrelin whether injected centrally or peripherally increases food intake, 

triggers dopamine release predominantly in the NAc shell and increases dopamine turnover 
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(Abizaid et al., 2006; Cone et al., 2014; Jerlhag et al., 2006; Kawahara et al., 2009; Quarta et 

al., 2009). Similarly, applications of ghrelin on rodent VTA brain sections increase the firing 

rate of dopaminergic neurons (Abizaid et al., 2006). In addition, intra-VTA injections of the 

GHSR1a antagonist BIM28163 followed by ghrelin intraperitoneal administration in mice 

block the accumbal dopamine release (Jerlhag et al., 2011). However, this dopamine release 

in the NAc is contingent to food consumption (Kawahara et al., 2009). Interestingly, in a 

context of a free choice between palatable food and standard chow, ghrelin within the VTA 

plays a key role in the motivation for palatable food and its consumption but not in the 

homeostatic feeding (Cone et al., 2014; Egecioglu et al., 2010; McFarlane et al., 2014; Naleid 

et al., 2005; Overduin et al., 2012; Schéle et al., 2016; Skibicka et al., 2011; St-Onge et al., 

2016). The VTA dopamine-related excitatory effect of ghrelin on food intake is also regulated 

by complex brain circuits activated by the value of food reward. Indeed, intravenous 

injections of ghrelin in different food contexts stimulate distinct neuronal pathways: an 

injection of ghrelin followed by consumption of standard chow increases accumbal dopamine 

through the activation of mu opioid receptors in the VTA whereas a systemic ghrelin injection 

followed either by the consumption of palatable food or in the absence of food diminishes the 

increase in accumbal dopamine levels via preferential activation of kappa opioid receptors 

(Kawahara et al., 2013, 2009). This highlights the complexity of ghrelin signal integration 

within the VTA. We refer the reader to Kawahara and colleagues (2013) and Lockie and 

Andrews (2013) for further details on the currently proposed models of neuronal pathways 

mediating the effect of systemic ghrelin in the mesocorticolimbic dopaminergic system 

according to the various feeding states, as it is largely beyond the scope of this review. 

Besides monitoring motivation for food, ghrelin is also known to stimulate physical activity 

(Adan et al., 2011; Jerlhag et al., 2007). Ghrelin thus stimulates the locomotor activity 

necessary to reach the motivating goals, a process also called the motivational drive to eat. In 

fact, increased plasma ghrelin levels are observed in the anticipation of expected meals in 

both humans (Cummings et al., 2001) and rodents (Blum et al., 2009; Drazen et al., 2006; 

Merkestein et al., 2012). The anticipatory locomotor activity, also known as food anticipatory 

activity, is particularly observed in restricted feeding schedules both in rodents where ghrelin 

levels correlate with the amount of anticipatory running wheel activity (Mistlberger, 1994; 

Ribeiro et al., 2011) and in humans in cases of restrictive AN (Scheurink et al., 2010). 

Systemic injections of ghrelin in Siberian hamsters, a species that does not respond to fasting 

by increasing its food intake but rather by markedly increasing foraging and food hoarding 
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before eating, increase these locomotor behaviors only when food is present (Keen-Rhinehart 

and Bartness, 2005). Furthermore, an intracerebroventricular injection or a chronic peripheral 

administration of the GHS-R1a antagonist JMV2959 in food restricted rats with free access to 

a running wheel, a model reproducing several symptoms of AN (the activity-based anorexia 

(ABA) rodent model; for review, see Méquinion et al., 2015), suppresses the food anticipatory 

activity without altering food intake (Verhagen et al., 2011). Similar results were obtained in 

GHS-R1a knock-out mice exposed to the ABA protocol (Verhagen et al., 2011). These data 

emphasize the dual and complex role of ghrelin on VTA dopaminergic neurons in regulating 

behavioral aspects of motivational signals. Bearing in mind the complexity of the VTA/SNc 

dopaminergic system and interactions, there is currently no clear consensus whether ghrelin 

exerts its action preferentially on dopaminergic neurons that code motivational value signals 

or motivational salience signals (for review, see Bromberg-Martin and Hikosaka, 2011). A 

better knowledge of these potential differential interactions might help targeting more 

specifically mesencephalic dopaminergic populations in order to find novel pharmacological 

treatments in AN and PD-related neuropsychiatric disorders.  

Ghrelin therapeutic potential can also apply to the reward system. Indeed, in AN of the 

restrictive type, circulating concentrations of acyl-ghrelin are elevated (Germain et al., 2009; 

2010). This increase is interpreted as an adaptive feedback mechanism due to the lack of 

nutrients. Disturbed processes in the emotional and reward response to starvation have been 

reported in AN and might promote cognitive strategies to maintain such a pathological 

behavior (Clarke et al., 2016; Gorwood et al., 2016). The inability of AN patients to adopt an 

adapted response to elevated plasma ghrelin concentrations might be due either to a reduced 

capacity of ghrelin to be transported to its central hypothalamic targets and to act properly on 

orexigenic neurons (Collden et al., 2015; Schaeffer et al., 2013), or to an alteration in the 

GHSR1a sensitivity, or to an alteration in ghrelin signaling within mesencephalic 

dopaminergic neurons. The consequences of a therapeutic use of ghrelin have been 

investigated both in animals and patients. In mice submitted to the ABA protocol, a daily 

intraperitoneal injection of ghrelin significantly increases the physical activity especially after 

food intake (Legrand et al., 2016). In humans, ghrelin has been mostly devoted to the 

treatment of excessive weight loss in cachexia such as in congestive heart failure, cancer or 

end-stage renal disease, where administration of ghrelin stimulates appetite and food intake 

(Akamizu and Kangawa, 2011). In AN patients, the pharmacological effects of ghrelin remain 

non-conclusive mainly due to the lack of proper controls and the too small size of AN cohorts. 
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Indeed, intravenous infusion of 5 pmol/kg/min ghrelin for five hours in nine AN patients 

induced no clear changes in food intake while increasing sleepiness (Miljic et al., 2006). 

Conversely, like in control subjects, a sensation of hunger was shown in six out of nine AN 

patients after a bolus intravenous injection of 1 mg/kg ghrelin (Broglio et al., 2004a). 

Furthermore, administration of 3 mg/kg ghrelin twice a day in five AN patients decreased 

gastrointestinal symptoms and increased sensations of hunger and daily energy intake (Hotta 

et al., 2009). These few published studies not only raise concerns regarding methodological 

issues but also emphasize the difficulty to properly evaluate the real motivation of patients to 

eat, their level of physical activity and question the route and frequencies of ghrelin and/or 

agonists administration (Ueno et al., 2010). Most ghrelin-derived drugs whether agonists or 

antagonists are currently in the preclinical phase of development. Ghrelin agonists appear 

promising to potentially treat AN while antagonists might be used for other eating disorders 

like hyperphagia as seen in some cases of obesity or in Prader-Willi syndrome, a rare genetic 

disorder characterized by obesity and hyperphagia among other symptoms (Cardona Cano et 

al., 2012). Last, a novel therapeutic strategy using a traditional herbal medicine called Kampo 

medecine, and more specifically Rikkunshito, displays interesting features in the context of 

AN such as the stimulation of ghrelin secretion and its related orexigenic effects, thus 

ameliorating the decrease in gastric motility and anorexia both in humans and animal models 

(Saegusa et al., 2015). Altogether, these studies establish the bases for further investigating 

the therapeutic potential of ghrelin and/or ghrelin-derived compounds in neuropsychiatric 

disorders. 

5. Conclusions 

As discussed in this review, ghrelin emerges as a key player in multiple physiological 

contexts involving dopaminergic inputs/outputs. The complementary roles of 

mesocorticolimbic and nigrostriatal pathways in finely adjusting motivated behaviors have 

been discussed from an evolutionary perspective, as both circuits and their complex interplay 

with other brain areas are crucial for the survival of species and individuals. Goal-directed 

behaviors are a key to such an adaptation. In particular, the mesocorticolimbic pathway 

provides the motivation to act whereas the nigrostriatal pathway modulates voluntary 

movements needed to reach the goal. Numerous studies conducted on animal models and in 

patients underline the importance of ghrelin in regulating both metabolic and non-metabolic 

functions involved in reward processes and goal-directed actions. In addition, the implication 

of ghrelin in the modulation of dopaminergic circuits controlling reward and motivation-
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related behaviors highlight its potential as a biomarker and disease-modifying compound for 

several pathological conditions such as eating (AN, binge-eating) or neurodegenerative (PD) 

disorders. However, a more thorough knowledge of ghrelin receptor functioning and its 

related signaling pathways is mandatory before using ghrelin or ghrelin-derived molecules in 

these pathological conditions. In particular, the entry of peripheral ghrelin into the brain is 

still a matter of debate. Although an intraperitoneal injection of ghrelin in the mouse increases 

striatal dopamine levels, expression of midbrain tyrosine hydroxylase mRNA and the number 

of mitochondria in SN dopaminergic cells (Andrews et al., 2009), no study clearly 

demonstrates that peripheral ghrelin can cross the blood-brain barrier. Such a crossing appears 

limited to brain areas where the blood-brain barrier is more permissive like the area postrema 

or the arcuate nucleus (Banks, 2002; Cabral et al., 2013; Schaeffer et al., 2013). In light of the 

high propensity of GHSR1a to heterodimerize, it is reasonable to assume that locally 

produced (ie. within the brain) ligands other than ghrelin might indeed activate this receptor 

within the central nervous system. In this context, dopamine may represent a key signal 

among others. One can also question the role of ghrelin-derived peptides such as desacyl-

ghrelin and obestatin in reward and motivation. Studies specifically designed for answering 

these key issues are deeply needed. Nevertheless, ghrelin and ghrelin agonists display a high 

potential as biomarkers and disease-modifiers as reviewed here. Such potentials extend 

beyond the pathological conditions discussed here, as they have been evidenced in other 

diseases such as Prader-Willi syndrome or Alzheimer’s disease (Dos Santos et al., 2013). 
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Appendix 

Box 1: Role of dopamine in reward and motivation: focus on “liking – wanting – 

learning” processes. 

Decision-making is one of the key concepts which has been extensively studied and debated 

both in psychology and neurobiology fields. This cognitive process identifies the choice 

between alternative options based on the values and preferences of the organism / individual. 

The resulting decision might or not induce an action. In this context, goal-directed actions 

have particularly focused the attention of the scientific community, notably because the 

underlying motivation needed to accomplish such actions, and the rewards obtained from the 

associated behaviors, durably shape an individual’s response to the environment. Learning 

processes through which actions and their consequences for the organisms are encoded, as 

well as factors that influence the choice between actions, are fundamental in goal-directed 

actions. From a neurobiological perspective, dopamine is the key neuromediator involved in 

reward and motivation. Indeed, mesencephalic dopamine released in the nucleus accumbens 

(NAc) has long been described to sustain both the “drive to approach/reach the goal”, also 

called invigoration of approach, and “the process by which one assigns value to the 

consequences or goals of goal-directed actions”, known as incentive learning (Balleine, 

2011). In highly complex environments, the survival of an organism depends on his ability to 

predict relevant outcomes of his actions, regardless of whether they are rewarding, such as 

food, water or mates, or aversive such as predators or rivals. Several models attempt to 

explain this process of learning, from the earliest component of Pavlov’s experiments, “the 

law of effect” of Thorndike or the Skinner’s concepts to the current models of animal 

neuroeconomic strategies. The current paradigm considers three steps in goal-directed actions: 

1) animals experience a motivationally salient outcome (food or mates) and determine the 

value of that reinforcer, (2) animals detect and attend to cues that predict the outcomes of 

reinforcers, and (3) the actions necessary to produce and obtain the reinforcer are performed. 

When multiple outcomes are in competition for attention, animals must evaluate the value of 

the different reinforcers and the associated energy costs to carry out the related behaviors. 

Neuronal circuits underlying such goal-directed actions are controlled by dopaminergic 

ventromedial striatal inputs. This system regulates arousal and more specifically the “general 

drive state” (for review, see Ikemoto, 2007). Indeed, rewarding, aversive and cues-related 

stimuli are known to modify the activity of dopaminergic VTA neurons (Bromberg-Martin et 

al., 2010; Lammel et al., 2014). As an example, in mice, the successive presentation of a 
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conditioned stimulus followed by an unconditioned stimulus with various outcomes including 

reward and punishment recruits three types of VTA dopaminergic neurons: those activated 

solely by the reward, those exclusively by the conditioned stimulus, and those by both (Cohen 

et al., 2012). 

The current model of reward processing considers three relevant components (Berridge et al., 

2009; Smith et al., 2011): the pleasure gained from reaching the goal, ie. its hedonic impact 

also designated as “liking”, the type of incentive motivation that promotes approach towards 

and consumption of the reward or incentive salience, also known as “wanting”, and the 

learned associative prediction called “learning”. From the neurobiological perspective, the 

processing of wanting for and liking of a reward does not involve the same dopaminergic 

striatal targets. Indeed, the 6-OHDA-induced depletion of about 99% of dopaminergic 

neuronal fibers in the rat NAc does not modify the “liking” versus “disgusting” orofacial 

expressions to respectively pleasant (sucrose) or unpleasant (quinine) tastes, but reduces 

appetitive seeking causing aphagia, which is consistent with a lack of motivation (Berridge et 

al., 1989; Berridge and Robinson, 1998). These results underline the importance of 

mesocorticolimbic dopaminergic systems for eliciting motivation (“wanting”) independently 

of the hedonic assessment, and for the learning of new “likes” and “dislikes” outcomes. The 

liking/wanting/learning processes thus involve different regulatory pathways (for review, see 

Berridge et al., 2010). The “liking” neurocircuitry includes brain structures which connect 

together the neocortex (orbitofrontal cortex, anterior cingulate cortex or anterior insula cortex) 

with forebrain limbic structures such as the NAc, the ventral pallidum or the amygdala where 

the sensory pleasure can be amplified through opioid, endocannabinoid or orexin regulatory 

signals. Mechanisms underlying “wanting” processes include larger opioid networks in the 

NAc, the striatum and the amygdala, which extend beyond the brain hedonic hotspots, as well 

as mesocorticolimbic dopamine systems and interconnected corticolimbic glutamate signals. 

In humans, neuroimaging studies have revealed that dopamine levels may better correlate 

with subjective ratings of wanting for a reward than with the pleasure associated to ratings of 

liking the same reward (Leyton et al., 2002; Volkow et al., 2002). 

In summary, mesencephalic dopamine underlies several essential aspects of motivational 

processes which are finely tuned within the striatum. Deregulations of these dopamine signals 

might not only cause motor troubles as described in Parkinson’s disease, but also disturb 

liking/wanting/learning processes therefore potentially leading to addictive disorders with the 
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occurrence of an “irrational wanting” for some rewarding outcomes, such as gambling, sex, 

eating or dieting. 
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Figure captions 

 

Figure 1: Schematic representation of the two main dopaminergic circuits in the mouse 

brain. (A) Location of the main dopaminergic mesencephalic structures in the adult mouse 

brain (sagittal view). Substantia nigra (SNc, in violet) dopaminergic neurons project to the 

dorsal striatum containing the caudate nucleus and the putamen. Dopaminergic neurons from 

the ventral tegmental area (VTA, in green) project to the accumbens nucleus located in the 

ventral striatum, the amygdala and the prefrontal cortex. (B) Schematic representation of the 

right mouse midbrain (enlargement of a frontal section of the right hemisphere at Bregma -

3.52mm ; Paxinos and Franklin, 2001). The VTA is subdivided in several subregions. The 

medial part of the VTA (mVTA, represented in light green) contains the interfascicular 

nucleus (IF), the medial paranigral nucleus (PN) and the medial parabrachial pigmented 

nucleus (PBP). Dopaminergic neurons from the mVTA project to the medial prefrontal cortex 

(mPFC), the basolateral amygdala (BLA), the nucleus accumbens (NAc) core, and the NAc 

medial shell; these mVTA dopaminergic outputs are represented by light green arrows. The 

lateral part of the VTA contains the lateral PBP. Its dopaminergic neurons project to the NAc 

lateral shell as shown in dark green. SNc dopaminergic neurons project to the caudate nucleus 

and the putamen which form together the dorsal striatum; they are shown in violet. (C) 

Representative photomicrograph of a mouse brain coronal section at Bregma -3.52mm (TH-

positive cells as shown by immunocytochemistry in green) showing the location of 

dopaminergic neurons in the lateral VTA (lVTA), the mVTA and the SNc. (IPN, 
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interpeduncular nucleus; SNr, substantia nigra pars reticulata; ml, medial lemniscus). Adapted 

from Lammel et al. (2014). 

 

Figure 2: Synthesis and post-translational processing of ghrelin precursor peptides: 

from the ghrelin 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 

UCSC database genome browser (https://genome.ucsc.edu/cgi-

bin/hgTracks?db=hg38&lastVirtModeType=default&lastVirtModeExtraState=&virtModeTyp

e=default&virtMode=0&nonVirtPosition=&position=chr3%3A10285675%2D10292947&hgs

id=504045775_bG7QQtnAIsUTl9KS40bAsPrCC4ia, 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) or butyl choline esterase 

(Satou et al., 2010). 
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Figure 3: 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 (Ca2+) 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 β-oxidation through AMPK phosphorylation. Ghrelin binding to GHSR1a also 

activates the PI3K/Akt and PKC/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 
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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). 

 

Figure 4: 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), 
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especially under conditions of energy deficit like severe calorie restriction (Goldstein et al., 

2011). Created with illustrations from Servier Medical Art (used under the following 

agreement: Creative Commons Attribution 3.0 France). 

 

Figure 5: Schematic representation of the main functional organization of the basal 

ganglia. In order 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. 
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Figure 6: 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 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. 
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Figure 7: Relative gene expression of the ghrelin opposite strand/antisense RNA in 

Parkinson’s disease patients compared to controls. Ghrelin opposite strand/antisense RNA 

gene (GHRLOS) is located on the opposite strand of the ghrelin gene and spans its promoter 

and untranslated regions over 44kb on 3p25.3. It appears to exert potential regulatory and 

functional roles in ghrelin expression (Seim et al., 2008). Its expression was assessed in 

sex/age matched Parkinson’s disease (PD) patients and control groups. 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 of several subjects involved in this study can be found in Chartier-Harlin et al., (2004) 

; Mutez et al., (2014; 2011). Blood sampling were realized and peripheral blood mononuclear 

cells were isolated for both controls (2 men, 3 women; mean age = 63.2 ± 18.6 years) and PD 

patients (1 man, 5 women; mean age = 65.5 ± 15.6 years). Epstein-Barr virus (EBV)-

transformed lymphoblastoid cell lines were derived for each subject. Total RNA was 

extracted and reverse transcribed as previously described (Mutez et al., 2011). Quantitative 

real-time PCR was used to study GHRLOS expression (primer sequences were as follow: 

forward, TGCCCTGTCAGTTACGGA; reverse CTTGAGGGTGAGGACGAA). Calculation 

of RNA expression levels was performed using the 2-∆(∆CT)  time method (Livak and 

Schmittgen, 2001). Each RNA sample was loaded in triplicate. MAN2B1 (Mannosidase 

Alpha Class 2B Member 1) was used as a house keeping gene for normalization purposes. 

Each bar represents the mean + the standard error of the mean (SEM) of the ratio of relative 

gene expression of GHRLOS for each subject. 
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Figure 8: Schematic coronal representation of the antero-posterior organization of the 

ventral tegmental area in rodents. Dopaminergic neurons are mainly found in the 

parabrachial pigmented area (PBP, in green) largely spread out from bregma -3.08mm to 

bregma -3.68mm, and in the more posterior paranigral nucleus (PN, in green) located from 

bregma -3.40mm to bregma -3.68mm (Ikemoto, 2007). Dopaminergic neurons are also 

observed at a lower density in other nuclei of the ventral tegmental area (VTA), which mainly 

contain glutamatergic neurons, and include the rostral linear nucleus (RLi), the interfascicular 

nucleus (IF) and the caudal linear nucleus (CLi) (RLi and IF are represented in orange ; 

Ikemoto, 2007; Yamaguchi et al., 2015). Conversely, glutamatergic neurons are present at a 

lower density (~1 to 3%) in the PBP and the PN (Nair-Roberts et al., 2008; Yamaguchi et al., 

2015, 2011) where they can be co-expressed with dopamine (Yamaguchi et al., 2015, 2011). 

GABA-ergic neurons represent 30% of the PBP and the PN and are localized between bregma 

-3.40mm and bregma -3.68mm (Nair-Roberts et al., 2008). They are also largely present in 

the rostromedial tegmental nucleus (RMTg, dark blue area) at bregma -4.04mm (Ikemoto, 

2007; Taylor et al., 2014). However, no co-expression of GABA markers (GAD65, GAD67, 

GAD1 or Vmat2) has been observed in the VTA (Tritsch et al., 2014). The ghrelin receptor 

GHSR1a is expressed in the anterior part of the PBP (Andrews et al., 2009; Mani et al., 2014; 

Zigman et al., 2006), more precisely on dopaminergic neurons and GABAergic neurons (70 

and 30% of total VTA neurons) respectively represented by red and black stars (Abizaid et al., 

2006). The different neuronal populations are shown in green for the dopamine, orange for the 

glutamate and blue for the GABA. (A8, retrorubral fields/A8 dopamine cells; IPN, 

Interpeduncular nucleus; ml, medial lemniscus; MM, mammillary nucleus; SUM, 

supramammillary nucleus).  
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Abstract   

In restrictive type anorexia nervosa (AN) patients, physical activity is usually associated with 

food restriction but its physiological consequences remain poorly characterized. In female 

mice, we evaluated the impact of voluntary physical activity with/without chronic food 

restriction on metabolic and endocrine parameters that might contribute to AN. In this 

protocol, FRW mice (i.e. food restriction with running wheel) reached a crucial point of body 

weight loss (especially fat mass) faster than FR mice (i.e. food restriction only). However, in 

contrast to FR mice, their body weight stabilized, demonstrating a protective effect of a 

moderate, regular physical activity. Exercise delayed meal initiation and duration. FRW mice 

displayed food anticipatory activity compared to FR mice, which was slightly diminished with 

the prolongation of the protocol. The long-term nature of the protocol enabled assessment of 

bone parameters, similar to those observed in AN patients. Both restricted groups adapted 

their energy metabolism differentially in the short and long term, with less fat oxidation in 

FRW mice and a preferential use of glucose to compensate for the chronic energy imbalance. 

Finally, like restrictive AN patients, FRW mice exhibited low leptin levels, and high plasma 

concentrations of corticosterone and ghrelin. In conclusion, our model suggests that physical 

activity has beneficial effects on the adaptation to the severe condition of food restriction 

despite the absence of any protective effect on lean and bone mass. 

 

Key words  

Food restriction – physical activity – animal model – physiological adaptation – anorexia 

nervosa 
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PHYSICAL ACTIVITY is known to have beneficial and protective effects for health exerted 

both at the peripheral and central levels in mammals. Indeed, exercise reduces the prevalence 

of obesity and its comorbidities like type 2 diabetes, cardiovascular pathologies and hepatic 

steatosis but also stress, anxiety, and depression14,58,69. However, excessive physical activity 

could lead to injuries20 especially when combined with restrictive diet38. Among the various 

alterations observed in some categories of athletes, growth retardation, muscular atrophy, 

amenorrhea or metabolic disturbances, and susceptibility to eating disorders might have 

deleterious consequences on health52,61,64,65. These high-risk conducts are also observed in 

restrictive anorexia nervosa (AN) with 35 to 80% of patients who present excessive physical 

activity associated with a severe chronic food restriction11,12 even if this last parameter has 

been omitted from the diagnostic criteria currently used1,2 Beside severe weight loss and 

metabolic disturbances, AN is also associated with endocrine alterations, reproductive 

dysfunctions, osteopenia and osteoporosis24,29,30,40,41,42,43,47. The prevalence of AN has 

drastically increased within recent decades and is currently the third largest cause of chronic 

illness in teenagers.35,44. It leads to poorly known central and/or peripheral reprogramming 

that permits the individual/organism to adapt to a chronic reduced energy supply. The role of 

enhanced activity in this reprogramming remains to be determined. 

It remains an open question whether the physical activity observed in AN is beneficial or 

deleterious for health and whether it forms an adaptation to this drastic caloric restriction. 

Answering this question would inform clinicians as to whether it is better to promote regular 

physical activity instead of existing hyperactivity or inactivity, in AN patients. For this 

purpose, the use of animal models mimicking distinct physiological components of AN is 

essential. A number of different animal models have been developed, especially 

environmental models, one of these associates wheel running access with time-restricted 

feeding. This model was inappropriately called “self-starvation” or more recently “Activity-

Based Anorexia” (ABA) and was developed in the rat by Routtenberg and Kuznesof56. Many 

symptoms described in AN were reproduced in this model including increased activity and 

various physiological alterations33,34,70. In the ABA paradigm, the phenotype observed can be 

amplified or reduced depending on the rodent strain, sex, age28,39. However, most of the 

studies were performed with male rodents while the majority of AN cases are described in 

female patients. Regarding self-starvation as a part of a cognitive/emotional aspect of the 

disease, rendered difficult even impossible to mimic in mice. Indeed, in the ABA model, the 

self-starvation, which is not always observed36, might be related to physiological adaptations 

to maintain thermogenesis and to compensate the dryness of the pellets since the presentation 
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of humidified pellets during the 2h-time restricted feeding or an increasing of the room 

temperature led to the disappearance of the voluntary food restriction6,7. These data support 

more adaptations to physiological changes than a cognitive drive to reduce feeding. 

Moreover, adopting this kind of “self-starvation behavior” conducted the mice to die rapidly 

(usually 5-7 days) due to important energy deficit and weight loss. This constituted another 

drawback of the ABA model when we expect to study the evolution of physiological 

parameters on the long term. 

 The present study aimed to circumvent these drawbacks. Because self-starvation is not 

necessary to study physiological consequences of activity associated with food restriction, we 

have changed the initial protocol by working on female mice and by limiting the amount of 

food distributed (50%) without time limitation. The female mice of the “activity” groups have 

a free access to wheel running. Activity added to food restriction allowed fast and severe body 

weight loss associated with protocol durations as long as 8 weeks. Our data show that when 

food restriction is associated with physical activity it results in a better metabolic adaptation 

even though it accelerates weight loss in the short term compared to pair-fed mice without 

wheel access. Our results provide new insights regarding the potential mechanisms that lead 

to the physiological deregulations observed in AN patients with or without hyperactivity. 
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METHODS  

Animals and procedures.  Adult C57BL/6J female mice (7 week-old, average initial 

body weight 18.3  0.1 g, Charles River Laboratories, L'Arbresle, France) were housed two 

per cage to avoid isolation stress effects until the end of the protocol. They were kept in a 

pathogen-free barrier facility maintained at 21.5°C with a 12:12-h dark-light cycle (lights on 

at 07:30). During one week acclimation, mice were weighed every day to get used to handling 

and had free access to water and standard chow diet (Special Diet Service RM3 fat: 4.30%, 

protein: 22.30%, carbohydrate: 51.20%, Dietex, Essex, United Kingdom). The mice were then 

divided into 4 groups. In the experimental group “food restriction and wheel” (group FRW), 

mice were placed in a cage equipped with a free running wheel (Intellibio, Seichamps, 

France) and submitted to a quantitative food restriction, comprising 30% per day for three 

days then 50% per day until the end of protocol. This restriction was calculated from the total 

food eaten by a cage of mice fed ad libitum (group AL) the day before to have a standard 

quantity of food eaten per day. We also used two other control groups: a pair fed group (group 

FR) and mice fed ad libitum but in cages equipped with a wheel (group ALW). The presence 

of two mice in the home cage did not permit to measure separately the quantity of food 

ingested by each animal. However, the use of metabolic cages (see below) where mouse was 

individually studied has permitted to validate the data obtained and to precisely know the food 

intake pattern of the 4 groups of mice. Body weight and food intake (distribution at 18:30.) 

were monitored daily in the short-term (15 days) and long-term (up to 55 days) protocols 

(Figs. 1-2). Control of body weight was done to ensure that the use of two mice in a same 

cage had similar feeding behavior and activity. If evident differences were noted between the 

two mice, the data obtained from this cage were excluded of analysis. At different times in the 

protocol (Fig. 1), some subgroups of mice were isolated for 2-3 days in metabolic cages (TSE 

Systems, Bad Homburg, Germany), to monitor ambulatory activity, food intake pattern, O2 

and CO2 consumptions, energy expenditure. The cages of FRW and ALW mice were 

equipped with a wheel (178 mm diameter) to maintain their physical activity without 

modifying totally the paradigm. The number of mice that have been used varied between 6 

and 24 per group depending of the experiments and the protocols considered. The variation in 

the number of animals was only due to specific experiments done to obtain the metabolic data 

or blood samplings performed at different stages of the protocols. Such manipulation might 

change slightly and transiently the behavior of the mice (feeding or activity). No mice died in 

any protocol. Further details are given in the legends. All experiments were carried out in 

accordance with the European Communities Council Directive (86/609/EEC) and approved 
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by the Regional ethical committed of Nord-Pas de Calais of Lille, France (protocol CEEA 

392012). 

Activity monitoring. The daily locomotor activity of ALW and FRW mice was 

assessed in their home cage equipped with a wheel (diameter: 230 mm; width: 50 mm; 1 

revolution = 0.72 m) and linked to a computer system that measured interval counts (10 min) 

mean wheel revolution (ActiviWheel Software, Intellibio, Seichamps, France). When the 

mice were placed individually in the metabolic cages (Fig. 1), the total ambulatory activity of 

all mice was evaluated with an ambulatory captor (infrared light-beam frame ActiMot2) that 

measured activity in three dimensions (x-, y- and z- axis). 

Reproductive functions. The estrous cycle was assessed by vaginal smears performed 

before food distribution and at different stages of the procedure: between day 5 before the 

beginning of the protocol and day 16 for the short-term protocol; between day 48 and day 55 

for the long-term protocol. We placed the tip of the pipette filled with saline solution (10 µl 

NaCl 9 g/l) 5 mm into the vagina, flushed the vagina about 5 times and put the final collect 

containing the vaginal secretion on glass slide. We observed the cells without coloration 

under light microscope Leica (Zeiss, Germany) with a final magnification of 100x for 

immediate estrous cycle stage determination (estrus, diestrus, metestrus). Proestrous stage that 

corresponds to short transient stages was not determined. The day of sacrifice, days 15 and 

55, after estrous cycle determination left and right ovaries were collected and uterus was 

weighed. Ovaries were then fixed in Bouin fixative and to be processed through graded 

alcohols until paraffin wax embedding. Paraffin-embedded ovaries were serially sectioned at 

5 µm thickness with a microtome Leica Reichert-Jung (Leica Biosystems Gmb, Nussloch, 

Germany) and stained with eosin/hematoxylin. Observations and photos were made using a 

Leica microscope (Leica Microsystems GmbH, Wetzlar, Germany) equipped with a camera. 

Size of ovaries was measured following two axes (width and length) with Image J software 

(http://imagej.nih.gov/ij/http://rsbweb.nih.gov/ij/) from slices containing the largest ovary 

section. 

Body composition. Body composition was determined at different time points during 

the protocols (D-1/D15 /D55 Fig. 1A) using an “in Vivo Micro-CT Scanner for Small Lab 

Animals” (LaTheta LCT-100, Hitachi Aloka Medical Ltd., Tokyo, Japan) to evaluate bone, 

lean and fat masses. Mice were anesthetized by intraperitoneal injection of ketamine and 

xylazine mix. About 60 CT slices per mouse were made at 500 m intervals between 

http://imagej.nih.gov/ij/http:/rsbweb.nih.gov/ij/
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shoulders and the posterior legs. Slices were analyzed by Aloka software and mouse head and 

tail were excluded of analysis for bone (bone mineral content: BMC), fat (visceral and 

subcutaneous) and lean mass measures. 

Metabolism and energy expenditure monitoring. The data were obtained in metabolic 

cages (LabMaster-CaloSys-Calorimetry System, TSE Systems, Bad Homburg, Germany) for 

a period of 3 days (Fig. 1). Food and water intake patterns were measured every minute by 

sensoring units and the values were added to present cumulative data. The system measured 

the volume of O2 consumed and the volume of produced CO2, over a 15 min period, 4 times 

per hour. These values were averaged to determine the rate of CO2 produced (VCO2) and 

oxygen consumed (VO2) in ml/h. We determined respiratory exchange ratio (RER), the 

energy expenditure (EE) and the fatty acid oxidation (FA) using different equations8,45,46 : 

RER = VCO2  / VO2; EE (kcal/h) = ((3.815 + 1.232 x RER) x VO2) x1000, FA oxidation 

(kcal/h) = EE x ((1-RER)/0.3). The RER is an indicator of the proportion of fat and 

carbohydrate oxidation under specified conditions46, ranges between 0.7 (complete reliance 

on fat oxidation) and 1.0 (complete reliance on carbohydrate oxidation). 

Glycemia and intraperitoneal glucose tolerance testing (IPGTT). Glycemia was 

measured (OneTouch Vita, Lifescan, Milpitas, United States) in the morning (between 08:00 

and 10:00) after the night feeding period at different stages (D15 and D50). To assess glucose 

tolerance, we performed an IPGTT. All mice received the same quantity of food the day 

before the experiment (at 16:00) to maintain all mice in a similar satiated condition. Then, 

non-sedated mice were weighed and injected with a glucose solution (1.5 g/kg). Their 

glycemia were assayed from blood sample drops taken from the tail at 0, 5, 15, 30, 60, 90, and 

120 min post-injection.  

Sacrifice and tissues collecting. At the end of the short- and long-term protocols, mice 

were sacrificed. All mice received the same amount of food (about 3.5 g par cage) the day 

before sacrifice to maintain all mice in similar fasted conditions and minimize intra-group 

assay variations. They were deeply anesthetized in the morning with an overdose of ketamine 

(100 mg/kg) and xylazine mix (20 mg/kg). Blood was collected through cardiac puncture with 

1 ml syringe, kept at 4°C about 2 hr in neutral tubes, except for ghrelin due to the low stability 

of this hormone until centrifugation (8000 rpm. for 10 min, 4°C Centrifuge 5414 R, 

Eppendorf, Hamburg, Germany). Plasma aliquots were then deeply frozen in liquid nitrogen 

and stored (-80°C) until assayed. Mice were then dissected to weigh liver, and gastrocnemius 
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muscle. The largest liver lobe was collected and frozen in liquid nitrogen until glycogen liver 

assay. 

Measurement of hepatic glycogen. About 100 mg of the largest liver lobe of each 

mouse was thawed and homogenized in 0.03 M HCl. Then, 400 µl of 1.25 N HCl was added 

to 100 µl of homogenate and was mixed and heated for 1 hr at approximately 75°C. The 

samples were centrifuged at 14000 rpm for 30 min. 10µl of supernatant was mixed with 1 ml 

of glucose oxidase reagent (Sigma-Aldrich, Inc., Saint Louis, United States). After 10 min 

incubation at 37°C, the reaction was stopped by adding 200 µl of 12 N H2SO4. Absorbance 

was read at 505nm. Glycogen type III from rabbit was used to make the standard curve 

(Sigma-Aldrich, Inc., Saint Louis, United States). 

Blood assays. All the samples were analyzed in duplicate. Plasma leptin was measured 

using ELISA kit (R&D Systems Quantikine Europe, Abingdon, United Kingdom). Intra and 

inter-assay coefficients of variations were 4.4% and below 4.7% respectively. Plasma 

corticosterone was measured using AssayMax Corticosterone ELISA Kit (AssaysPro, Saint 

Charles, United States). Intra and inter-assay coefficients of variations were <4.8% and <7.3% 

respectively. Plasma acyl (AG) and des-acyl (DAG) ghrelin concentrations were evaluated by 

specific EIA (SPIbio Bertin Pharma, A05118 for the acylated form and A05117 for the 

unacylated form, France). Blood samples were collected on tubes containing EDTA (1 mg/ml 

final) and PHMB (0.4 mM final), a serine protease inhibitor, then centrifuged (8000 rpm. for 

10 min, 4°C Centrifuge 5414 R, Eppendorf, Hamburg, Germany) to sample plasma that was 

then acidified with HCl (0.1 N final) to preserve acylation. Plasma non-esterified fatty acids 

(NEFA) were measured by enzymatic Wako kit (Stanbio Laboratory, Boerne, United States) 

and plasma triglycerides and plasma β-hydroxybutyrate (ketone bodies) were analyzed using 

an enzymatic Stanbio kits (BDS International Diagnostics GmbH, Schwetzingen, Germany).  

Statistical analysis. All results are expressed as mean ± SE, and the statistical analysis 

was performed using Statistica software (StatSoft, France). Graphs were generated using 

GraphPad Prism 5.01 (Abacus Concepts, Berkeley, United States). Analysis of normality and 

equality of variances were tested to select the adequate statistical test. Two-ways ANOVA 

followed by a Bonferroni post-hoc test or a non-parametric ANOVA followed by Tukey post-

hoc test were used when appropriate. A two-ways ANOVA for repeated measures were 

performed to analyze the time course for metabolic data and IPGTT. The Areas Under the 
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Curve (AUC) were calculated by the trapezoidal method.  Significance was set at a P<0.05 

and only interaction effects are indicated on the figures. 
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RESULTS 

Physical activity transiently increased food restriction-induced body weight loss. The 

first and simplest criterion to determine the effect of activity added to food restriction is the 

body weight gain. Here, we showed that by day 15 (D15) of food restriction there was a 

significant weight loss in FR and FRW groups compared to the AL and ALW ad libitum 

groups (interaction food x activity, F1-74= 18.17, P < 0.001, Fig. 2A-B). This decrease was 

significantly more drastic in FRW than FR mice from D6 to D22 (P < 0.05). From D42 to 

D55, statistical analysis revealed an effect of activity (F1-74= 6.66, P < 0.05) and food 

restriction (F1-74= 1243.05, P < 0.001) on body weight loss, but no interaction between these 

two parameters. Surprisingly, after 35 days a slight but significant regain of body weight was 

observed in FRW mice (P < 0.001, from D43 to D55) leading to significant differences 

between body weight of FRW and FR groups. (P < 0.001 at D55; Fig. 2A). 

Physical activity also impacted on the food intake pattern (Fig. 2C-D). At D15, FRW 

mice ate their pellets more slowly than FR mice along the first 2 hr after lights off (interaction 

food x activity F1-23= 4.71, P < 0.05). FR and FRW mice finished their meal within 3 and 4 hr 

after food distribution, i.e. at 21:30 and 22:30, respectively. AL and ALW mice ate slowly, 

but continuously until the end of the dark phase, at 07:30. At D55, FR and FRW adopted the 

same pattern of feeding (interaction food x activity, F1-22 = 4.15, P = 0.054, Fig. 1D), but they 

ate all the food within 1.5 hr only. Each group showed a constant water intake pattern 

throughout the protocol, with FR and FRW mice presenting faster and higher water 

consumption than AL and ALW mice during the first part of the night, i.e. when they were 

eating (Fig 2E-F). Thus, during the first weeks of food restriction, physical activity slowed 

down the food intake. Later, FR and FRW mice presented the same pattern of food intake, 

with a faster feeding rate than before. Surprisingly, after 35-40 days of protocol, a slight, but 

significant increase in body weight appeared only in FRW mice (Fig. 2A). Factors potentially 

involved in the early and fast body weight decrease and in the late body weight increase 

shown in FRW mice were studied in subsequent experiments. 

Decrease in physical activity appeared with body weight regain in food restricted 

active mice. FRW mice presented a biphasic pattern of daily physical activity during the long-

term protocol observed both in home cage (Fig. 3) and in metabolic cages (Fig. 4). From D0 

to D35, FRW mice displayed a wheel running activity that was similar to ALW mice (Fig. 3). 

Then, and until the end of the protocol, FRW mice showed a significant lower daily activity 

than ALW mice (P < 0.05; Figs. 3,4D). These results were confirmed by 24 hr locomotor 
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activity measured in metabolic cages (Fig. 4), which detailed precise information about the 

night and day physical activity patterns in all groups. At D15, FRW mice displayed a 

significant highest activity compared with the other groups during the day (interaction food x 

activity, F1-36= 13.24, P<0.01, Fig. 4B-C), more specially from 12:00 to 19:00, interaction 

food x activity, F1-36= 10.83, P<0.01, Fig. 4C). This phenomenon, which resonates with the 

increase in physical activity seen in AN before feeding time60, is described in the literature as 

food anticipatory activity (FAA), which began several hours before food distribution. Such 

activity observed before feeding might be an association of foraging and FAA. Contrary to 

FRW mice, FR mice did not exhibit a FAA (Fig. 4C). During the dark period, ALW mice 

presented a constant and higher ambulatory activity compared to AL and FRW mice 

(interaction food x activity, F1-36= 5.17, P<0.05, Fig. 4B,C). At D45, surprisingly in FRW 

group, the FAA measured at D15 in metabolic cages disappeared (Fig. 4E-F, P<0.001). The 

persistent activity observed concerned more the activity devoted to food intake as it appeared 

at the time the food is distributed (Fig. 4F). The disappearance of the FAA was responsible 

for the observed decrease in daily activity in FRW mice (Fig. 4D). FRW and ALW mice 

continued to exhibit the highest ambulatory activity during the dark period compared to their 

respective controls (interaction food x activity, F1-26= 5.15, P<0.05, Fig. 4F). These data 

demonstrate that mice used to run in a wheel (ALW and FRW) are more active than mice that 

are not used to run (AL and FR). Moreover, FAA is shown only in FRW and not in FR mice. 

When the protocol is extended, the FRW mice daily activity decreased mainly because of the 

disappearance of FAA. This decrease of activity that coincided with the body weight regain 

was observed only in FRW mice.  

Food restriction induced alterations in reproductive function. Activity, when it 

becomes excessive, leads to loss of estrous cycle in restrictive AN patients as well as in 

athletes. In our study, we showed that food restriction by itself associated or not with physical 

activity induced rapidly a disruption of the estrous cycle (Fig. 5) associated with a closure of 

vaginal opening and decrease of uterus mass (Table 1) observed at D15 and D55. The size of 

ovaries of both FR and FRW mice were significantly reduced compared to AL and ALW 

mice (Table 1). Thus, physical activity did not exacerbate the impact of reduction of feeding 

in the reproduction function. 

Physical activity precipitated early alterations of fat mass in food-restricted mice. 

Besides loss of fat, AN patients also show muscular atrophy and osteopenia/osteoporosis in 

the long term41 for which the impact/role of physical activity is poorly understood. To this 
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end, in the present study, we explored fat, lean and bone mineral mass changes. The different 

measures obtained at different times of the long-term protocol (Fig. 1) with the X-ray CT 

scanner (Fig. 6) showed more precisely the impact of physical activity associated or not with 

food restriction on body composition. At D15, food restriction induced a 19 % lower lean 

mass in FR and FRW mice compared to AL and ALW mice (food effect, F1-20= 132.02, P < 

0.001, Fig 6A). The mass of liver and triceps, components of the lean mass, were actually 

lowered in FR and FRW groups (P < 0.001, Table 1). The body fat mass was strongly affected 

by both food restriction (food effect, F1-20= 4.86, P < 0.05, Fig 6B) and physical activity 

(activity effect, F1-20= 26.57, P < 0.001, Fig 5B). More particularly, FRW mice exhibited a 

decrease of -87.20 ± 5.04 % compared to FR mice fat mass. Interestingly, FR mice did not 

display such a drastic decrease (-33.90 ± 11.43%) compared to AL mice fat mass. The 

visceral fat mass was affected by both food (F1-20= 7.84, P < 0.05, Fig. 6C) and activity (F1-20= 

17.94, P < 0.001, Fig. 6C). The subcutaneous fat mass was only affected by activity (F1-20= 

30.72, P < 0.001, Fig. 6D).  

At D55, the differences in lean mass did not change compared to D15 (food effect, F1-20= 

557.48, P < 0.001, Fig. 6A). The weight of the liver was affected by the restriction (food 

effect, F1-46= 75.12, P < 0.001, Table 1) whereas the weight of the triceps was conditioned by 

both food and physical activity (food effect, F1-22= 175.71, P < 0.001; activity effect, F1-22= 

6.31, < 0.05, Table 1). For the fat mass, an interaction food x activity was noted (F1-20= 9.76, 

P < 0.005, Fig 6B) with a pronounced decrease for FRW and FR mice compared respectively 

to ALW and AL mice (P < 0.005) and ALW to AL mice (P < 0.005). Similar comparisons 

were obtained for visceral fat mass (interaction food x activity, F1-20= 7.91, P < 0.05, Fig 6C) 

and subcutaneous fat mass (interaction food x activity, F1-20= 10.09, P < 0.05, Fig 6D). FR 

mice presented a higher decrease of fat tissue compared to AL mice (-88.03 ± 2.59 %)  than 

FRW mice compared to ALW and FR mice respectively (-67,88 ± 7.76 % and +70,8 ± 40.45 

%, P < 0.05). Finally, the bone mass acquisition might be stopped between D15 and D55 in 

FR and FRW mice. Indeed, restriction did not permit a gain of bone mineral content (BMC; 

food effect, F1-20= 43.95, P < 0.001, Fig 6E) for FRW and FR groups compared to ALW and 

AL groups. As expected ALW mice exhibited a trend to a higher BMC than AL mice. 

Collectively, these data suggest that physical activity accelerates the effects of food restriction 

on fat tissue without protecting muscle and bone mass. 

Physical activity associated with food restriction induced an adaptation in energy 

metabolism. Long-term food restriction associated or not with physical activity has been 
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suggested to induce changes in the energy metabolism, changes that are difficult to assess 

precisely in AN patients in the long term57. Animal models are thus useful to decipher 

metabolic adaptations that take place in response to long-term energy imbalance. At D15, 

energy expenditure (EE) was affected both by activity and food restriction during the dark 

period (interaction food x activity, F1-36= 15.13, P < 0.001, Fig. 7A-B), with FR and FRW 

mice having a lower EE than their respective controls AL and ALW mice (P < 0.001). During 

the day, similar differences were observed (food effect, F1-36= 70.23, P < 0.001, Fig. 7A-B). 

Over a period of 24 hr, the pattern of EE for ALW followed their ambulatory activity (Fig. 3). 

By contrast, FRW mice presented the same EE pattern as FR mice (6.15 ± 0.25 kcal/day in 

FR mice vs. 6.14 ± 0.20 kcal/day in FRW mice, data not shown) even if FRW mice displayed 

a higher physical activity level than FR mice (Fig. 4C). At D45, regarding the daily EE, FR 

and FRW mice had a lower EE than ad libitum groups (interaction food x activity, F1-26= 

18.41, P < 0.001; AL: 10.14 ± 0.13 kcal/day; ALW: 11.98 ± 0.29 kcal/day; FR: 5.96 ± 0.16 

kcal/day; FRW 6.05 ± 0.15 kcal/day). During the dark period, FRW mice showed a higher EE 

than FR mice, but lower than ALW mice (interaction food x activity, F1-26= 8.82, P < 0.01, 

Fig. 7C-D) that might be paralleled with their highest physical activity (Fig. 4F). However, 

despite a decrease of locomotor activity during the light period between D15 and D45, FRW 

mice displayed the same level of EE. Thus, these data reveal an uncoupling between physical 

activity and global EE for FRW mice suggesting different specific metabolic adaptations 

related to activity. The analysis of RER and FA oxidation was done to explore this further.  

 At D15, data showed that RER was not affected by food restriction or activity in any 

group during the overall dark period (Fig. 8A). However, RER determined each hour showed 

that food delivery was followed by a significant increase in RER in FR and FRW mice 

between 21:00 and 01:00 compared to AL and ALW mice (food effect, P < 0.05, Fig. 8B) 

with values reaching 1.0 which is generally taken to represent both carbohydrate oxidation 

and endogenous fatty acid synthesis. Intriguingly, from 07:00 to 19:00, FR mice showed a 

progressive and significant decrease in RER values that reached  0.7, suggesting a shift to 

lipid oxidation when compared to FRW mice (P < 0.05, Fig. 8B) that maintained a RER 

pattern similar to the other groups. During the day, an effect of activity was noted (F1-36= 

12.99, P < 0.001, Fig. 8A). Such data were corroborated by the evaluation of fat oxidation 

(Fig. 8C-D). During the night, an interaction food x activity (F1-36= 5.64, P < 0.05, Fig 8C) 

revealed that FRW mice had a lower fat oxidation than ALW mice (P < 0.001) as well and FR 

compared to AL mice (tendency P = 0.07). However, the high locomotor activity of ALW 
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compared to AL mice during the night is associated with a similar RER, but the FA oxidation 

values revealed a higher consumption of both lipid and carbohydrates. FRW and FR mice 

exhibited the same RER as ALW and AL mice but their low FA oxidation values suggested a 

lowered use of lipid and carbohydrate stores. During the light period, FR and FRW mice 

displayed a lower fat oxidation than their control AL and ALW mice (food effect, F1-36= 

17.63, P < 0.001, Fig. 8C). These data suggest that food restriction increases the total energy 

derived directly from fatty acid oxidation, especially for FR mice compared to AL, ALW and 

FRW mice. At D45, the main changes concerned RER values obtained during the light period, 

where a food effect was prominent (F1-26= 25.74, P < 0.001, Fig. 8E-F). Throughout the light 

phase, FRW mice exhibited the lowest fat oxidation levels compared to all other groups 

(tendency to interaction food x activity, F1-26= 3.71, P = 0.06, Fig. 8G-H). In restricted mice, 

physical activity balanced the use of carbohydrate and lipids on the short term whereas, when 

the protocol was extended, it did not impact significantly on lipid or carbohydrate 

metabolism. 

To explore the mechanisms further, we measured different plasma metabolites, which can 

reflect energy balance. Glycemia was performed in the basal condition in the morning (mice 

were all given the same amount of food 14 hr before the measurements) or after 14 hr of 

fasting. At D15, both FR and FRW groups displayed a decreased glycemia in basal or fasted 

conditions (food effect, F1-67= 73.39, P < 0.001 and F1-36= 14.82, P < 0.001 respectively, 

Table 2). At D55, food and activity affected the basal glycemia (food effect, F1-43= 45.53, P < 

0.005; activity effect, F1-43=8.58, P < 0.001, Table 2). Regarding the glycogen stock in liver, 

food restriction induced a significant decrease only at D15 (food effect, F1-23= 4.81, P < 0.05, 

Table 2). Likewise, only at D55, the plasma levels of ketone bodies were affected by both the 

food restriction and activity (food effect, F1-25= 13.33, P < 0.001, activity effect, F1-25= 5.63, P 

< 0.05, Table 2). The NEFA plasma levels were increased both in FR and FRW mice at short- 

(food effect, F1-23= 8.35, P < 0.01) and long-term (food effect, F1-25= 6.39, P < 0.05). Finally, 

no significant difference was detected on the short and long term protocols for the plasma 

triglycerides (Table 2). 

Overall, these results show that FR and FRW groups adopt differential energy metabolism 

strategies. Interestingly, in FRW mice, activity is not related to a higher EE compared to 

ALW. Moreover, at D15, contrary to FR mice, FRW mice exhibit a similar metabolism to AL 

and ALW groups during the light phase. Finally, in the long term, FRW mice displayed a 

similar metabolic profile (RER, FA oxidation) to that obtained in FR mice.  
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Physical activity and food restriction increased glucose tolerance. Similar to the other 

energy metabolism parameters, data on glucose tolerance in AN patients during the course of 

their disease are sparse57. At D15, FR and FRW mice exhibited a lower glycemia compared to 

AL and ALW (at t0, food effect, F1-36=14.82, P < 0.001; AUC, food effect, F1-36=43.97 P < 

0.001). Interestingly, at t30 min, FRW mice displayed a significant lower glycemia after 

glucose injection compared to FR mice (interaction food x activity, F1-36= 3.94, P < 0.05, Fig. 

9A). At D50, FR and FRW mice exhibited a lower glycemia than AL and ALW (at t0, food 

effect, F1-36=14.82, P = 0.08; AUC, food effect, F1-36=37.28, P < 0.001). No difference 

remained between FR and FRW groups (Fig. 9B). 

Here again, physical activity appears to have beneficial effects by enabling a better adaptation 

to food restriction with a more rapid and more efficient use of the glucose immediately 

available, but only on the short term.  

Physical activity and food restriction modified energy metabolism hormones levels. In 

AN, patients also display numerous endocrine alterations that can contribute directly or 

indirectly to maintain and exacerbate the disease24,66. Data related to the understanding of how 

hormones might contribute to the worsening of the patients are currently lacking. At D15 and 

D55, the plasma levels of leptin were impacted both by activity and food (interaction food x 

activity, F1-18= 4.46, P < 0.05, interaction food x activity, F1-31= 12.92, P < 0.001, 

respectively, Table 3) with significant differences noted between AL and ALW mice (P < 

0.05) and AL compared to FR mice (P < 0.05). The plasma levels of corticosterone were 

increased in FR and FRW mice compared to their respective controls at D15 (food effect, F1-

28= 16.15, P < 0.001, Table 3). At D55, FR mice exhibited the higher corticosteronemia 

compared to AL and FRW mice (interaction food x activity, F1-20= 11.06, P < 0.01, Table 3). 

Plasma levels of ghrelin, the only known circulating hormone that increases food intake, were 

increased in FR and FRW groups compared to AL and ALW mice at D15 (food effect, F1-26= 

37.72, P < 0.001, Table 3) and at D55 (food effect, F1-23= 4.76, P < 0.05, Table 3). More 

precisely, at D15, the acylghrelin form was influenced by the food restriction and activity 

(food effect, F1-26= 21.48, P < 0.001; activity effect, F1-26= 6.24, P < 0.05), whereas desacyl-

ghrelin concentrations were increased in FR and FRW mice compared to AL and ALW mice 

(food effect, F1-26= 36.81, P < 0.001, Table 3). Thus, the ratio acylghrelin / des-acylghrelin 

reflected more an impact of activity (activity effect, F1-26= 10.42, P < 0.01, Table 3) than of 

the food restriction. At D55, acyl- and des-acylghrelin plasma levels were influenced by 

activity (activity effect, F1-23= 8.01, P < 0.01) and food respectively (food effect, F1-23= 8.32, 
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P < 0.01, Table 3) with a ratio acylghrelin / des-acylghrelin higher in ALW and FRW mice 

(food effect, F1-23= 5.45, P < 0.05, activity effect, F1-23= 14.61, P < 0.001, Table 3).  

Therefore, our data underscore an impact of physical activity on the ghrelin system. The food 

restriction led to endocrine changes that could explain the differential adaptations described 

previously in FR and FRW mice compared the ad libitum groups.  
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DISCUSSION 

This study was undertaken to obtain, in a mouse model, data contributing to determine 

whether the physical activity often described in restrictive AN patients might have beneficial 

or deleterious effects on bodily functions on the long term. For this purpose, we describe for 

the first time the physiological consequences of the combination of long-term food restriction 

with voluntary physical activity in female mice. The main finding is that physical activity 

induced differential metabolic and endocrine adaptations in chronic food restricted animals. 

Considering the different known animal models related to food restriction and activity 

and their limitations, we modified the initial ABA model to study lasting alterations. We 

chose to reduce the quantity of food from 30% for the first days to 50% until the end of the 

protocol as normal mice are usually 30% overfed, taking into account their physiological 

needs4. 

We showed rapid body weight stabilization in the 30% restricted and active mice. 

Following this 30% restriction, the higher diet restriction combined with physical activity 

induced a more drastic and a more rapid body weight loss on the short term (up to D15). 

Then, FRW mice showed 2 weeks of stabilized body weight around 20% under their initial 

body weight. This decrease matched that described previously in long-term 50% FR mice27. 

After these 2 weeks of stabilization, a slight body weight gain was observed (from D32-35 to 

D40). Then, body weight remained unchanged until the end of the protocol (D55). The body 

composition revealed that fat mass was strikingly decreased in FRW mice, while FR and 

FRW mice showed a moderate reduction in the lean mass and completely stopped bone mass 

acquisition. 

To search for causes of this pattern of body weight changes only observed in FRW 

mice, we studied the physical activity of mice throughout the protocol. First, FRW mice 

showed a daily activity equivalent to that of ALW mice, suggesting that our model did not 

induce a hyperactive behavior, but rather a moderate activity. Second, the period of slight 

body weight gain in FRW mice took place when physical activity becomes lower in 

comparison to the beginning of the protocol. This could participate to the weight increase. 

Further analysis of activity patterns, revealed that before their activity became lower, FRW 

mice were active both during the night and the day throughout the protocol, while activity in 

all other groups was restricted to the dark period. FRW mice developed a light period activity 

close to the feeding time. This activity, usually called food anticipatory activity (FAA), was 

also described in the ABA paradigm23,48,49,68. The FAA is usually described 2-3h before food 

distribution. In our model, FRW mice began to be active around 6 h before food, at D15. Such 



314 
 

behavior might reflect an association between foraging and FAA. We hypothesized that the 

peak of activity observed 2-3h before feeding might really correspond to FAA whereas the 

previous activity might be related to foraging. Tentatively, we suggest that wheel running 

impacts on the development of FAA by increasing addictive behavior to exercise37. Indeed, 

FAA is driven by the dopaminergic motivation/reward system31,67. Alterations of the reward 

system are increasingly suspected to play a role in keeping AN patients in a vicious circle of 

food restriction associated usually with activity5,60. Finally, until the end of the protocol, FRW 

mice maintained a moderate activity, even if a strong decrease was observed for the FAA that 

resulted in a reduction in their global daily activity.  

The relation between leptin and physical activity has been well investigated, especially 

in the ABA protocol25,33,51. In fasted mice, increases in ambulatory and running wheel activity 

have been shown to be inhibited by chronic subcutaneous leptin treatment51. In the ABA 

protocol, subcutaneous or intracerebroventricular leptin delivery leads to a decrease in 

running wheel activity25,33.  In our study, at D15 as well as at D55, FRW, ALW and FR mice 

had a similar low plasma leptin level when compared to AL mice, reflecting their fat mass 

reduction, especially the visceral fat pads. In accordance with the known effect of leptin on 

activity, the slight increase in plasma leptin levels described in FRW mice between D15 and 

D55 might be a contributing factor to the disappearance of the FAA at D55. Of note, AN 

patients also exhibit lower plasma levels of leptin in association with their fat mass 

reduction50. Our data reinforce the importance of studies exploring the impact of food 

restriction in association with activity in chronic long-term protocols.  

Ghrelin is another hormone involved in FAA behavior68. As for AN restrictive type 

patients29,30, at D15, the 2 groups of food restricted mice displayed an increase in plasma acyl 

and des-acylghrelin levels. The ratio acyl/des-acylghrelin contributes to a better idea of the 

potential ghrelin activity, because of the controversial functions of these two forms that 

remain discussed13. In our study, at D15, ALW and FRW mice displayed a higher acyl-/des-

acylghrelin ratio compared to AL and FR mice suggesting that active ghrelin levels might 

impact upon physical activity or vice versa 48. On the long term, this ratio in FRW mice 

decreased and became similar to that of FR and AL mice. This decrease was associated with 

lowered FAA in FRW mice. Interestingly, in ABA protocol, the stimulatory action of acyl-

ghrelin exerted on FAA is abolished by chronic intracerebroventricular GHSR1a antagonist 

treatment68. 

Finally, corticosterone plasma levels are increased in AN patients29. Besides its known 

role in the regulation of stress response, corticosterone was demonstrated to contribute to the 
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development of FAA in rodents submitted to the ABA protocol22. In the short term protocol, 

FRW and FR exhibited increases in plasma levels of corticosterone. However, in the long 

term protocol, FR mice displayed higher levels than AL and FRW mice. Such changes might 

explain the slight activity observed just around the food distribution for FR mice and again 

might be one possible explanation to the disappearance of FAA in FRW mice. Once again, 

such differences between the two restricted groups might explain the differential pattern of 

activity. Thus, the data we have obtained gave us two main novel findings: 1) FRW mice 

showed a unique pattern of leptin, ghrelin ratio and corticosterone, that are involved in the 

regulation of physical activity but also in the regulation of energy metabolism; 2) voluntary 

and moderate physical activity at the beginning of a protocol of food restriction might be 

beneficial in the long term since it is associated with a normalization of metabolic hormone 

levels which may favor a better adaptation to this drastic conditions. These data led us to 

study the changes that could occur in energy metabolism. 

The low energy expenditure observed in FR and FRW mice at D15 and D45 might be 

associated with low plasma leptin concentrations but also with the food restriction since ALW 

mice, which also showed low levels of leptin, exhibited high EE during the night. 

Accordingly, the reduction of lean mass observed in FR and FRW might be a strategy to spare 

energy used by the organism in such drastic conditions to avoid a too dramatic hypothermia62. 

It might be associated with the persistent high corticosterone levels, which is known to 

simulate conversion of protein to glucose and increase nitrogen catabolism in muscle. It can 

also be hypothesized that fat pad decreases might impact EE through the decrease of plasma 

leptin levels. Indeed, leptin treatment in fasted male mice increased total EE51. The impact of 

ghrelin on EE was not clear since intracerebroventricular or intraperitoneal injection of 

ghrelin decreased EE3 whereas intraperitoneal treatment with proghrelin increased EE69. Such 

data point out the controversial dual effect of acylghrelin and des-acylghrelin on food intake 

and energy expenditure. Here our data did not permit us to decipher the real impact of ghrelin 

on EE. Finally, the low EE described both in FR and FRW mice, especially during the light 

period when only FRW showed a FAA, let us to conclude that EE was not only related to 

exercise, but reflected an adaptive way to save energy to maintain physiological functions. 

The impact of food restriction on energy metabolism confirmed data obtained with 30% of 

food restriction8. However, the strategy used by FR and FRW mice were different. In fact, in 

the short term, FRW mice adopted different fuel utilization than FR, during the light period. 

FR mice displayed a metabolism that was oriented to FA oxidation, which was not the case 

for FRW mice despite the food restriction and the FAA.  
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These metabolic data suggest that, in the short term, FRW mice did not adapt properly 

their metabolism, with a higher carbohydrate metabolism and a lower fat oxidation during the 

light period than FR mice. Such a profile was supported by the results obtained in the glucose 

tolerance test; FRW mice displayed a faster glucose clearance particularly just after glucose 

injection. This improved glucose capture could explain why FRW mice has a higher RER 

than FR during the day at D15. When the protocol was extended, FRW mice adopted a similar 

metabolic profile to FR mice. Thus, physical activity may delay the metabolic adaptations to 

food restriction even if the other parameters (such as liver weight, hepatic glycogen, basal and 

fasted glycemia, NEFA, leptin, corticosterone, ghrelin) evolved in a similar way in FR and 

FRW in the short term. In the long term, FRW mice appeared more adapted to these drastic 

conditions compared to FR mice. Besides the increased body weight, FRW mice had lower 

corticosterone and acylghrelin levels compared to D15 whereas they remained constant in the 

FR group. Due to their role in the regulation of energy metabolism, glycemia and food intake, 

further studies are needed to explore the precise role of these two key hormones in the 

adaption process of FRW mice. To our knowledge very few studies focused on metabolite 

concentrations related to energy metabolism in AN9,10,55,72, likely reflecting the discrepant 

data obtained and the procedures used to measure these metabolites (times of the day, before 

or after a meal, fasted conditions etc) rendering the data difficult to interpret. This underscores 

the necessity to study the evolution of these parameters in relevant animal models. 

It is known that physical activity is generally associated with fuel mobilization, 

reflected by increases in glycemia and plasma NEFA, as well as feeding that participated to 

an overload of blood nutriments59. We showed here that running wheel activity modified the 

pattern of ingestion of food in FRW mice, in shifting the meal initiation. FRW mice ate the 

delivered food more slowly than FR mice. One explanation, suggested by Woods71, 

considered eating as a homeostatic stressful event, because the digested nutriments that 

reached the blood during and after a meal markedly disrupt energy homeostasis. Thus, the 

combination of both events, activity and feeding, could generate a stressful energy event 

especially on the short term where FRW delayed their time to eat. Thus, the shift in meal 

initiation observed here might explain the “voluntary food restriction” observed in the ABA 

protocol38. In fact, no study has measured the meal initiation in the ABA model in which food 

is available for only 2 hr. Taken together with our data, we hypothesize that the voluntary 

food restriction described in the ABA model might be due to the physical activity maintained 

by the mice that could modify the beginning of feeding. Another critical factor in the ABA 

model is the dehydration. In contrast to what was observed in the ABA protocol, in which the 
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consumption of water could play a role in the reduction of food intake6, we did not observe 

any modification in the water intake pattern. Thus, here physical activity influenced the meal 

initiation without affecting the water consumption. It can be hypothesized that the moderate 

and not high level of activity described in our model is responsible for this observation. 

Food restriction is also known to disturb reproduction function both in humans and 

rodents. As demonstrated by Dos Santos et al., (2010), female rats submitted to treadmill 

exercise and a 50% of food restriction led to interruption of estrous cyclicity as we observed 

in our study where the physical activity was voluntary21. In AN patients, even if amenorrhea 

is not anymore considered as a criterion in the DSM-V, disruption of cycles is currently 

observed in restrictive AN patients24,42. Disruption of estrous cycle as well as reduction of the 

size of ovaries was here observed in FR and FRW mice along all the protocols. Physical 

activity alone did not promote such alteration. The combination of energy deficit and activity 

seems necessary to induce these modifications. These alterations might also be adaptive to 

avoid the development of offspring in a deleterious nutritional environment. The endocrine 

changes observed in our study might contribute to the development of this phenotype. Leptin 

was largely described to play an essential role in reproduction since Indeed, db/db mice which 

are deleted for leptin gene receptor and ob/ob mice which deleted for leptin gene are 

infertile6,18. Moreover, upregulation of ghrelin induced a decrease of LH surge26,53, even if 

mechanisms involved are yet unknown. Chronic exposition to corticosterone inhibited LH 

secretion and estrous cycle and ovulation in female rodents9,10. Thus, both FR and FRW mice 

displayed high plasma corticosterone and ghrelin levels as well as a strong fall in the leptin 

concentrations. Therefore, the various endocrine alterations observed in our study are likely to 

alert hypothalamic brain structures involved in reproductive function and energy metabolism 

of the energy imbalance to preserve sufficient energy to adapt the body both at short and long 

term protocol. Finally the body weight gain observed in FRW mice after 30 days of protocol 

is not related to the estrous cycle, since it remained absent until the end of the long term 

protocol. 

 Finally, another major alterations of AN is a decrease in bone mineral content (BMC) 

leading to osteopenia and osteoporosis in 38–50% of cases, associated with high-risk of 

fracture in patients41,42,43. Alterations in BMC were described in rats and mice aged 3 to 14 

weeks old, subjected to protocols where food restriction varied from 30 to 40 % for 3 to 10 

weeks19,32,54,63. In FR and FRW mice, bone mass acquisition was stopped similarly after D15, 

whereas it was increased for AL and ALW mice. Thus, in FRW mice, physical activity that is 

usually described to stimulate bone formation did not prevent the termination of bone mass 
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acquisition induced by food restriction. Similar data were also described in female mice 

subjected to a protocol of chronic stress associated with caloric restriction, the “separation 

based-anorexia” model73. This confirmed the absence of protective effect of activity on BMC 

in AN. 

  In conclusion, here we have characterized a new rodent model of chronic restriction 

associated with voluntary physical activity that mimics, at least in part, the physiological 

alternations that occur in AN. This model was used to determine whether physical activity has 

beneficial or detrimental role in this disease in the long term. Our data lead us to suggest a 

dual effect of exercise. Moderate voluntary exercise accelerates body weight loss (affecting in 

particular the fat mass) leading to noticeable endocrine alterations, which could impact food 

anticipatory activity, effects also observed in AN patients. It did not permit a proper metabolic 

adaption, on the short term, with a metabolism similar to that of ad libitum groups. However, 

a delayed food intake initiation due to physical activity limited a rapid food intake pattern, 

which was observed only in FR mice. This behavior resembles to the binge eating behavior 

observed in some AN patients, which causes abdominal discomfort and possibly also lower 

nutriment adsorption. In this case, physical activity might have a beneficial effect. In the long 

term, we suggest that moderate exercise may have positive effects on energy metabolism 

regulation. Finally, the evolution of hormone levels noted both at short and long term, 

reflected an effect of both activity and food restriction on adaptation to these drastic 

conditions of negative energy balance, with a potential positive effect on the long term. 

However, activity did not contribute to prevent lean and bone mass loss induced by food 

restriction. It remains to determined whether these specific physiological adaptations in our 

AN model (metabolic, endocrine..) that are related to moderate activity could lead to a better 

or poorer recovery. 
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FIGURE CAPTIONS 

 

Fig. 1. Study design for the short- and long-term protocols. Arrows indicate X-ray CT scan sessions, 

double arrows correspond to IPGTT (intraperitoneal glucose tolerance test) and grey squares show the 

metabolic cage sessions. 

 

 

Fig. 2. Effect of food restriction associated or not with activity (wheel running). (A) Body weight 

evolution of the 4 groups of mice in their home cages. (B) Mean body weight gain obtained after 15 
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(Day 15) and 55 days (Day 55) of protocol. Mice were weighed every day and body weight gain was 

calculated from day -1. (C-D) Mean cumulative food intake pattern measured during the night period 

at D15 (C) and D55 (D). (E-F) Mean cumulative water intake pattern measured during the night period 

at D15 (E) and D55 (F). Rectangles point out values obtained during the first part of the night (meal 

distribution for FR and FRW mice). Values are means ± SE n=8-22/group. AL, ad libitum; ALW, ad 

libitum and wheel; FR, food restriction; FRW, food restriction and wheel. * P < 0.05 FR or ALW vs. AL; 

# P < 0.05 FRW vs. ALW and § P < 0.05 FR vs. FRW. Significance was set following 2-way ANOVA.  

  

Fig. 3. Effects of food restriction on wheel running activity in the home cages for ALW and FRW 

groups. The mean cumulative wheel revolution was calculated for ALW and FRW groups (n=2 per 

cage) throughout the protocol. Rectangles indicate the metabolic cage sessions (see fig. 4) to measure 

ambulatory activity for all groups (n=1 per cage). ALW, ad libitum and wheel; FRW, food restriction 

and wheel. # P < 0.05 FRW vs. ALW. Significance was set following 2-way ANOVA.  

 

Fig. 4. Effects of food restriction on locomotor activity in the metabolic cages for the four groups. 

(A,D) Total activity was analyzed throughout the day at D15 (A) and D45 (D), and averaged for the 

dark (active phase) and light periods (B,E). Measurements were taken at different periods of the 
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protocol:  short term (B-C) and long term (D-E). The locomotor activity was continuously measured 

and averaged every hour on graphs C (short term) and F (long term). Values are expressed as means ± 

SE n=6-10/group. AL, ad libitum; ALW, ad libitum and wheel; FR, food restriction; FRW, food 

restriction and wheel.  * P < 0.05 FR or ALW vs. AL; # P < 0.05 FRW vs. ALW and § P < 0.05 FR vs. FRW. 

Significance was set following 2-way ANOVA. 

 

 

Fig. 5. Impact of food restriction associated or not with physical activity on estrous cycles. One 

example of mouse from each group was given along the protocol, representing the whole. AL, ad 

libitum; ALW, ad libitum and wheel; FR, food restriction; FRW, food restriction and wheel. D: 

diestrus; m : metestrus; E: estrus; n.d. non detected. 
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Fig. 6. Impact of food restriction associated or not with physical activity on body composition 

measured by X-Ray CT scan at D15 and D55. (A) Evaluation of the total lean mass (muscles, glands 

and organs). (B-D) Combination of physical activity with food restriction (FRW) modified more 

rapidly the total fat mass, including the visceral fat mass (C) subcutaneous fat mass (D), than food 

restriction only (FR). (E) Bone mineral composition was modified only at the end of the protocol for 

FR and FRW mice. All measurements were taken in the morning (between 8:30 and 12:30). Values 

are expressed as means ± SE n=6/group. AL, ad libitum; ALW, ad libitum and wheel; FR, food 

restriction; FRW, food restriction and wheel. * P < 0.05 FR or ALW vs. AL; # P < 0.05 FRW vs. ALW and 

§ P < 0.05 FR vs. FRW. Significance was set following 2-way ANOVA. 
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Fig. 7. Time course of effect of the short- and long-term protocols on energy expenditure. Mean 

energy expenditure was calculated from dark (19:30 to 07:30) and light (07:30 to 19:30) periods at 

D15 (A-B) and D45 (C-D). Values are expressed as means ± SE n=6-8/group. AL, ad libitum; ALW, 

ad libitum and wheel; FR, food restriction; FRW, food restriction and wheel. * P < 0.05 FR or ALW 

vs. AL; # P < 0.05 FRW vs. ALW and § P < 0.05 FR vs. FRW. Significance was set following 2-way 

ANOVA. 
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Fig. 8. Time course of effect of protocol on respiratory exchange ratio and fat oxidation measured in 

metabolic cages (n=1 per cage) at different times of the experiment (D15 and D45). Respiratory 

exchange ratio at short term (A,B) and long term (E,F) was calculated from four measures per hour and 

averaged from CO2 and O2 ratio. Fat oxidation in the short term (C,D) and long term (G,H) was 

calculated as indicated in METHODS. Mean dark and light RER and fat oxidation were calculated 

from values obtained between 19:30 to 07:30 and 07:30 to 19:30 respectively. Values are expressed as 

means ± SE n=6-8/group. AL, ad libitum; ALW, ad libitum and wheel; FR, food restriction; FRW, 

food restriction and wheel. * P < 0.05 FR or ALW vs. AL; # P < 0.05 FRW vs. ALW and § P < 0.05 FR vs. 

FRW. Significance was set following 2-way ANOVA. 
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Fig. 9. Impact of food restriction associated or not with physical activity on intraperitoneal glucose 

tolerance. Blood glucose variations were measured following 1.5g/kg bolus glucose injection at short 

(A) and long term (B) after 12-14 hr of fasting, at t5, t15, t30, t60, t90 and t120 min. Values are 

expressed as means ± SE n=8-12/group. AL, ad libitum; ALW, ad libitum and wheel; FR, food 

restriction; FRW, food restriction and wheel. * P < 0.05 FR or ALW vs. AL; # P < 0.05 FRW vs. ALW and 

§ P < 0.05 FR vs. FRW. Significance was set following 2-way ANOVA. 
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 Table 1. Alterations in metabolic and reproductive tissues. Impact of food restriction 

associated or not with physical activity on the weight of liver, triceps, uterus and on the ovaries’ size. 

All samplings were done in the morning (8:30 to 13:00). Data are expressed as means ± SE. AL, ad 

libitum; ALW, ad libitum and wheel; FR, food restriction; FRW, food restriction and wheel; n=6-

8/group. * P < 0.05 FR or ALW vs. AL; # P < 0.05 FRW vs. ALW and § P < 0.05 FR vs. FRW. Significance 

was set following 2-way ANOVA. a: food effect; b: activity effect. 

 

 

Table 2. Impact of food restriction associated or not with physical activity on plasma metabolites and 

hepatic glycogen. All samplings were done in the morning (8:30 to 11:00). Data are expressed as 

means ± SE. AL, ad libitum; ALW, ad libitum and wheel; FR, food restriction; FRW, food restriction 

and wheel; NEFA, non-esterified (or free) fatty acids. n= 6-8/group. * P < 0.05 FR or ALW vs. AL; # P < 

0.05 FRW vs. ALW and § P < 0.05 FR vs. FRW. Significance was set following 2-way ANOVA. a: food 

effect; b: activity effect. 

 

 Table 3. Impact of food restriction associated or not with physical activity on plasma 

hormones. All samplings were done in the morning (8:30 to 11:00). Data are expressed as means ± SE. 

AL, ad libitum; ALW, ad libitum and wheel; FR, food restriction; FRW, food restriction and wheel. 

n= 6-8/group. * P < 0.05 FR or ALW vs. AL; # P < 0.05 FRW vs. ALW and § P < 0.05 FR vs. FRW. 

Significance was set following 2-way ANOVA. a : food effect; b: activity effect. 
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Annex 7: article 3: Physiological and pathological changes in the enteric nervous 

system of rotenone treated mice as possible early biomarkers for Parkinson´s disease   
The writing of this article is currently in process. 
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Abstract 

Involvement of the peripheral nervous system (PNS) and enteric nervous system (ENS) is relatively 

common in Parkinson’s disease (PD) patients. ENS and PNS alterations appear early in the course 

of the disease and are responsible for some of the non-motor symptoms observed in PD patients. 

In previous studies, we have shown that environmental toxins can trigger the disease by acting on 

the ENS and its autonomic innervation. Here, we analyzed the effect of rotenone, a mitochondrial 

Complex I inhibitor, on the function and structure of the ENS using tissue bath contractility 

measurements, immunohistochemistry and protein expression analysis. Our results show that 

rotenone induces changes in the physiology of the intestine modifying its dose response 

contractility to carbachol, dopamine, serotonin and electric field stimulation. The magnitude of 

these alterations is region dependent and correlate with a reduction in the total amount of enteric 

neurons (P.G.P 9.5+ cells) as well as a reduction in the expression of ChAT+ and TH+ cells in rotenone 

treated mice. Interestingly both alpha-synuclein and phosphorylated alpha-synuclein protein levels 

are increased. Altogether, these results reveal physiological and biochemical changes in the enteric 

system that could be used as early diagnostic tools for the diagnosis of the disease.  
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Introduction 

Hallmark lesions of Parkinson's disease (PD) were traditionally considered to be present in the 

dopaminergic neurons of the substantia nigra (SN) and in the noradrenergic neurons of the locus 

coeruleus (LC)). However, pathological studies showed that typically PD patients have lesions in other 

CNS and PNS structures (e.g. the ENS, the sympathetic CG, the IML of the spinal cord, the motor 

nucleus of the vagus or the amigdala) [1, 2]. These lesions are not exclusive of PD [3] and mainly 

consist in intraneuronal and intraglial alpha-synuclein aggregates called Lewy bodies (LB) and Lewy 

neurites (LN).  

In idiopathic PD most of the patients that show PD related inclusions in CNS sites already present LB 

and LN in the ENS and the sympathetic ganglia [4]. Based on autopsies performed on PD patients and 

healthy individuals, Braak and colleagues developed a pathological staging of the disease [5]. 

According to this staging, PD lesions follow a spatio-temporal pattern that starts in the olfactory bulb 

(OB) and the ENS progressing into the CNS through synaptically connected structures. This 

pathological staging of the disease seems to correlate well with the appearance of early non-motor 

symptoms in PD patients. These include hyposmia, gastrointestinal alterations, autonomic 

dysfunction and the experience of pain [6].  

Little is known about the degenerative process of the ENS in PD patients. Physiological studies in 

patients revealed delayed gastric emptying, dystonia of the external anal sphincter that causes 

difficult rectal evacuation and general slow transit constipation probably caused by the loss of 

dopaminergic neurons [7-9]. In recent years many groups have investigated enteric alpha-synuclein 

alterations (i.e. expression of the protein, amount of protein and modifications on the protein) in PD 

patients. Different groups have shown an increase in alpha-synuclein inclusions and phosphorylated 

alpha-synuclein in patients when compared to controls (Thimbaud, Pascal). However, not many 

studies show the effects on the function of the ENS and its composition. 

In our previous studies, we have shown that orally administered rotenone induces alpha-synuclein 

accumulation in most of the regions described in Braak´s staging [10, 11]. The appearance of these 

alterations followed a spatio-temporal pattern similar to the one predicted by Braak and the 

resection of the nerves connecting the gut to the SNC (i.e. the vagus and sympathetic nerves) 

prevented the progression of the pathology. Interestingly, we also observed gastrointestinal 

alterations in rotenone treated mice in the form of constipation. In this study we analyzed the effect 

of orally administered rotenone on the ENS and the gastrointestinal contractility (GC) of the gut. Our 

results show that rotenone affects the electrophysiological properties of the gut and that these 

alterations correlate well with differences in the expression of certain neuronal markers. 

 

 

 

Materials and methods 

Animal model 
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Animal housing 

 

8 weeks-old or 1 year-old C57/BL6J mice (Janvier, France) were housed at room temperature under a 

12-h light/dark cycle. Food and water was provided ad libidum. All animal experiments were carried 

out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals, and protocols were approved by the Saxonian Committee for Animal Research in Germany. 

Oral rotenone administration 

8 weeks and 1 year-old mice were divided into 2 groups (n= 10) and treated 5 days a week for 4 

months. A 1,2 mm x 60 mm gavage (Unimed, Switzerland) was used to administer 0.01 ml/g animal 

weight of rotenone solution corresponding to a 5 mg/kg dose. Controls were treated only with the 

vehicle solution (2% carboxymethylcellulose (Sigma-Aldrich, Germany) and 1.25% chloroform (Carl 

Roth, Germany)). 

1h Stool collection test 

This test was performed every month during treatment. Mice were placed on individual cages for 1 

hour. During this hour all pellets in the cage were collected and weighted.  

Tissue preparation for organ bath and western-blot 

Mice from each group (n=6) were killed with an overdose of ketamine and several adjacent 1 cm long 

intestine samples from each region (duodenum, jejunum, ileum and colon) were obtained. Pieces 

were used to perform contractility studies in an organ bath or immediately frozen in liquid nitrogen 

until protein extraction.  

Contractility studies in an organ bath 

In order to test the motility of the intestinal fragments we measured the contractility using an 

isolated organ bath (Glasapparatemeister, Topas GmbH, Germany) as performed by others [12]. 

Briefly, mice were euthanized and segments of the duodenum, the jejunum, the ileum and the colon 

were removed, submerged in Kreb´s solution (120 mM [NaCl], 5,8 mM [KCl], 2,5 mM [CaCl2], 1,2 mM 

[MgCl2], 1,4 mM [NaH2PO4], 15 mM [NaHCO3], 11 mM [Glucose]). Preparations were gently flushed 

to removed luminal contents, and cut in 1 cm length segments. Segments were then ligated at each 

end with silk thread and suspended longitudinally between two platinum electrodes by attaching one 

end to the isometric force transducer (Transducer Typ SG4-45, SWEMA, Sweden) and the other end 

to the base of the 15 ml chamber filled with Kreb´s solution maintained at 37°C and aerated with 

95% O2/5%CO2. Samples were stabilized in the Kreb´s solution for 45 minutes. During this time the 

bath solution was changed twice and samples were stretched to their optimal resting tone by step-

wise increases until the tension was adjusted at 10 mN. Spontaneous smooth muscle activity (SMA) 

and responses to electrical field stimulation (EFS) were measured in isometric conditions. The 

mechanical activity of the muscle was measured using a transducer amplifier relayed to a bioelectric 

amplifier (Multiplexing Pulse Booster 3165, Gemonio-Varese, Italy) equipped to record muscle 

contractions via a data acquisition system where the force of contraction was recorded with Chart 

4.0TM (AD Instruments, Sydney, NSW, Australia). SMA was characterized for 15 min. after the last 

bath solution change during stabilization in Kreb´s solution and included measurements of tone 

(minimal force during contraction), amplitude (as the difference between maximal force and minimal 
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force exerted during contraction) and frequency (as number of spontaneous contractions per 

minute). Different samples were then exposed to different concentrations (10-6, 3x10-6, 10-5, 3x10-5, 

10-4, 3x10-4, 10-3M) of several neurotransmitters (carbachol, dopamine and noradrenaline) and the 

reaction, determined as differences in maximal force and minimal force exerted, amplitude and 

frequency, were measured. After several medium changes, samples were subjected to EFS using an 

electric stimulator (Föhr Medical Instruments, Seeheim/Ober Beerbach, Germany). The optimal EFS 

parameters were determined after using several values of voltage (5, 10 and 15V) and frequencies 

(10, 16 and 80 Hz) on test samples. We decided to stimulate the ENS from 2 months treated mice 

using three different pulse durations (200, 400 and 800 µs) and reduced the number to two different 

pulse durations (200 and 400 µs) for the 4 months treated mice. In all cases a train duration of 30 

seconds with a voltage of 10V, a pulse delay of 0 seconds and a pulse rate of 16Hz were used. The 

reaction of the sample to EFS was determined after the last change of bath solution and after adding 

each of the following substances: atropine (ATR, 10-5M), guanethidine (GUA, 10-5M), serotonin (SHT, 

10-4M) and tetrodotoxin (TTX, 10-6M). These last substances were added without changing the bath 

solution in-between to investigate the reaction of the ENS first alone and then with i) all cholinergic 

receptors blocked, ii) all cholinergic and noradrenergic receptors blocked, iii) all cholinergic, 

noradrenergic and voltage-gated sodium channels blocked. 

Contractility data for each time-point was translated into a curve by the data acquisition system. 

Parameters such as maximal force, minimal force, amplitude and frequency before and after each 

treatment were automatically extracted using a self-made program written with Matlab (version 

R2014b, Mathworks, Massachusetts, USA). Additionally, to characterize the sudden increases and 

decreases in tension caused by the addition of the different substances resulting in an excitation or 

relaxation curve (see Figure…), an interface was created to manually determine the beginning of the 

curve, the maximum or minimum of the curve and the end of the curve. The program created with 

Matlab then automatically determined the slope, the amplitude of the increase/decrease, the e-

Factor and the e-Exponent of the curve. The effect for each substance concentration on the different 

parameters analyzed was determined by normalizing the values obtained for these parameters after 

the addition of the different concentrations of the substance to the value before any substance was 

added (Time 0). These values were used to generate a dose-response curve for each of the analyzed 

parameters. 

Protein extraction for western-blot 

Protein extraction was done in an ice-cold eppendorf holder using ice cold protein extraction buffer 

(60 mM TrisHCl (pH 6,8), 1mM Na3VO4, 1% SDS) (300µl) in the presence of protease and 

phosphatase inhibitors (phenylmethylsulphonyl fluoride (PMSF, Sigma Aldrich 78830-5g), leupeptin 

(Roche, 11017101001) and aprotinin (Roche, 10236624001), sodium fluoride (NaF, Sigma Aldrich, 

S7920). Intestine samples were cut in smaller pieces, homogenize with the help of a homogenizing 

micro pestle in 1,5 ml Eppendorf tubes. The homogenized sample was then placed in a sonicator 

(Merck Eurolab) during 2 minutes, warmed at 99°C during 5min and centrifuged at 1400 rpm for 5 

minutes. The supernatant was collected and stored at -80 degrees until use.  

SDS-PAGE and Western Blotting 

Protein concentration from intestine extracts was measured using the Nanodrop X100.  Samples 

were then diluted in each case to have the same end protein concentration of 30µg and 20 µl of 
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protein extract were loaded together with 5 µl of loading buffer (Invitrogen, Germany, EU) into a 4-

12% polyacrylamide gel.  

Page ruler 10-250 kDa molecular weight marker was used for size estimation. Proteins were 

separated by electrophoresis migration at 80V for the stacking in 4% acrylamide gel followed by 

migration at 120V in the 12% acrylamide gel. Proteins were then transferred into a nitrocellulose 

membrane in transfer buffer containing 5% methanol, at 10V during 3 hours. To verify the efficiency 

of the transfer, membranes were incubated in a Red Ponceau solution during 2 min and washed 3 

times (3*5min) in deionised water. The aspecific signal was then blocked by incubation of the 

membranes in Tris-buffered saline + 0.1% Tween 20 (TBST 1X) and either 5% (w/v) non-fat dry milk 

for total protein study or 5% (w/v) bovine serum albumine for phosphorylated-antigens. Membranes 

were subsequently incubated overnight à 4°C with rabbit anti-tyrosine hydroxylase (1:1000, Pel 

Freez, P40101-150), mouse anti-GAPDH (1:1000, thermofischer scientific, QL229972), rabbit anti 

ChAT (1:1000, abcam ab181023), rabbit anti PGP9,5 (1:1000, Millipore ref). 

On the following day, blots were washed 3 x 5 min. with TBST 1X and incubated with horseradish 

peroxidase-conjugated anti-rabbit and anti-mouse (1:5000, provider) at room temperature for 1 

hour.  

The blots were subsequently washed 3 x 5 minutes in TBST 1X and developed with the Prime 

Western Blotting detection Reagent (GE Healthcare Amersham RPN2232) using the LAS3000 

bioimager (Fujifilm, Germany, EU). Images were then processed using the open access and ImageJ 

based program FIJI (ww.fiji.sc), where only minor adjustment of the brightness and contrast were 

performed. 

Statistical analysis 

Western-blot and contractility data regarding frequence and electric field stimulation were analyzed 

using an unpaired t-Test. Dose-response curves were compared using the 2-way ANOVA test with a 

Bonferroni´s post-hoc test. Significance was set at p<0.05. 

 

Results 

Rotenone treatment induces changes in the effect of carbachol and dopamine on gastrointestinal 

contractility. 

In order to analyze the effect of rotenone on the ENS of 1-year-old mice, we tested the effect of 

carbachol (an acetylcholine agonist), dopamine and electric field stimulation before and after 

atropine, guanethidine and serotonin addition on the motility of duodenum, jejunum, ileum and 

colon from vehicle and rotenone treated mice. Our results show that rotenone induces changes in 

the dose-response curves to carbachol or dopamine in all tested regions. These alterations are region 

and treatment-time dependent. We did not observe difference in the basal frequency or the basal 

mean amplitude (max-min) (i.e. after stabilizing the samples and before adding any substances) 

between the samples coming from rotenone-treated or control mice (Supplementary Figure 1). 

 

Changes in the Response to Carbachol  
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Carbachol is an acetylcholine agonist that induces an increase in the tone and contractility of the 

intestine. We compared the GC dose-response curves to carbachol in all different segments from 2 

months and 4 months treated control and rotenone-treated mice. Additionally, we looked at other 

parameters such as the slope, the amplitude of the increase/decrease, the e-Factor and the e-

Exponent of the reaction curve (see Supplementary Figure 2). We observed differences in the 

reactivity and the parameters affected by rotenone treatment between intestinal regions.  

After two months of treatment, we observed an increased reaction to carbachol in the duodenum of 

rotenone treated samples when compared to control. Specifically the ∆maximum (p<0.001), 

∆minimum (p<0.01) and the ∆mean amplitude (p<0.001) were higher on rotenone treated samples 

(Figure 1A-C). No differences between control and rotenone treated samples were detected in any of 

the other parameters (∆frequency, slope, amplitude of increase, e-Factor, e-Exponent). After 4 

months of treatment, differences are observed in the slope and in the amplitude of increase of the 

curve generated by carbachol in rotenone treated mice when compared to controls (slope: p< 

0.01;amplitude of increase: p=0.0038, see Figure 2A and 2B). No differences between control and 

rotenone treated samples were detected in any of the other parameters (∆maximum, ∆minimum, 

∆mean amplitude, ∆frequency, e-Factor, e-Exponent) (Supplementary Figure 3A-K).  

In the jejunum, we observed an increase reaction to carbachol in the ∆maximum (p<0.05) and the 

∆mean amplitude (p<0.001) in rotenone-treated samples when compared to control after 2 months 

(Figure 1D and 1E). Interestingly, the post-pre differences in the frequency (p<0.05), the slope 

(p<0.01) and the amplitude of increase (p<0.05) were higher in samples coming from control mice 

(Figure 1F-H). After 4 months of treatment, reaction to carbachol was also increased in samples from 

rotenone treated mice when compared to control (∆maximum: p<0.001; ∆minimum: p<0.0001; 

mean amplitude: p<0.001; amplitude of increase: p<0.05) (see Figure 2C-F). No significant difference 

was observed in any of the other measured parameters at any time point (Supplementary Figure 4A-

G).  

Interestingly the effect of rotenone on the ileum was more heterogeneous after 2 months of 

treatment. Whereas the mean amplitude was higher on rotenone treated samples (p<0.01), the 

slope (p<0.001), the amplitude of increase (p<0.001) and the e-factor (p<0.05) were higher on 

control mice (Figure 1I-L). Interestingly, after 4 months of rotenone treatment carbachol induced a 

higher reaction on samples coming from vehicle treated animals when compared to rotenone 

treated samples (Figure 2G)(p<0.01). No significant difference was observed in any of the other 

measured parameters (Supplementary Figure 5A-K). 

In the colon, rotenone treatment did not induce any significant change after 2 months of treatment. 

After 4 months, rotenone treatment increased the mean amplitude (p<0.05) and decreased the 

frequency (p<0.05) in rotenone-treated mice when compared to control (Figure 2H-I).  No significant 

difference was observed in any of the other measured parameters (Supplementary Figure 6A-O) 

 

Changes in the Response to Dopamine 

We then analyzed the effect of dopamine on the different regions of the intestine. Dopamine is a 

neurotransmitter that induces the relaxation of the intestine reducing the tone and the contractility. 

Our results show that rotenone treatment has a variable effect depending on the time of treatment 
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and the region affected. In general, rotenone treatment decreased the reaction to dopamine after 2 

months of treatment except in the colon. Interestingly, this effect was the opposite after 4 months of 

treatment in all regions but the colon.  

 

In the duodenum, 2 months of rotenone treatment led to a bigger decrease in the tone on control 

samples when compared to treated samples (∆minimum: p<0.05) (Figure 3A). This effect was 

reverted after 4 months of treatment. At this time point, rotenone treated samples reacted more 

strongly to dopamine (∆minimum: p<0.05) (Figure 4A). Also differences in the mean amplitude 

(treated>control; p=0.0223) and the slope (treated>control, p<0.01) were bigger in treated samples 

(Figure 4B-C). No significant difference was observed in any of the other measured parameters 

(Supplementary Figure 7A-L) 

Two months of rotenone treatment also induced a reduced relaxation in the tone of rotenone 

treated jejunum samples (∆minimum: p<0.001)(Figure 3B) and a slower recovery of the tone after 

exposure to dopamine (e-Exponent: p<0.05) (Figure 3C). This effect was also reversed after 4 months 

of treatment. A this time point, dopamine induces a deeper suppression of the contractility 

(∆maximum, p<0.0001); mean amplitude: p=0.0120)(Figure 4D-E. Dopamine also induces a reduction 

in the contractility frequency of control samples that could not be observed in rotenone treated 

samples (p=0.0028)(Figure 4F). No significant difference was observed in any of the other measured 

parameters (Supplementary Figure 8A-K) 

Similarly, 2 months of rotenone reduced the effect of dopamine on the intestinal tone of ileum 

samples (∆minimum: p<0.001; amplitude of increase: p<0.01). Also the reaction-time to dopamine 

(slope: p<0.01) and the time to regain the tone were different (e-Factor: p<0.01) (Figure 3D-G). 

Again, this effect was the opposite after 4 months of treatment (∆minimum: p=0.0114) and also the 

decrease on the contractility of rotenone treated samples was higher then in the controls 

(∆maximum: p=0.001; mean amplitude: p<0.01)(Figure 4G-I). No significant difference was observed 

in any of the other measured parameters (Supplementary Figure 9A-I) 

We only observed a difference in the speed of relaxation induced by dopamine in the colon (slope: 

p<0.01) with a higher slope in control samples after 2 months of treatment (Figure 3H). After 4 

months, the relaxation induced by dopamine was clearly higher in control samples when compared 

to rotenone-treated samples (maximum: p<0.01; minimum: p<0.01; slope: p<0.01 and amplitude of 

increase, p<0.05) (Figure 4J-M). No significant difference was observed in any of the other measured 

parameters (Supplementary Figure 10A-K). 

 

Rotenone treatment induces changes in the response of the ENS to electric field stimulation 

We then tested the effect of rotenone treatment on the ENS using electric field stimulation (EFS). 

Using certain stimulation parameters it is possible to stimulate the neurons of the ENS without 

stimulating the enteric muscle. The reaction to the stimulation is different depending on the 

distribution of the different neuronal subtypes (i.e. cholinergic, serotoninergic, dopaminergic, 

nitrergic, etc…) in the gut. Within the parameters chosen for the experiments (see Material and 

Methods) EFS using a pulse duration of 200 (EFS 200) and 400 (EFS 400) µs on control non-treated 

tissues produced a biphasic TTX-sensitive response as previously reported [13]. This response 
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consisted in an initial relaxation (R1) during the EFS followed by a contraction (C-Off) when the EFS 

stopped.  

 

4 months but not 2 months rotenone treatment increases the reaction of jejunum and ileum to EFS 

in the absence and presence of atropine, guanethidine and serotonin  

 

In order to compare the effect rotenone on the response to EFS on control and treated mice, we 

performed EFS 200 and EFS 400 in the absence or in the presence of atropine (AT), AT and 

guanethidine (G) or AT, G and serotonin (S). We then compared both response curves using a 2 way 

ANOVA. We did not observe any differences between control and rotenone-treated samples after 2 

months of treatment (data not shown).  

We then compared control and rotenone treated samples after four months of treatment. Whereas 

we did not observe any significant differences in the reactions during the R1 or C-Off phases in 

duodenum (Figure 5A-D) or colon (Figure 5M-P) samples, there was a significant increase in the 

reaction of rotenone treated samples during the C-Off phase (i.e. higher contraction) in the jejunum 

(p<0.001) and ileum (p<0.05) under EFS 200 and EFS 400 (Figure 5F,H,J and L). Additionally, there was 

also an increased reaction during the R1 phase (i.e. higher relaxation) on rotenone treated ileum 

samples (p<0.05) compared to controls when stimulated with EFS 200 (Figure 5I).  

We then wanted to investigate the differences in the amount of neurotransmitter or the function of 

the different neuronal subtypes. For this, we compared the effect of EFS alone and in the presence of 

i) atropine (AT), a competitive muscarinic acetylcholine (Ach) receptor antagonist to investigate non-

cholinergic responses, ii) AT and guanethidine (G), a selective inhibitor of noradrenaline release from 

postganglionic adrenergic neurons to investigate non-adrenergic non-cholinergic responses and iii) 

AT, G and serotonin (SHT) to investigate the basal levels of serotonin in the ENS.  

 

Rotenone treatment influences the amount of acetylcholine released during EFS 

In order to indirectly determine the amount of ACh released during the EFS responsible for the 

contraction of the intestinal muscles, we compared the relaxation and contractility during the C-Off 

and R1 phases respectively in the absence and the presence of 10-5M of AT, a competitive 

acetylcholine receptor. In all regions, AT induced a deeper relaxation and a lower contraction when 

compared to the reaction without substances when EFS 200 and EFS 400 were applied (NB: data 

below is shown as a percentage of the EFS 200 or EFS 400 contraction without substances and the p 

values refer to this percentage, if an additional significant difference between control and treated 

samples is shown, the p value will be written separately). 

In the duodenum, 2-months rotenone treatment did not induces differences in the effect of AT on 

the R1-relaxation between controls and treated mice (Figure 6A and C).  The effect of AT on the C-Off 

contraction induced by EFS 200 and EFS 400 was stronger on treated mice (EFS 200: 73.39±11.249, 

p<0.05; EFS 400: 90.42%±18.88; p>0.05) then on control mice (EFS 200: 79.17%±14.14, p>0.05; EFS 

400: 95.322%±20.113, p>0.05) (Figure 6B and D). In the duodenum of 4 months treated mice, we did 

not observe any differences in the effect of AT on the R1-relaxation between controls and treated 
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mice (Figure 7A and C). The effect of AT on the C-Off contraction induced by EFS 200 and EFS 400 was 

stronger on treated mice (EFS 200: 65%±6.538, p<0.001; EFS 400: 68.9%±6.566; p<0.001) then on 

control mice (EFS 200: 81.3%±9.268, p<0.05; EFS 400: 88%±8.791, p<0.05) (Figure 7B and D).  

 

In the jejunum, we observed no differences in the effect of AT on the R1 or C-Off phases of EFS 200 

or EFS 400 after 2 months of treatment (Figure 6E-H). 4 months after treatment, the effect of AT on 

R1-relaxation induced by EFS 200 and EFS 400 was significantly different between control and 

treated samples (p<0.05). AT induced larger R1-relaxation on control samples (EFS 200: 

201%±49.656, p=0.058; EFS 400: 134.9%±42.752, p=0.42) and reduced the R1-relaxation in treated 

samples (EFS 200: 81.788%±18.87, p<0.05; EFS 400: 83.7±13.506, p=0.24) (Figure 8E and G). The 

differences observed on the effect of AT on the C-Off phase between rotenone treated and control 

samples was opposite to the one observed in the duodenum, the ileum and the colon. AT induced a 

significant decrease in the contractility of control mice (EFS 200: 68.5%±10.65, p<0.01; EFS 400: 

74%±7.839, p<0.01), whereas the decrease observed on treated mice was smaller and non-significant 

(EFS 200: 79.16%±10.48, p>0.05; EFS 400: 82.44±10.5, p>0.05) (Figure 8F and H).  

In the ileum, 2 months treatment induced a higher response to AT (p<0.05) in the R1 phase with 

higher relaxations during EFS 400 in rotenone treated mice (EFS 400: 136.076±36.44, p>0.05) when 

compared to control samples (EFS 400: 30.042±21.168, p>0.01) (Figure 6K). We also observed a 

significant reduction of the C-Off contraction in the presence of AT with the EFS 200 on treated 

samples (EFS 200: 65.94%±12.992, p<0.05) but not in controls (EFS 200: 73.371±25.33, p>0.31) 

(Figure 6J). No differences in any of the other analyzed parameters were observed (Figure 6I and L). 

Further 2 months of treatment induced a non-significant higher R1-relaxation in the presence of AT 

on control mice (EFS 200: 257.8%±102.348, p=0.12; EFS 400: 172.55%±33, p>0.05) when compared 

to treated (EFS 200: 185.1%±57.2, p=0.15; EFS 400: 155.88±31.187, p=0.09) (Figure 7I and K). The 

effect of AT on the C-Off contractility was higher on treated samples (EFS 200: 59.825%±6.443, 

p<0.001; EFS 400: 63.08±6.077, p<0.001) then controls (EFS 200: 81.07%±21.46, p>0.05; EFS 400: 

76,07±14.72, p>0.05) (Figure 7J and L).  

In the colon, 2 months treatment induced a significant opposite reaction (p<0.05) between control 

(EFS 200: 80.848%±15.44, p>0.05) and rotenone treated (EFS 200: 230.193%±98.75, p>0.05) samples 

in the R1 phase during the EFS 200 (Figure 6M). Additionally, we also observed a difference on the 

effect of AT on the C-Off phase of the EFS 200 with a significant reduction of the C-Off contraction in 

the presence of AT when using the EFS 200 on treated samples (EFS 200: 27.02%±11.87, p<0.001) but 

not in controls (EFS 200: 99.826±36.55, p>0.99) (Figure 6N). After 4 months of treatment, AT had no 

effect on the C-Off contractility in control or treated mice (Figure 7N and P). Interestingly, the effect 

of AT on the R1 EFS-induced relaxation was opposite to all other intestinal regions and to the effect 

after 2 months of treatment on treated samples. AT diminished the relaxation induced by EFS in both 

control (EFS 200: 63.8%±14.30, p<0.05; EFS 400: 63.56%±14.458, p<0.05) and treated (EFS 200: 

70,74%±10.08, p<0.05; EFS 400: 70.60%±9.899, p<0.01) samples (Figure 7M and O). No difference 

between treatments was observed.  

Altogether these results suggest that rotenone treatment affects cholinergic innervation in the 

intestine. The quality and degree of dysfunction depends on the region affected. 
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2 months but not 4 months rotenone treatment influences the nonadrenergic, noncholinergic 

(NANC) reaction to EFS 200 or EFS 400 

 

We then analyzed the NANC reaction of the different regions to EFS 200 and EFS 400. For this we 

added 10-5M guanethidine to the Kreb´s solution, that already contained AT. In general the NANC 

reaction to EFS showed non-significant increases in the R1 relaxation and non-significant higher C-Off 

contractions in most of the regions when compared to the reaction with AT at any time point. The 

only region were we observed a difference between the reaction with AT alone and AT+G was in the 

colon after 2 months of treatment. In treated samples but not in controls, the addition of 

guanethidine induces an increased contraction in the C-Off phase during EFS 200 (AT: 

27,022%±11.878, AT+G: 234,174 ± 39.16, p<0.001) and a reduced relaxation in the R1 phase during 

EFS 400 (AT: 122.885%±16.826, AT+G: 72.993%±5.818, p<0.05) (Figure 6N and O). After 4 months of 

treatment, we only observed an increase in the C-Off contraction after addition of guanethidine 

during EFS 200 and EFS 400 in the ileum of rotenone treated mice (EFS 200: AT: 59.825%±6.443, 

AT+G: 121.528± 17.83, p<0.01; EFS 400: AT: 63.085±6.077, AT+G: 116.604±14.86, p<0.01) , where the 

effect of AT had been the highest (Figure 7J and L). Our results show no significant differences in the 

NANC reaction to EFS 200 and EFS 400 between rotenone treated and control samples in all regions 

studied (Figure 7A-P). 

 

ENS Reaction to Serotonin is not altered by rotenone treatment 

In PD, the serotoninergic system in the brainstem is affected. Therefore, we tested the serotoninergic 

system in the gut. For this we added 10-4M of SHT before performing the EFS. In all regions except 

the colon, SHT addition induced an increased contractility. The magnitude of this increase was region 

dependent. ∆maximum was significantly higher (p<0.05) in the duodenum (∆maximum: control 

1.395±0.13, treated 1.474±0.127) when compared to the ileum (∆maximum: control 1.009±0.03, 

treated 0.924±0.036) and the colon (∆maximum: control 0.877±0.055, treated 0.851±0.04) and in the 

jejunum (∆maximum: control 1.209±0.04, treated 1.205±0.09) when compared to the colon (p<0.05) 

(Supplementary Figure 11A-F). The effect of SHT on the intestinal tonus depended on the region. It 

induced an increase of tonus in the duodenum (∆minimum: control 1.202±0.0086, treated 

1.249±0.08) and the jejunum (∆minimum: control 1.118±0.066, treated 1.068±0.029), it had no effect 

on the colon (∆minimum: control 1.03±0.085, treated 0.972±0.026) and it decreased the tonus in the 

ileum (∆minimum: control 0.93±0.033, treated 0.914±0.055). We did no observe any differences 

between rotenone treated and control samples (p>0.05) (Supplementary Figure 11A-D). 

 

We then analyzed the effect of EFS 200 and EFS 400 in the presence of SHT. Our results only show a 

significant decrease in the C-Off contractility after the addition of SHT in the duodenum when 

applying the EFS 400 (p<0.05) (Figure 8D).  

 

Western-Blot 
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Rotenone treatment induces modifications of neuronal-specific markers in the intestine of 8-

weeks-old mice. 

In order to analyze the effect of rotenone on the ENS of 8-weeks-old mice, we studied the expression 

of markers of the different neuronal populations present in the jejunum, ileum and colon from 

vehicle and rotenone treated mice. Our results show that rotenone induces changes in all tested 

regions. These alterations are region, and treatment-dependent.  

 

Region-dependent modifications of the neuronal marker PGP9,5 in the intestine of mice exposed to 

rotenone during 4 months. 

To study the effect on rotenone exposure on neuronal cells compared to non-neuronal cells, we 

analyzed the protein expression of PGP9,5, an ubiquitin carboxy-terminal hydrolase mainly expressed 

in nerve cells compared to the expression of Glycerinaldehyd-3-phosphat-Dehydrogenase (GAPDH), 

which is stably expressed among the different cell populations and has be used here as a loading 

control.  

 We compared the protein expression of PGP9,5 in all different segments from 4 months-rotenone-

treated and control mice and observed differences in the effect of rotenone treatment in the relative 

protein expression level of PGP between intestinal regions. Indeed, in the ileum and the colon of 

rotenone-treated mice, PGP9,5 levels were lower compared to control mice (p=XXX and p=XXX 

respectively, figure Xx and Xx) suggesting that rotenone induced a diminution of the neuronal 

population within these region compared to the total number of cells. However, in the jejunum, 

rotenone treatment did not induce any significant change after 4 months of treatment (figure Xx) 

suggesting a region-specific sensitivity to rotenone within the intestine. 

So that we specify which neuronal population was the most affected among the different 

populations present we studied the effect of rotenone exposure on the cholinergic and 

catecholaminergic neuronal populations of the intestine.  

 

Rotenone exposure induces a decrease of Choline acetyltransferase, in the intestine of 8-weeks-old 

mice exposed to rotenone during 4 months. 

We analyzed the relative protein level of the choline acetyltransferase, an enzyme implicated in the 

synthesis of acetylcholine within the cholinergic neurons in the central nervous system and the 

peripheral nervous system. We compared the protein expression of ChAT in all different segments 

from 4 months rotenone-treated mice and controls and normalized this expression to the neuronal 

marker PGP9,5. As presented in figure XXX, XXX and XXX we observed a significant decrease of ChAT 

protein levels induced by rotenone treatment in all intestinal regions. 

 

Rotenone exposure induces a moderate decrease of Tyrosine hydroxylase, in the intestine of 8-weeks-

old mice exposed to rotenone during 4 months. 

We also analyzed the relative protein level of the tyrosine hydroxylase (TH), implicated in the 

synthesis of the catecholamines dopamine, epinephrine and norepinephrine in the central nervous 
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system and the peripheral nervous system. We compared the protein expression of TH in all different 

segments from 4 months rotenone-treated mice and controls and normalized this expression to the 

neuronal marker PGP9,5.  

Although a significant decrease of TH protein levels was observed in the jejunum of rotenone-treated 

mice (p=xxx), this reduction did not reach the significance threshold in ileum and colon (p=xxx and 

p=xxx respectively). We therefore concluded that cathecolaminergic neurons of the intestine were 

less sensitive to the exposure to rotenone than cholinergic neurons. 

 

Rotenone treatment induces modifications of neuronal-specific markers in the intestine of 1-year-

old mice. 

As this animal model of chronic exposure to low doses of rotenone was first created in 1-year-old 

mice, we also realized the study of the impact of rotenone in the different neuronal populations 

present in the jejunum, ileum and colon of 1-year-old mice exposed to rotenone during 2 and 4 

months.  

 

Region and age-dependent modifications of the neuronal marker PGP9,5 in the intestine of mice 

exposed to rotenone during 2 months and 4 months. 

As for the samples of younger mice, we first studied the impact of rotenone on the entire neuronal 

population by comparing the expression of PGP9,5 to the one of GAPDH.  

After two months of treatment, the effect of rotenone on the jejunum, ileum and colon was more. 

Indeed, a non-significant decrease was observed in the jejunum (p=0,2834, figure xxx) while PGP9,5 

levels were either similar between control and rotenone treated samples in the ileum or lightly 

higher in the colon .  

After 4 months of treatment, a non-significant decrease of PGP9,5 levels was observed in the ileum 

of 1-year-old treated mice while no difference was detected in the jejunum, correlating the results 

obtained in the 8-weeks-old mice. However, in the colon, no difference was observed for PGP9,5 

levels in the colon of rotenone treated mice when compared to controls (p=0,9723, see Figure 

XX)whereas in the 8-weeks-old mice PGP9,5 levels were decreased in rotenone treated mice 

compared to control mice. If confirmed in a larger cohort of mice, this analysis in colon would 

suggest a different reaction of neuronal populations to rotenone exposure depending on the age of 

the subject.  

 

Rotenone exposure induces modifications of Choline acetyltransferase levels, in the intestine of 1-

year-old mice exposed to rotenone during 2 months and 4 months. 

We next analyzed the relative protein expression of Choline acetyltransferase compared to PGP9,5 in 

the duodenum, jejunum, ileum and colon of 1-year-old mice after 2 months and 4 months of 

rotenone exposure.  
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In all tested regions, we observed a decrease of ChAT expression in rotenone-treated samples when 

compared to control after 2 months (fig XX and XX). This decrease was significant only in the colon 

(p=0,0309, Figure XXX).  

 

After 4 months of treatment, ChAT levels were also decreased in samples from rotenone treated 

mice when compared to control in the jejunum but not in the ileum and colon (see Figure XXX) 

revealing an age-dependent and region-dependent effect of rotenone on cholinergic neurons of the 

intestine. 

 

Rotenone exposure modifies Tyrosine hydroxylase protein levels in the intestine of 1-year-old mice 

exposed to rotenone during 2 months and 4 months. 

We realized the analysis of the relative protein level of the tyrosine hydroxylase (TH) normalized to 

the neuronal marker PGP9,5 in all different segments from 2 months and 4 months rotenone-treated 

mice and controls.  

After two months of rotenone exposure, TH levels were significantly higher in rotenone treated 

samples compared to control samples in colon (p=0,0237), suggesting maybe a compensatory 

mechanism involving a higher production of TH in order to compensate a moderate cell death of 

catecholaminergic neurons as it has been observed in the brain in other animal model of 

parkinsonism (Grennwood et al., 1991; Bubak et al., 2015).  In the meantime, no difference was 

observed in the ileum. Moreover, TH levels were significantly lower in the jejunum of rotenone 

treated mice (p=0,0428), highlighting once again the region-specific effect of rotenone treatment in 

the intestine.  

The results obtained for TH in 1-year-old mice after 4 months of rotenone exposure are surprising 

compared to the one obtained in 8-weeks-old mice. As a matter of fact, the pattern of TH expression 

within the intestine does not correlate the observation made in the intestine of 8-weeks-old mice. 

Indeed, no significant difference was observed between rotenone-treated and control mice for all 

regions studied after 4 months of exposure, including the jejunum. However, a tendency of increase 

was observed in the ileum and the colon whereas no modification were observed in the jejunum. 

These western blot experiments therefore show that rotenone treatment during two and four 

months do modify the neuronal population within the intestine in a region, age and treatment-

dependent manner. While searching for a potential treatment for the gastro-intestinal non-motor 

symptoms of PD it will therefore be essential to determine more precisely the affected neuronal 

population causing the symptoms in order to adapt the therapeutic strategies. 

 

Discussion 

 

In a recent study, Annerino and colleagues did not observe neuronal loss in the myenteric ganglia of 

PD patients when compared to controls. 
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Non-motor symptoms in Parkinson´s disease are widely spread among patients. Their prevalence 

varies depending on the type of symptom but, unlike motor symptoms, they are not always observed 

in PD patients [14-20]. According to Braak´s pathological staging, most of the nervous structures 

whose impairment is thought to give raise to non-motor symptoms (e.g. enteric, sympathetic or 

parasympathetic systems) are affected in very early stages of the disease showing PD-pathology in 

the form of LB and LN [1]. In this study we show that rotenone treatment induces alpha-synuclein 

accumulation and cell death in enteric neurons and the degeneration of the sympathetic enteric 

innervation in the gut of treated mice. These alterations are correlated with changes in the motility 

of the gut.  

We also characterized the effect of rotenone on sympathetic neurons in vitro. The degenerative 

process of the sympathetic ganglia has been observed in PD and Lewy Body disease patients and 

classified within three stages in which neurite loss precedes neuronal loss [21, 22]. In the early stage, 

a few LBs are observed in the ganglia but the number of neurons and immunoreactivity for TH is well 

preserved. In the middle stage, many LBs are found in the ganglia and the number of neurons 

appears to be normal with H&E staining. However, a significant number of neuronal somata (about 

20–30% of neurons) are TH-immunonegative. In the advanced stage, there is apparent neuronal loss 

in the ganglia and the number of LBs is decreased compared with the middle stage. Interestingly, we 

could observe similar alterations in vitro by treating sympathetic neurons with different 

concentrations of rotenone. We observed neurite degeneration and LB-like alpha-synuclein 

inclusions that were also positive for TH. These alterations could be observed with rotenone 

concentrations higher than 100 µM and preceded sympathetic neuronal death in the case of the 

highest concentration of rotenone (5 µM).  

Previous studies have shown both an up-regulation and a down-regulation of alpha-synuclein 

expression upon exposure to different toxins [23-25]. It is still unclear whether the aggregation of 

alpha-synuclein is induced by an up-regulation of its expression or by posttranslational modifications. 

We analyzed the effect of rotenone treatment on alpha-synuclein and TH expression. Despite the 

appearance of alpha-synuclein inclusions, our results show a down regulation of alpha-synuclein 

expression upon rotenone treatment. Altogether these results suggest that the appearance of ASYN 

accumulations within sympathetic neurons is not due to an increase in its expression and is 

independent of the total alpha-synuclein content. Thus, suggesting that other processes such as 

apha-synuclein post-translational modifications may be responsible for the increase in alpha-

synuclein to alpha-synuclein interactions. We also speculate that the down-regulation of alpha-

synuclein and TH expression could be linked to the neurite degeneration. Alpha-synuclein is a 

presynaptic protein and TH is an enzyme needed to produce noradrenaline both located to the 

synaptic terminals. Therefore, the disappearance of the neurites could induce a feedback leading to 

the down-regulation of alpha-synuclein and TH expression.  

Two hypothesis have been postulated to explain the appearance and progression of PD pathology in 

patients: i) a double action (peripheral and central) of a systemic noxa and ii) the enteric/olfactory 

spreading hypothesis, that postulates that toxins or infectious agents acting on the enteric nervous 

system and the olfactory bulb could trigger the appearance of the pathology and its progression into 

and throughout the CNS. As PD has been related to the exposure to pesticides [26, 27], some authors 

suggest that the progression pattern observed in PD patients could be explained by the systemic 

effect of environmental toxins on the nervous system [28-30] leading to the first hypothesis. If we 
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apply this hypothesis to our model, the pathology progression pattern that we observe would be a 

consequence of neuronal differences in the sensitivity to Complex I inhibition. Therefore, 

sympathetic neurons should be more sensitive to rotenone treatment than dopaminergic neurons. In 

order to test the first hypothesis, we compared the effect of different concentrations of rotenone on 

sympathetic and dopaminergic neurons in vitro. Our results clearly show that dopaminergic neurons 

are up to 100 time more sensitive to rotenone than sympathetic neurons, suggesting that the 

pathology progression observed in oral rotenone treated mice is not due to a systemic effect of the 

substance. In the last years, different studies have shown that injected or locally produced ASYN can 

spread from one region to another of the nervous system [31-33]. More recently, a study showed 

that full and partial vagotomy reduced the risk of developing Parkinson´s disease [34]. Thus 

supporting the spreading hypothesis. 

Although clinical studies are needed, PET-CT studies using meta-iodobenzylguanidine (MIBG) or 

similar radiotracers could be used to detect variations in the sympathetic neurite density of the gut. 

Our results suggest that the sympathetic denervation of the ENS is an early event in the progression 

of PD and has the potential to be used as biomarker for the diagnosis of the disease in its initial steps.  

 

Authors Contribution: FP-M designed the study. YD treated the mice. UR and FP-M designed the 

contractility experiments. RM, YD and FP-M performed the contractility experiments. KB wrote the 

Matlab quantification program. UR, GS, KB and FP-M analyzed the contractility results. AS and FP-M 

performed the western-blots, CV-B, AS, RF and FP-M analyzed the western-blot results. MD, KB, RF 

and FP-M wrote the manuscript. 

 

 

1. Braak H, Sastre M, Bohl JR, de Vos RA, Del Tredici K: Parkinson's disease: 
lesions in dorsal horn layer I, involvement of parasympathetic and 
sympathetic pre- and postganglionic neurons. Acta Neuropathol 2007, 
113(4):421-429. 

2. Wakabayashi K, Takahashi H, Ohama E, Ikuta F: Parkinson's disease: an 
immunohistochemical study of Lewy body-containing neurons in the 
enteric nervous system. Acta Neuropathol 1990, 79(6):581-583. 

3. Wakabayashi K, Takahashi H: Cellular pathology in multiple system atrophy. 
Neuropathology 2006, 26(4):338-345. 

4. Braak H, de Vos RA, Bohl J, Del Tredici K: Gastric alpha-synuclein 
immunoreactive inclusions in Meissner's and Auerbach's plexuses in cases 
staged for Parkinson's disease-related brain pathology. Neurosci Lett 2006, 
396(1):67-72. 

5. Braak H, Ghebremedhin E, Rub U, Bratzke H, Del Tredici K: Stages in the 
development of Parkinson's disease-related pathology. Cell Tissue Res 2004, 
318(1):121-134. 

6. Wolters E, Braak H: Parkinson's disease: premotor clinico-pathological 
correlations. J Neural Transm Suppl 2006(70):309-319. 

7. Krogh K, Christensen P: Neurogenic colorectal and pelvic floor dysfunction. 
Best practice & research Clinical gastroenterology 2009, 23(4):531-543. 



347 
 

8. Marrinan S, Emmanuel AV, Burn DJ: Delayed gastric emptying in Parkinson's 
disease. Mov Disord 2014, 29(1):23-32. 

9. Pfeiffer RF: Gastrointestinal dysfunction in Parkinson's disease. Lancet 
Neurol 2003, 2(2):107-116. 

10. Pan-Montojo FJ, Funk RH: Oral administration of rotenone using a gavage and 
image analysis of alpha-synuclein inclusions in the enteric nervous system. 
Journal of visualized experiments : JoVE 2010(44). 

11. Pan-Montojo F, Schwarz M, Winkler C, Arnhold M, O'Sullivan GA, Pal A, Said J, 
Marsico G, Verbavatz JM, Rodrigo-Angulo M et al: Environmental toxins trigger 
PD-like progression via increased alpha-synuclein release from enteric 
neurons in mice. Scientific reports 2012, 2:898. 

12. Nagy JI, Urena-Ramirez V, Ghia JE: Functional alterations in gut contractility 
after connexin36 ablation and evidence for gap junctions forming electrical 
synapses between nitrergic enteric neurons. FEBS Lett 2014, 588(8):1480-
1490. 

13. Bertoni S, Gabella G, Ghizzardi P, Ballabeni V, Impicciatore M, Lagrasta C, Arcari 
ML, Barocelli E: Motor responses of rat hypertrophic intestine following 
chronic obstruction. Neurogastroenterology and motility : the official journal of 
the European Gastrointestinal Motility Society 2004, 16(3):365-374. 

14. Maass A, Reichmann H: Sleep and non-motor symptoms in Parkinson's 
disease. J Neural Transm (Vienna) 2013, 120(4):565-569. 

15. Klingelhoefer L, Reichmann H: Pathogenesis of Parkinson disease-the gut-
brain axis and environmental factors. Nature reviews Neurology 2015, 
11(11):625-636. 

16. Aarsland D, Pahlhagen S, Ballard CG, Ehrt U, Svenningsson P: Depression in 
Parkinson disease--epidemiology, mechanisms and management. Nature 
reviews Neurology 2012, 8(1):35-47. 

17. Chen W, Xu ZM, Wang G, Chen SD: Non-motor symptoms of Parkinson's 
disease in China: a review of the literature. Parkinsonism Relat Disord 2012, 
18(5):446-452. 

18. Pfeiffer RF: Autonomic dysfunction in Parkinson's disease. Expert review of 
neurotherapeutics 2012, 12(6):697-706. 

19. Defazio G, Gigante A, Mancino P, Tinazzi M: The epidemiology of pain in 
Parkinson's disease. J Neural Transm (Vienna) 2013, 120(4):583-586. 

20. Todorova A, Jenner P, Ray Chaudhuri K: Non-motor Parkinson's: integral to 
motor Parkinson's, yet often neglected. Practical neurology 2014, 14(5):310-
322. 

21. Amino T, Orimo S, Itoh Y, Takahashi A, Uchihara T, Mizusawa H: Profound 
cardiac sympathetic denervation occurs in Parkinson disease. Brain Pathol 
2005, 15(1):29-34. 

22. Orimo S, Amino T, Itoh Y, Takahashi A, Kojo T, Uchihara T, Tsuchiya K, Mori F, 
Wakabayashi K, Takahashi H: Cardiac sympathetic denervation precedes 
neuronal loss in the sympathetic ganglia in Lewy body disease. Acta 
Neuropathol 2005, 109(6):583-588. 

23. Manning-Bog AB, McCormack AL, Li J, Uversky VN, Fink AL, Di Monte DA: The 
herbicide paraquat causes up-regulation and aggregation of alpha-
synuclein in mice: paraquat and alpha-synuclein. J Biol Chem 2002, 
277(3):1641-1644. 



348 
 

24. Manning-Bog AB, McCormack AL, Purisai MG, Bolin LM, Di Monte DA: Alpha-
synuclein overexpression protects against paraquat-induced 
neurodegeneration. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 2003, 23(8):3095-3099. 

25. Di Monte DA: The environment and Parkinson's disease: is the nigrostriatal 
system preferentially targeted by neurotoxins? Lancet Neurol 2003, 2(9):531-
538. 

26. Gorell JM, Johnson CC, Rybicki BA, Peterson EL, Richardson RJ: The risk of 
Parkinson's disease with exposure to pesticides, farming, well water, and 
rural living. Neurology 1998, 50(5):1346-1350. 

27. Tanner CM, Kamel F, Ross GW, Hoppin JA, Goldman SM, Korell M, Marras C, 
Bhudhikanok GS, Kasten M, Chade AR et al: Rotenone, paraquat, and 
Parkinson's disease. Environ Health Perspect 2011, 119(6):866-872. 

28. Betarbet R, Sherer TB, MacKenzie G, Garcia-Osuna M, Panov AV, Greenamyre JT: 
Chronic systemic pesticide exposure reproduces features of Parkinson's 
disease. Nat Neurosci 2000, 3(12):1301-1306. 

29. Sherer TB, Betarbet R, Testa CM, Seo BB, Richardson JR, Kim JH, Miller GW, Yagi 
T, Matsuno-Yagi A, Greenamyre JT: Mechanism of toxicity in rotenone models 
of Parkinson's disease. J Neurosci 2003, 23(34):10756-10764. 

30. Sherer TB, Betarbet R, Greenamyre JT: Pesticides and Parkinson's disease. 
ScientificWorldJournal 2001, 1:207-208. 

31. Holmqvist S, Chutna O, Bousset L, Aldrin-Kirk P, Li W, Bjorklund T, Wang ZY, 
Roybon L, Melki R, Li JY: Direct evidence of Parkinson pathology spread from 
the gastrointestinal tract to the brain in rats. Acta Neuropathol 2014, 
128(6):805-820. 

32. Luk KC, Kehm V, Carroll J, Zhang B, O'Brien P, Trojanowski JQ, Lee VM: 
Pathological alpha-synuclein transmission initiates Parkinson-like 
neurodegeneration in nontransgenic mice. Science 2012, 338(6109):949-953. 

33. Desplats P, Lee HJ, Bae EJ, Patrick C, Rockenstein E, Crews L, Spencer B, Masliah E, 
Lee SJ: Inclusion formation and neuronal cell death through neuron-to-
neuron transmission of alpha-synuclein. Proc Natl Acad Sci U S A 2009, 
106(31):13010-13015. 

34. Svensson E, Horvath-Puho E, Thomsen RW, Djurhuus JC, Pedersen L, 
Borghammer P, Sorensen HT: Vagotomy and subsequent risk of Parkinson's 
disease. Ann Neurol 2015, 78(4):522-529. 

 

 

 

 

 

 

 

 

 



349 
 

 

 

  



350 
 

Figure legends:  

 

Figure 8: Rotenone-induced modifications of neural markers in the jejunum of 8-weeks-old mice 

after 4 months of exposure. (A) Representative western blots using antibodies raised against 

tyrosine hydroxylase (TH), Pgp9.5, nNOS and glycerinaldehyde-3-phosphate-dehydrogenase 

(GAPDH), respectively realized in the jejunum of mice exposed to the solvent (= Control) or to chronic 

low doses of rotenone (5mg/kg/day) during 2 months. Gapdh expression was used as a loading 

control. B-D) Graphic representation of the relative protein expression of tyrosine hydroxylase (TH,) 

normalized to the expression of PGP9.5 (B), nNOS normalized to the expression of PGP9.5(C) and 

PGP9.5 normalized to the expression of glycerinaldehyde-3-phosphat-dehydrogenase (Gapdh, D) in 

the jejunum (n=3 for each condition).  
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Figure 9: Rotenone-induced modifications of neural markers in the ileum of 8-weeks-old mice after 

4 months of exposure. (A) Representative western blots using antibodies raised against choline 

acetyltransferase (CHAT), tyrosine hydroxylase (TH), Pgp9.5, nNOS, and glycerinaldehyde-3-

phosphate-dehydrogenase (GAPDH), respectively realized in the ileum of mice exposed to the 

solvent (= Control) or to chronic low doses of rotenone (5mg/kg/day) during 2 months. Gapdh 

expression was used as a loading control. B-E) Graphic representation of the relative protein 

expression of and PGP9.5 normalized to the expression of glycerinaldehyde-3-phosphat-

dehydrogenase (Gapdh, B), tyrosine hydroxylase (TH) normalized to the expression of PGP9.5 (C), 

choline acetyltransferase (ChAT) normalized to the expression of PGP9.5 (D) and nNOS normalized to 

the expression of PGP9.5(E) in the ileum (n=3 for each condition).  
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Figure 10: Rotenone-induced modifications of neural markers in the intestine of 8-weeks-old mice 

after 4 months of exposure. (A) Representative western blots using antibodies raised against choline 

acetyltransferase (CHAT), tyrosine hydroxylase (TH), Pgp9.5, nNOS, and glycerinaldehyde-3-

phosphate-dehydrogenase (GAPDH), respectively realized in the ileum of mice exposed to the 

solvent (= Control) or to chronic low doses of rotenone (5mg/kg/day) during 2 months. Gapdh 

expression was used as a loading control. B-E) Graphic representation of the relative protein 

expression of and PGP9.5 normalized to the expression of glycerinaldehyde-3-phosphat-

dehydrogenase (Gapdh, B), tyrosine hydroxylase (TH) normalized to the expression of PGP9.5 (C), 

choline acetyltransferase (ChAT) normalized to the expression of PGP9.5 (D) and nNOS normalized to 

the expression of PGP9.5(E) in the ileum (n=3 for each condition). 
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Supplementary figure 12: Rotenone-induced modifications of neuronal markers in the intestine of 

1-year-old mice after 2 months of exposure. (A) Representative western blots realized in the 

jejunum of mice exposed to rotenone during 2 months compared to control mice. A significant 

decrease of tyrosine hydroxylase (TH) levels is observed in rotenone-treated mice (n=5) compared to 

control mice (n=5; p=0,0428). No difference was observed for Choline acetyltransferase (ChAT) levels 

and PGP9,5 levels between the two groups. (B) Graphic representation of the western blots results 

obtained in the jejunum. (C) Representative western blots realized in the ileum of mice exposed to 

rotenone during 2 months (n=3) compared to control mice (n=3). No significant difference in the 

levels of PGP9,5, TH and ChAT was observed. (D) Graphic representation of the western blots results 

obtained in the ileum. (E) Representative western blots and data summary of colon of mice exposed 

to rotenone during 2 months (n=5) compared to control mice (n=5) showing a significant increase of 

tyrosine hydroxylase (TH) levels in rotenone treated mice (n=5) compared to control mice (n=5, 

p=0,0236). A significant decrease of ChAT levels is also observed in the rotenone treated group 

compared to the control group. No difference was observed for PGP9,5 levels in the condition tested. 

(F) Graphic representation of the western blots results obtained in the colon. 
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Supplementary figure 13: Rotenone-induced modifications of neuronal markers in the intestine of 

1-year-old mice after 4 months of exposure. (A) Representative western blots realized in the 

jejunum of mice exposed to rotenone during 4 months compared to control mice. A non-significant 

decrease of Choline acetyltransferase (ChAT) levels is observed in rotenone-treated mice (n=5) 

compared to control mice (n=5; p=0,1327). No difference was observed for tyrosine hydroxylase (TH) 

levels and PGP9,5 levels between the two groups. (B) Graphic representation of the western blots 

results obtained in the jejunum. (C) Representative western blots realized in the ileum of mice 

exposed to rotenone during 4 months (n=2) compared to control mice (n=3). No significant 

difference in the levels of PGP9,5, TH and ChAT was observed. (D) Graphic representation of the 

western blots results obtained in the ileum. (E) Representative western blots realized in the colon of 

mice exposed to rotenone during 4 months (n=5) compared to control mice (n=5) showing no 

significant difference in tyrosine hydroxylase (TH), PGP9,5 and ChAT levels in rotenone treated mice 

(n=5) compared to control mice (n=5, p=0,0236). (F) Graphic representation of the western blots 

results obtained in the colon 
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Résumé 

La maladie de Parkinson (MP) est une maladie neurodégénérative caractérisée par trois symptômes 

moteurs principaux : la bradykinésie, la rigidité et le tremblement de repos. Son diagnostic définitif 

repose sur l’identification post-mortem d’une importante mort des neurones dopaminergiques de la 

substance noire (SN) et la présence de corps de Lewy dans les neurones survivants. Cette maladie 

progresse lentement et les premiers symptômes moteurs n’apparaissent qu’après la dégénérescence 

de plus de 50% de la SN. Le diagnostic clinique de MP est donc établi tardivement, réduisant ainsi la 

fenêtre d’action thérapeutique. De plus, les traitements actuels ne soulagent que temporairement 

les symptômes moteurs. Les défis de la recherche actuelle pour la MP sont donc : 1) d’anticiper le 

diagnostic de la MP à un stade où la SN est encore suffisamment intacte pour mettre en place des 

stratégies neuroprotectrices, et 2) d’améliorer les traitements actuels et/ou développer de nouvelles 

stratégies thérapeutiques pour stopper la progression de la maladie avant que le phénotype moteur 

ne soit installé. Le stade clinique de la MP est précédé d’une phase prémotrice durant laquelle les 

patients présentent souvent des symptômes non moteurs tels que l’anosmie, la dépression ou la 

constipation. Des travaux récents suggèrent que les lésions caractéristiques de la MP pourraient 

d’abord apparaître dans le système nerveux périphérique puis progresser lentement jusqu’au 

cerveau. Ces stades précoces de la MP sont cependant mal connus et leurs caractéristiques méritent 

d’être étudiées dans des modèles expérimentaux appropriés. Ainsi, des études récentes ont montré 

que la ghréline, un peptide gastro-intestinal, protège les neurones dopaminergiques de la SN contre 

la mort dans des modèles in vivo et in vitro de syndrome parkinsonien. De plus, dans un modèle 

animal de syndrome parkinsonien, la ghréline prévient l’aggravation des symptômes gastro 

intestinaux par la L-DOPA, traitement médicamenteux principal de la MP. Enfin, des altérations des 

concentrations plasmatiques de ghréline ont également été observées chez les patients aux stades 

précoces de la maladie. Dans ce contexte, nous avons émis l’hypothèse que la ghréline pourrait jouer 

un rôle important aux stades précoces de la maladie et donc être utilisée comme biomarqueur et/ou 

agent neuroprotecteur dans la MP. Ainsi, l’objectif de ma thèse était d’étudier les rôles de la ghréline 

aux stades précoces de la MP par des approches in vitro et in vivo.  

La première étape a consisté à déterminer les effets de la ghréline dans des cultures primaires de 

cellules mésencéphaliques exposées au pesticide roténone, un inhibiteur du complexe I 

mitochondrial connu pour son association avec la MP. Contrairement aux données de la littérature, 

nous montrons un effet délétère en fonction de la dose et du temps sur les cellules exposées à la 

roténone. Nous ne confirmons donc pas l’effet neuroprotecteur de la ghréline dans nos conditions 

expérimentales. En parallèle, nous avons étudié le potentiel de la ghréline en tant que biomarqueur 

dans un modèle murin de syndrome parkinsonien reproduisant les stades précoces de la maladie 

après exposition orale chronique à de faibles doses de roténone. Nous avons d’abord validé ce 

modèle et confirmé le développement des altérations non motrices et l’absence de mort neuronale 

au sein de la SN après 1.5 mois de ce régime. En revanche, nos résultats ne montrent pas de 

modification des taux plasmatiques de ghréline chez les souris exposées 1.5 mois à la roténone. 

Cependant, des facteurs tels que l’anxiété pourraient avoir affecté les taux de ghréline. Ces données 

devront donc être confirmées avec des animaux stratifiés selon leur niveau d’anxiété et/ou de plus 

longues expositions. En conclusion, nos résultats interrogent le rôle neuroprotecteur de la ghréline 

dans la MP et posent les bases pour de futures recherches sur l’implication de cette hormone 

orexigène dans la MP. 
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Abstract 

Parkinson’s disease (PD) is the second most frequent neurodegenerative disease in the world. It is 

characterized by motor symptoms such as bradykinesia, rigidity and resting tremor. Its definite 

diagnosis relies on the identification of specific neuropathological hallmarks at autopsy including 

severe neuronal death within the substantia nigra (SN) and the presence of Lewy bodies in the 

surviving neurons. PD progresses slowly and the first motor symptoms appear when more than 50% 

of the SN has degenerated. Therefore, the clinical diagnosis is established late in the course of the 

disease, thus restricting the therapeutic window for clinicians. In addition, the currently available 

therapeutic options can only temporarily alleviate PD motor symptoms. The challenges of current PD 

research are: 1) to anticipate the diagnosis and be able to identify the disease as early as possible, 

when the SN is still intact enough to implement a disease-modifying/neuroprotection strategy to 

prevent the appearance of motor symptoms, and 2) to improve current medications and/or develop 

new therapeutic strategies able to stop the disease before the motor phenotype is installed. The 

decade preceding PD clinical diagnosis is of particular interest since patients often complain about 

non-motor symptoms such as anosmia, depression or constipation. Moreover, recent evidences 

suggest that PD-characteristic lesions could first appear in the peripheral nervous system and slowly 

progress towards the brain. Thus PD earlier stages and their characteristics deserve better 

investigations using appropriate experimental models. In this regard, recent studies undertaken in 

animal and cellular models of advanced parkinsonism have suggested that ghrelin, an orexigenic 

peptide mainly produced in the stomach, could play a neuroprotective role in PD. Indeed, exposure 

to ghrelin has shown a protective effect against the neuronal death in animal and cellular models of 

parkinsonism. In addition, in a rodent model of parkinsonism, ghrelin was shown to alleviate the L-

DOPA-induced worsening of gastro-intestinal symptoms, L-DOPA being the current main therapeutic 

option in PD. Moreover, ghrelin plasma concentrations have shown alterations in early stages of the 

disease in small cohorts of PD patients. We therefore hypothesized that ghrelin might play an 

important role in PD early stages and could serve as a biomarker and a neuroprotective agent in PD. 

In this context, the aim of my PhD was to investigate the roles of ghrelin in PD early stages using both 

in vitro and in vivo approaches. 

We first studied the effects of ghrelin in primary mesencephalic cells exposed to the pesticide 

rotenone, a potent inhibitor of mitochondrial complex I known for its association with PD. Contrary 

to the data of the literature, we show a dose and time-dependant deleterious effect of ghrelin on 

mesencephalic cells exposed to rotenone. This does not confirm the neuroprotective potential of 

ghrelin in our experimental conditions. In parallel, we investigated the potential of ghrelin as a 

biomarker in a rodent model of parkinsonism mimicking early stages of the disease after chronic oral 

exposure to low doses of rotenone. We first validated this model in our animal facility and confirmed 

that mice exposed to such a regimen develop progressive non-motor alterations but no 

dopaminergic neuronal death in the SN after 1.5 months. Our initial results do not show a 

modification of plasma ghrelin levels in rotenone-exposed mice at early stages of the pathological 

condition. However, confounding factors such as anxiety might have altered ghrelin levels. This 

should therefore be further ascertained in animals stratified for their anxiety levels and/or in longer 

exposures. In conclusion, these results challenge the suggested role of ghrelin as a disease-modifying 

agent in PD and set the bases for future investigations of ghrelin in the context of PD. 
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Résumé 

La maladie de Parkinson (MP) est une maladie neurodégénérative caractérisée par trois symptômes 

moteurs principaux : la bradykinésie, la rigidité et le tremblement de repos. Son diagnostic définitif 

repose sur l’identification post-mortem d’une importante mort des neurones dopaminergiques de la 

substance noire (SN) et la présence de corps de Lewy dans les neurones survivants. Cette maladie 

progresse lentement et les premiers symptômes moteurs n’apparaissent qu’après la dégénérescence 

de plus de 50% de la SN. Le diagnostic clinique de MP est donc établi tardivement, réduisant ainsi la 

fenêtre d’action thérapeutique. De plus, les traitements actuels ne soulagent que temporairement 

les symptômes moteurs. Les défis de la recherche actuelle pour la MP sont donc : 1) d’anticiper le 

diagnostic de la MP à un stade où la SN est encore suffisamment intacte pour mettre en place des 

stratégies neuroprotectrices, et 2) d’améliorer les traitements actuels et/ou développer de nouvelles 

stratégies thérapeutiques pour stopper la progression de la maladie avant que le phénotype moteur 

ne soit installé. Le stade clinique de la MP est précédé d’une phase prémotrice durant laquelle les 

patients présentent souvent des symptômes non moteurs tels que l’anosmie, la dépression ou la 

constipation. Des travaux récents suggèrent que les lésions caractéristiques de la MP pourraient 

d’abord apparaître dans le système nerveux périphérique puis progresser lentement jusqu’au 

cerveau. Ces stades précoces de la MP sont cependant mal connus et leurs caractéristiques méritent 

d’être étudiées dans des modèles expérimentaux appropriés. Ainsi, des études récentes ont montré 

que la ghréline, un peptide gastro-intestinal, protège les neurones dopaminergiques de la SN contre 

la mort dans des modèles in vivo et in vitro de syndrome parkinsonien. De plus, dans un modèle 

animal de syndrome parkinsonien, la ghréline prévient l’aggravation des symptômes gastro 

intestinaux par la L-DOPA, traitement médicamenteux principal de la MP. Enfin, des altérations des 

concentrations plasmatiques de ghréline ont également été observées chez les patients aux stades 

précoces de la maladie. Dans ce contexte, nous avons émis l’hypothèse que la ghréline pourrait jouer 

un rôle important aux stades précoces de la maladie et donc être utilisée comme biomarqueur et/ou 

agent neuroprotecteur dans la MP. Ainsi, l’objectif de ma thèse était d’étudier les rôles de la ghréline 

aux stades précoces de la MP par des approches in vitro et in vivo.  

La première étape a consisté à déterminer les effets de la ghréline dans des cultures primaires de 

cellules mésencéphaliques exposées au pesticide roténone, un inhibiteur du complexe I 

mitochondrial connu pour son association avec la MP. Contrairement aux données de la littérature, 

nous montrons un effet délétère en fonction de la dose et du temps sur les cellules exposées à la 

roténone. Nous ne confirmons donc pas l’effet neuroprotecteur de la ghréline dans nos conditions 

expérimentales. En parallèle, nous avons étudié le potentiel de la ghréline en tant que biomarqueur 

dans un modèle murin de syndrome parkinsonien reproduisant les stades précoces de la maladie 

après exposition orale chronique à de faibles doses de roténone. Nous avons d’abord validé ce 

modèle et confirmé le développement des altérations non motrices et l’absence de mort neuronale 

au sein de la SN après 1.5 mois de ce régime. En revanche, nos résultats ne montrent pas de 

modification des taux plasmatiques de ghréline chez les souris exposées 1.5 mois à la roténone. 

Cependant, des facteurs tels que l’anxiété pourraient avoir affecté les taux de ghréline. Ces données 

devront donc être confirmées avec des animaux stratifiés selon leur niveau d’anxiété et/ou de plus 

longues expositions. En conclusion, nos résultats interrogent le rôle neuroprotecteur de la ghréline 

dans la MP et posent les bases pour de futures recherches sur l’implication de cette hormone 

orexigène dans la MP. 
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Abstract 

Parkinson’s disease (PD) is the second most frequent neurodegenerative disease in the world. It is 

characterized by motor symptoms such as bradykinesia, rigidity and resting tremor. Its definite 

diagnosis relies on the identification of specific neuropathological hallmarks at autopsy including 

severe neuronal death within the substantia nigra (SN) and the presence of Lewy bodies in the 

surviving neurons. PD progresses slowly and the first motor symptoms appear when more than 50% 

of the SN has degenerated. Therefore, the clinical diagnosis is established late in the course of the 

disease, thus restricting the therapeutic window for clinicians. In addition, the currently available 

therapeutic options can only temporarily alleviate PD motor symptoms. The challenges of current PD 

research are: 1) to anticipate the diagnosis and be able to identify the disease as early as possible, 

when the SN is still intact enough to implement a disease-modifying/neuroprotection strategy to 

prevent the appearance of motor symptoms, and 2) to improve current medications and/or develop 

new therapeutic strategies able to stop the disease before the motor phenotype is installed. The 

decade preceding PD clinical diagnosis is of particular interest since patients often complain about 

non-motor symptoms such as anosmia, depression or constipation. Moreover, recent evidences 

suggest that PD-characteristic lesions could first appear in the peripheral nervous system and slowly 

progress towards the brain. Thus PD earlier stages and their characteristics deserve better 

investigations using appropriate experimental models. In this regard, recent studies undertaken in 

animal and cellular models of advanced parkinsonism have suggested that ghrelin, an orexigenic 

peptide mainly produced in the stomach, could play a neuroprotective role in PD. Indeed, exposure 

to ghrelin has shown a protective effect against the neuronal death in animal and cellular models of 

parkinsonism. In addition, in a rodent model of parkinsonism, ghrelin was shown to alleviate the L-

DOPA-induced worsening of gastro-intestinal symptoms, L-DOPA being the current main therapeutic 

option in PD. Moreover, ghrelin plasma concentrations have shown alterations in early stages of the 

disease in small cohorts of PD patients. We therefore hypothesized that ghrelin might play an 

important role in PD early stages and could serve as a biomarker and a neuroprotective agent in PD. 

In this context, the aim of my PhD was to investigate the roles of ghrelin in PD early stages using both 

in vitro and in vivo approaches. 

We first studied the effects of ghrelin in primary mesencephalic cells exposed to the pesticide 

rotenone, a potent inhibitor of mitochondrial complex I known for its association with PD. Contrary 

to the data of the literature, we show a dose and time-dependant deleterious effect of ghrelin on 

mesencephalic cells exposed to rotenone. This does not confirm the neuroprotective potential of 

ghrelin in our experimental conditions. In parallel, we investigated the potential of ghrelin as a 

biomarker in a rodent model of parkinsonism mimicking early stages of the disease after chronic oral 

exposure to low doses of rotenone. We first validated this model in our animal facility and confirmed 

that mice exposed to such a regimen develop progressive non-motor alterations but no 

dopaminergic neuronal death in the SN after 1.5 months. Our initial results do not show a 

modification of plasma ghrelin levels in rotenone-exposed mice at early stages of the pathological 

condition. However, confounding factors such as anxiety might have altered ghrelin levels. This 

should therefore be further ascertained in animals stratified for their anxiety levels and/or in longer 

exposures. In conclusion, these results challenge the suggested role of ghrelin as a disease-modifying 

agent in PD and set the bases for future investigations of ghrelin in the context of PD. 

 

 


