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Preface

Parkinson’s disease (PD) has been known to humankind since 5000 BC. In ancient 
Indian civilization, it was known as Kampavata, a condition with symptoms that 
closely resembled those of modern-day PD, i.e., karpadatale kampa (tremor in the 
hands and legs), nidrabhanga (sleep disturbances), and kshinmati (slowness of 
utterance and thought). In modern times, despite being described about 200 years 
ago, PD is not thoroughly understood due to its complex etiology and heterogeneity 
in terms of symptoms and progression. Though there are medications and therapies 
available to manage the symptoms of PD, there is no cure, which provides an 
opportunity for neurobiologists.

Animal models are precious tools for understanding pathophysiology and unraveling 
the molecular basis of neuronal degeneration, knowledge of which is immensely 
useful to screen potential neuroprotective molecules and decipher their mechanism 
of action. It is important to take advantage of the knowledge generated by biomedical 
researchers to develop novel therapeutic strategies that should be taken and tested 
through multiple levels of clinical trials.

The real test lies in connecting all these dots meaningfully and developing a reasonable 
cure for this neurodegenerative disorder. Thinking in this direction is the genesis for 
our book, Parkinson’s Disease – Animal Models, Current Therapies and Clinical Trials. 
The book examines various topics related to PD, making it a useful resource for basic 
biomedical researchers, clinicians, technocrats, and science enthusiasts.

I wish to thank all the authors for their valuable contributions. I also wish to acknowl-
edge the staff at IntechOpen, especially Publishing Process Manager Paula Gavran 
for her support. Thanks go to the publisher for giving me this opportunity to broaden 
the horizon of my understanding and sharpen my perceptions of PD.

I sincerely believe this book will help move us one step closer to reducing the burden 
of neurological disease.

Dr. Sarat Chandra Yenisetti, Ph.D.
Professor,

Drosophila Neurobiology Laboratory,
Department of Zoology,

Nagaland University (Central),
Lumami, Nagaland, India
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Chapter 1

Parkinson’s Disease:  
A Comprehensive Overview  
of the Disease
Ahed J. Khatib

Abstract

Parkinson’s Disease (PD) is the most prevalent neurodegenerative disease  
following Alzheimer’s disease. Its prevalence is increasing over time, and it is 
expected to reach a peak in 2030. The aim of the present study was to review the 
literature for various aspects of PD including general characteristics of the disease, 
its pathology, clinical features, therapeutic clinical trials, and animal models used to 
study PD. The results of this study showed that no curative therapy for PD has so far 
been developed. Altogether, PD is still a very hot area in medicine to be studied and to 
have new therapeutic options.

Keywords: PD, neurodegenerative disease, clinical trials, animal models,  
pathology of PD

1. Introduction

Parkinson’s disease (PD) is a chronic ailment that gradually worsens over time that 
affects a person’s ability to move. It is the second most common cause of neurodegen-
erative disorders, after Alzheimer’s disease [1].

PD is a progressive neurological disorder that is defined by a complicated set of 
symptoms characterized by tremor, stiffness, and bradykinesia, and as the condition 
advances, postural instability may appear in certain patients. James Parkinson was 
the one who originally defined it in 1817, and Jean-Martin Charcot was the one who 
further characterized it. Our current understanding of the PD is proceeding with its 
growth. PD is the second most common neurodegenerative disease after Alzheimer’s 
disease (AD), with a prevalence of approximately 0.5–1% among those 65–69 years 
of age, rising to 1–3% among persons 80 years of age and older [2]. Alzheimer’s 
disease is the most common neurodegenerative disease [3]. It is anticipated that the 
prevalence and incidence of PD would both rise by more than 30% by the year 2030 
because of the aging of the population, which will result in both direct and indirect 
effects, costs imposed not only on individuals but also on society as a whole and the 
economy [4].
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2. Pathology of PD

PD is pathologically characterized by the loss of nigrostriatal dopaminergic 
innervation; however, neurodegeneration does not only impact cells located in the 
nigral dopaminergic neurons; rather, it also involves cells located in other parts of 
the neural network. Because it affects such a large percentage of the population, 
Parkinson’s disease is a tremendously diverse ailment, for which there is now no 
reliable diagnostic test [5].

Dopaminergic neuronal death, α-synuclein aggregates, mitochondrial dysfunc-
tion, reactive oxygen species, apoptosis, and neuroinflammation are shown to be the 
pathological hallmarks of PD [6]. α-synuclein is a presynaptic neuronal protein in 
PD-related genes that ranges in size from 14 to 19 kDa and is responsible for regulat-
ing synaptic integrity and cellular activities [7]. α-synuclein is one of the pathogenic 
markers of PD; throughout the course of PD, α-synuclein accumulates in Lewy bodies 
and is associated with neuroinflammation [8].

The National Library of Medicine of the United States established the web-
based registration known as “ClinicalTrials.gov” in the year 2000. This registry 
allows users to search for information regarding clinical trials, such as the study 
design, techniques, outcomes, estimated finish dates, and so on. The data are kept 
current or maintained by sponsors located all over the world. The list of clinical 
trials now includes around 2700 PD clinical studies as of this writing. Clinical 
trial outcomes and endpoints are considered to be comparative effectiveness 
research [9].

Outcomes can be achieved through the use of a number of different strategies, 
including cognitive or behavioral scores, magnetic resonance imaging, positron 
emission tomography, electrophysiological monitoring, or biological biomarkers. 
Each clinical trial is designed and evaluated for potential treatment advantages in 
an effort to reduce the occurrence of unfavorable outcomes [9]. In clinical trials, 
post-approval research is required for comparative research in order to compare 
clinical trials with accessible standard medicines or therapy. This provides quality 
of life, safety, and tolerance in order to collect efficient data in the larger patient 
population [9]. In clinical trials, it is necessary and sufficient to rely on primary 
endpoints to determine whether a treatment or medication is effective. In light of 
the primary goals, the secondary endpoints are adequate for claiming or labeling 
the efficacy of the clinical trial study, and the exploratory and tertiary endpoints 
provide support for descriptive information [10]. Although levodopa has been 
used to treat PD for over 50 years, the symptoms of levodopa therapy-induced 
dyskinesia have not been eliminated completely. As a result, it is of the utmost 
importance that we investigate the present state of each ongoing clinical study 
as well as its therapeutic strategy and find novel therapeutic techniques for the 
treatment of PD [10].

3. Diagnosis of PD

The criteria for a diagnosis require the presence of two of the following clinical 
features: resting tremor, bradykinesia, rigidity, and/or postural instability. Currently, 
diagnosis is based on clinical symptoms, and the criteria for a diagnosis require the 
presence of two of these clinical features [5]. However, clinical criteria may partici-
pate in the diagnosis of possible PD [5].
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Imaging of the brain, neurological indicators, and clinical symptoms are the 
three basic components that go into diagnosing PD [11]. The death of dopaminergic 
neurons in the substantia nigra of the midbrain creates a dopamine shortage in the 
striatum, which results in motor symptoms of PD [12]. Patients with PD may experi-
ence a variety of motor symptoms, such as slowness of movement, rigidity, tremor, 
freezing, muscle cramps, and dystonia [13]. Patients with idiopathic (typical) PD 
have an average age of onset between 65 and 70 years old [14]. Early-onset PD is 
characterized by the development of symptoms in a patient before the age of 50 [14]. 
The condition is frequently hereditary and has been linked to a number of different 
genetic alterations [15].

4. Treatment of PD

There is presently no cure for PD, a progressive neurodegenerative disorder; how-
ever, treatments are available to relieve PD symptoms and maintain quality of life. PD 
(PD) affects the nervous system. In the year 2020, approximately 10 million people 
across the globe were coping with PD. In 1970, the Food and Drug Administration of 
the United States granted approval for the use of levodopa as a dopamine replacement 
in the treatment of PD (PD) motor symptoms; the levodopa-carbidopa combination 
was first made available on the market in 1975. Levodopa has been used to treat PD for 
more than 50 years, and it is still considered the therapy of choice. Unfortunately, the 
dyskinesia and OFF symptoms that were produced by levodopa medication have not 
been alleviated. As a result, it is imperative that we conduct an immediate assessment 
of the present status of each clinical study and its therapeutic strategy in order to 
identify new therapeutic approaches for the treatment of PD. From 2008 to June 16, 
2021, we analyzed data from 293 clinical trials that were registered on ClinicalTrials.
gov. Following the exclusion of levodopa/carbidopa derivative add-on medicines, 
our search for PD therapy medications or therapies resulted in the identification 
of 47 trials. Nineteen of them are currently in the phase I stage (41%), 25 are in the 
phase II stage (53%), and 3 are in the phase III stage (6%). The embryonic dopamine 
cell implant, the 5-HT1A receptor agonist known as sarizotan, and the adenosine 
A2A receptor antagonist are all used in the three phase-III clinical trials (caffeine). 
Each trial’s therapeutic method reveals that small compounds are utilized, whereas 
monoclonal antibodies are utilized in plasma therapy, cell therapy, gene therapy, 
and herbal extract in the relevant proportions. In addition to this, we talk about the 
most effective drug or therapy out of all of these trials. We have high hopes that this 
review can bring novel concepts and fresh perspectives for the further development 
of PD treatments since it will carefully update the present trial status and conduct an 
analysis of the therapeutic options [16].

The majority of the treatment’s emphasis is placed on providing symptomatic 
relief with medications that either try to increase the amount of dopamine present in 
the striatum or work on the region’s post-synaptic dopamine receptors. Dopamine is 
not the sole neurotransmitter implicated in Parkinson’s disease (PD), and as a result, 
several additional medications besides dopamine are also being utilized to target 
specific symptoms, such as depression and dementia. However, additional research 
on innovative medicines to slow the rate of neurodegeneration or even to replace 
dopaminergic cells that have been lost is still being conducted in the research context, 
and some of these medications are currently in the preliminary stages of clinical tri-
als. The prospect for the development of disease-modifying medicines appears to be 
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encouraging as our understanding of the etiology of PD continues to advance and as 
more is understood about potential novel therapeutic targets [5].

5. Clinical features of PD

The triad of motor symptoms, which includes tremor, stiffness, and bradykinesia, 
is the clinical hallmark that has traditionally been linked with PD. As the disease 
advances, postural instability frequently appears as well. However, PD is also linked to 
numerous other conditions [17]. Symptoms that are not related to the motor system, 
and these symptoms may come years or even decades before the motor symptoms. 
It is possible that the pre-motor or prodromal phase of PD could begin as early as 
12–14 years before the actual diagnosis [18]. There is a growing body of evidence that 
suggests the disease may have its origins in the peripheral autonomic nervous system 
and/or the olfactory bulb. From there, the pathology may have spread to the central 
nervous system, where it affected the lower brainstem structures prior to affect-
ing the substantia nigra [19]. The existence of hyposmia, constipation, and rapid 
eye movement sleep disturbances in people with Parkinson’s disease may therefore 
be explained by this before the onset of motor symptoms. Patients who displayed 
symptoms of Parkinson’s disease 5 years before their diagnosis, including tremor, bal-
ance issues, depression, constipation, fatigue, and urinary dysfunction, had a higher 
risk of developing the disease than patients who did not demonstrate these symptoms 
[20]. In addition, people who suffer from constipation or tremors are more likely to 
have a greater likelihood of developing PD during the subsequent 10 years of follow-
up [20]. This presymptomatic stage of PD is garnering a growing amount of attention 
as researchers speculate that it may represent an optimal window of opportunity 
for treatment intervention. Patients with early PD, defined as those within 2 years 
of their diagnosis, are included in many clinical studies that investigate prospective 
therapeutics; nevertheless, even at this point, significant dopaminergic neuron loss 
has already occurred [21].

6. Etiology of PD

PD is a multifactorial disease, with both genetic and environmental factors play-
ing a role. Age is the biggest risk factor for PD, with the median age of onset being 
60 years of age [22]. The incidence of the disease rises with age to 93.1 (per 100,000 
person-years) in age groups between 70 and 79 years [23]. Additionally, there are 
cross-cultural variations, with higher prevalence reported in Europe, North America, 
and South America compared with African, Asian, and Arabic countries [2].

6.1 Cigarette smoking

Cigarette smoking has been extensively studied with respect to PD, with mostly 
consistent results. Most of the epidemiological reports are case–control studies 
showing a reduced risk of developing PD, with larger cohort studies also in agreement 
[24]. A large meta-analysis including 44 case–control studies and 8 cohort studies 
from 20 countries showed an inverse correlation between smoking and PD, with a 
pooled relative risk of 0.39 for current smokers [25]. Two other meta-analyses also 
reported an inverse correlation between smoking and PD, with a pooled odds ratio 
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ranging from 0.23 to 0.70, indicating a protective mechanism against PD [26, 27]. The 
reasons underlying this associated reduced risk are not fully understood. Activation 
of nicotinic acetylcholine receptors on dopaminergic neurons by nicotine or selective 
agonists has been shown to be neuroprotective in experimental models of PD [28, 29]. 
Nevertheless, nicotine can also stimulate the release of dopamine, which is involved 
in the reward mechanisms; it is, therefore, difficult to confirm whether smoking 
prevents PD or whether PD helps prevent the habitual use of cigarettes [30].

6.2 Caffeine

Several studies have investigated the effect of caffeine on the development of PD 
and reported a reduced risk of developing PD among coffee drinkers. Caffeine is an 
adenosine A2A receptor antagonist, which is believed to be protective in PD [31] and has 
been shown to be neuroprotective in a mouse model of PD [32]. It has been previously 
reported that there is a 25% risk reduction in developing PD among coffee drinkers [33].

6.3 Genetics

There is a minority of cases (10–15%) that record family history, and approxi-
mately 5% exhibit Mendelian inheritance. Although PD is typically an idiopathic 
condition, there is a minority of cases that report a family history [34]. In addition, 
an individual’s risk of PD is partially the result of polygenic risk factors that have 
not been adequately characterized as of yet. The genes that have been identified as 
having the potential to produce PD each receive a “PARK” moniker in the order in 
which they were discovered. To date, 23 PARK genes have been associated with PD. 
The PARK genes have been shown to be susceptible to mutations. Either autosomal 
recessive inheritance (such as in SCNA, LRRK2, and VPS32) or autosomal dominant 
inheritance (e.g., PRKN, PINK1, and DJ-1). Some of these genes, including PARK5, 
PARK11, PARK13, PARK18, PARK21, and PARK23, have not been definitively linked 
to the disease, while others, including PARK3, PARK10, PARK12, PARK16, and 
PARK22, have been linked to the disease and are considered risk factors [35]. The 
mutations in GBA1, a gene that codes for glucocerebrosidase, a lysosomal enzyme that 
is responsible for the hydrolysis of glucocerebrosides are the genetic risk factors that 
predispose people to PD with the highest relative frequency [36].

7. Treatment

Levodopa treatment is considered the gold standard for improving motor symp-
toms of PD. Casimir Funk, a scientist from Poland, was the one who first synthesized 
levodopa in 1911 [37]. According to Abbott [37], a clinical trial of levodopa in 20 PD 
patients in 1961 was conducted. During the trial, a remarkable improvement in motor 
function for a few hours was noted. Another clinical study showed that the oral version 
of levodopa was administered to 28 people with PD, and the results showed positive data 
for motor improvements [37]. The first combined version of levodopa and carbidopa was 
employed for the purpose of treating the motor symptoms [38]. Dopamine receptors are 
activated when levodopa in its combined form is administered. This results in improved 
motor function across the central nervous system as well as peripheral circulation [39]. 
Carbidopa functions as a decarboxylase inhibitor to increase the amount of levodopa that 
is readily available in the brain [39]. Nausea, motor issues, hallucinations, sadness, low 
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blood pressure, irregular sleep, and gambling compulsions are among the most prevalent 
adverse reactions brought on by the combination of levodopa and carbidopa [40].

7.1 Dopamine receptor agonists

Patients diagnosed with PD often benefit most from a therapeutic class known 
as dopamine receptor agonists [41]. All dopamine receptors are G protein-coupled 
receptors, and there are two different types of D1 and D2 dopamine receptors. These 
dopamine receptors interact with Gs on G proteins, which in turn activate the adeny-
lyl cyclase system and stimulate the production of cAMP [42]. Both the D1 and D5 
subtypes are contained within the D1 receptor, while the D2 receptor is made up of 
the D2, D3, and D4 subtypes [43]. Despite this, once oral dopamine receptor agonists 
are taken for an extended period of time, treatment stops being effective [44].

In the treatment of PD, we found six clinical trials that utilized four small-
molecule medicines that operate as a dopamine receptor agonists. PF-06412562 is a 
moderately strong, highly selective oral D1/D5 dopamine receptor partial agonist; 
PF-06412562 has good selectivity than other dopamine receptor subtypes [44]. Oral 
administration of PF-06412562 demonstrated potential antiparkinsonian efficacy in 
a phase I trial involving 13 PD patients (NCT03665454) [45]. This was accomplished 
without the significant acute changes in cardiovascular parameters that were reported 
with previous D1 agonists. The findings of the trial showed that individuals with 
advanced PD were able to tolerate PF-06412562 and that the drug fulfilled both the 
primary and secondary endpoints [46].

7.2 Anti-synuclein aggregation therapy (ASAT)

α-synuclein is an unfolded highly soluble protein that is found in presynaptic neu-
rons throughout the brain [47]. Aggregation of α-synuclein is a pathologic hallmark 
of synucleinopathies, which can occur in spontaneous or inherited PD. A number 
of pathological illnesses are brought on by the aggregation of α-synuclein, including 
synaptic dysfunction, mitochondrial dysfunction, endoplasmic reticulum stress, 
and oxidative stress [48]. Autophagy and lysosomal disorders are also brought on 
by this process. All of the pathogenic situations ultimately result in the formation of 
proteinaceous cytoplasmic inclusions, which are referred to as Lewy bodies and Lewy 
neurites [48]. The treatment of anti-α-synuclein aggregation primarily works to boost 
the cellular clearance mechanisms and regulate Lewy bodies [49].

Postuma et al. [18] reported several clinical trials that use anti-α-synuclein 
aggregation therapy. Five of these clinical trials use monoclonal antibodies (ABVV-
0805, BIIB054, and PRX002) or vaccines (AFFITOPE® PD01A). Two of these clinical 
trials use small molecules (ambroxol and Cu(II)ATSM). (NCT04127695). BIIB054 
(cinpanemab) is an IgG1 protein that is produced from the memory B cells of elderly 
individuals who do not have disorders of the nervous system [18]. The therapy with 
BIIB054 demonstrated 800 times increased affinity for binding to α-synuclein, which 
reduced the spread or aggregation of the protein and enhanced motor balances [18].

7.3 Plasma therapy for patients with PD

Antibodies, protein complexes, salts, and chemical molecules are all components 
that can be found in plasma. As a result, plasma therapy has emerged as an effective 
treatment option for PD that is also safe and well-tolerated [21].
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Plasma therapy may have limited effects since several factors are connected with 
the disease, including the fact that aggregation of α-synuclein is not the sole factor 
that contributes to the progression of PD [50]. However, plasma therapy is associ-
ated with a number of adverse health effects, including allergic reactions, difficulty 
breathing, infection with the human immunodeficiency virus (HIV), hepatitis B or 
hepatitis C virus, or even the possibility of infection with viruses that have not yet 
been identified [51].

7.4 Based on cells treatment

In cell therapy, dopamine-producing cells are transplanted into the patient’s brain 
in order to produce the desired therapeutic effect. In patients with PD, cell-based 
therapy is a viable approach that can reduce brain inflammation [52]. Spheramine, 
also known by its chemical name BAY86–5280, is a human retinal cultured epithelial 
pigment that is responsible for the production of levodopa [53].

7.5 Gene therapy (GT)

The term “gene therapy” refers to the use of genetically designed therapeutic genes 
in the treatment of PD. These therapeutic genes actively replace, knockout, or fix 
the defective genes that are present in PD patients [54]. In gene therapy, numerous 
serotypes of genetically engineered viral vectors that do not replicate have been uti-
lized [55]. Some examples of these vectors include the adeno-associated virus (AAV) 
and the lentivirus. Gene therapy has the potential to stop the death of dopaminergic 
neurons in the brain [56]. In the treatment of PD, gene treatments primarily attempt 
to restore patients’ motor balance by elevating the stimulation of neurotrophic action 
in the brain [57]. In addition, gene therapy can be used to regulate glucocerebrosidase 
levels, which is another promising therapeutic method for the treatment of PD [58].

7.6 Agonists or antagonists of the serotonin receptor

The serotonergic neurotransmission system is responsible for the regulation of 
cognitive and autonomic functions, as well as motor activities and depression [59]. 
As a result, medications that target serotonergic receptors can influence behavioral 
aspects and lead to improvements in motor balance [60]. Furthermore, not all of the 
serotonin receptor agonists are active or controlling in the process of mediating PD. 
In addition, some of the 5-HT2B receptor agonists were reported to have unwanted 
side effects. For example, fenfluramine, pergolide, and cabergoline were taken off the 
market by the pharmaceutical industry because they caused cardiac fibrosis [61].

7.7 Agonists of the muscarinic and nicotinic acetylcholine receptors

Cholinergic receptors are comprised of muscarinic receptors, which are sensitive 
to muscarine, and nicotinic receptors, which are sensitive to nicotinic, and they are 
involved in both somatic and autonomic signal transductions in the nervous system [62].

7.8 N-methyl-d-aspartate receptor (NMDAR)

Dysregulation of NMDAR in the cortical-striatal-pallidal-thalmo-cortical 
network as well as changes in the plasticity of the brain regions are also critical for 
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cognitive function [63]. This is in addition to the loss of dopaminergic neuronal 
cells that occurs in PD. Synaptic plasticity is increased by NMDAR modulators [63]. 
NMDAR modulators were shown to have a number of negative side effects including 
irregular heartbeats, nausea, vomiting, psychosis, catalepsy, constipation, analgesia, 
and amnesia [64].

7.9 Anti-apoptotic drugs

Apoptosis and necrosis are the two processes that contribute to the destruction 
of neurons that happens with the course of PD [65]. Two clinical trials involving the 
use of small molecule anti-apoptotic medicines were identified. These drugs include 
TCH346 and minocycline. Dibenz[b,f]oxepin-10-ylmethyl-prop-2-ynyl-amine 
hydrogen maleate salt is another name for TCH346, which is also a name for this 
compound. Novartis is developing TCH346, which is now in the midst of a phase 
I/II clinical trial in which 301 early-stage PD patients are participating; the trial 
status shows that it has been completed, but there are no published data available. 
According to the findings of the preclinical studies, TCH346 protected dopaminergic 
neurons against injury [66]. Minocycline is a neuroprotective synthetic tetracycline 
derivative that primarily targets anti-apoptotic pathways. It modifies microglial cells 
and lowers oxidative stress and neuroinflammation [67].

7.10 Antioxidants and medications derived from botanical sources

Antioxidants have an action known as free radical scavenging, and this activity is 
the primary factor that protects dopaminergic neurons and improves mitochondrial 
function in both sporadic and inherited cases of PD [68]. Mitochondrial malfunction 
has been linked to the development of PD; free radical scavenging activity can remove 
damaged mitochondria through the process of mitophagy and provide neuroprotec-
tion in PD [69]. One of the pathological characteristics of neuroinflammation is a 
reduction in the amount of reduced glutathione seen in the brain of PD patients [70].

8. Animal models

Animal models of PD have shown to be extremely useful in the identification of 
novel treatments for the motor symptoms of PD as well as in the quest for clues as to 
the underlying cause of the illness. Models that are based on certain disease-causing 
mechanisms could, in the future, pave the way for the creation of neuroprotective 
medications for PD that can halt or delay the progression of the disease. There is 
a wide variety of rodent models that are currently available. These models range 
from acute pharmacological models, like the rats that were treated with reserpine 
or haloperidol and displayed one or more parkinsonian signs, to models exhibit-
ing destruction of the dopaminergic nigro-striatal pathway, like the traditional 
6-hydroxydopamine (6-OHDA) rats and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (All of these have served as test beds for evaluating potential novel compounds 
for treating the motor symptoms of PD. In addition, the appearance of abnormal 
involuntary movements (AIMs) after repeated treatment of 6-OHDA-lesioned rats 
with L-DOPA has made it possible to investigate the mechanisms that are responsible 
for treatment-related dyskinesia in PD, as well as the identification of molecules 
that are able to prevent or reverse the appearance of these symptoms. The systemic 



11

Parkinson’s Disease: A Comprehensive Overview of the Disease
DOI: http://dx.doi.org/10.5772/intechopen.109437

administration of the pesticides rotenone and paraquat are examples of other 
toxin-based models of nigro-striatal tract degeneration. However, despite the fact 
that these models provide insights into the pathogenesis of the disease, they are not 
typically utilized in the drug development process. The MPTP-treated primate model 
of PD is without a doubt the most clinically relevant of all the models that are cur-
rently available because it closely resembles the clinical features of PD and because 
it is the model in which all of the anti-parkinsonian medications that are currently 
in use have been shown to be effective. When repeatedly exposed to L-DOPA, the 
MPTP-treated primate develops obvious dyskinesia, and these parkinsonian animals 
have exhibited reactions to novel dopaminergic drugs that are highly predictive of 
their effect in man. It is debatable whether or not non-dopaminergic medications 
demonstrate the same level of response predictability as dopaminergic treatments. 
New rodent models have been developed in tandem with our growing comprehension 
of the mechanisms underlying the progression of PD (PD). These agents include 
proteasome inhibitors such as PSI, lactacystin, and epoximycin, as well as inflam-
mogens such as lipopolysaccharide (LPS). These agents have been shown to produce 
symptoms in rodents that are similar to those seen in humans. In addition, a new 
generation of models has emerged with the purpose of imitating the genetic factors 
that contribute to PD. Even while these more recent models have offered additional 
insights into the pathophysiology of the disease, researchers have not yet relied heav-
ily on them when developing novel medications. Dopaminergic drug treatment of the 
illness, as well as the prevention and reversal of drug-related side effects that emerge 
with disease progression and chronic medication, have been dramatically altered as 
a result of the availability of experimental animal models of PD. This is something 
that can be said with a high degree of certainty. However, in terms of expanding into 
other pharmacological fields for the treatment of PD, we have not made a lot of head-
way so far. Furthermore, we have not developed models that reflect the progressive 
nature of the illness and its complexity in terms of the extent of pathology and bio-
chemical change. It is only when this happens that we will have a chance of making 
progress in the development of medications that can stop or delay the advancement 
of the disease. In the search for more effective medication treatments for PD, the 
overriding question that connects all of these models is as follows: how accurately do 
they recapitulate the human situation, and how predictive are they of the successful 
translation of pharmaceuticals into the clinic? The purpose of this essay is to provide 
clarification on the current situation and highlight the strengths and shortcomings of 
the many models that are available [71].

Akinesia, bradykinesia, rigidity, tremor, and postural abnormalities are the 
classic motor symptoms of PD. These symptoms are associated with the loss of nigral 
dopaminergic cells and a decline in caudate-putamen dopamine content, which led to 
the development of dopamine replacement therapy. Because of this, animal models 
of PD have played a significant part in the creation of innovative pharmacological 
approaches to therapy, the development of new treatment methods, and the com-
prehension of the nature of the pathogenic processes involved in the loss of neuronal 
function. The discovery that giving rodents and rabbits reserpine or haloperidol led 
to a temporary parkinsonian-like state was quickly followed by the crucial discovery 
that giving these animals L-DOPA caused their symptoms to disappear. This was the 
first evidence that L-DOPA could be used to treat PD [72]. This paved the way for 
a new era in which animal models of PD were utilized to research the physiological 
underpinnings of symptomatic treatment. When it was discovered that the injection 
of 6-hydroxydopamine (6-OHDA) using a unilateral stereotaxic technique into the 
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substantia nigra or the medial forebrain bundle caused the destruction of the nigro-
striatal pathway and, as a result, a loss of dopaminergic input to the striatum, this led 
to further success in the treatment of the condition. Because of this, the “circling” rat 
model of PD was developed, which went on to dominate research for a good number 
of years. This also marked the beginning of the era in which toxins were used to pro-
duce animal models of PD [73]. These advancements led to the development of novel 
approaches to treatment, such as the introduction of peripherally acting decarboxyl-
ase inhibitors, carbidopa, and benserazide, which limited the peripheral side effects 
of L-DOPA and allowed for a lowering of dose as more drugs entered the brain. 
Carbidopa and benserazide are examples of such novel approaches. More recently, 
the development of selective monoamine oxidase-B (MAO-B) inhibitors, selegiline, 
and rasagiline, which slow the degradation of dopamine formed from L-DOPA and 
prolong its duration of effect, as well as the more recent development of catechol-O-
methyl-transferase (COMT) inhibitors, entacapone, and tolcapone, which stop either 
the peripheral or central metabolism of L-DOPA to 3-O-methyldo [22, 74].

Importantly, the chemical and toxin animal-based models of PD ushered in the age 
of the use of synthetic dopamine agonists, which sparked early interest in the produc-
tion of anti-parkinsonian action through the stimulation of post-synaptic dopamine 
receptors in the striatum. A significant number of compounds were put through the 
available models’ screening process, which, of course, resulted in a great number of 
unsuccessful attempts at both the preclinical and clinical levels. Apomorphine was the 
very first molecule to be tried out in clinical trials for the treatment of PD after its ini-
tial use in research [75]. An early dopamine agonist called piribedil was highly effec-
tive, but its clinical application in PD was not properly understood, and rapid dose 
escalation caused high levels of nausea, vomiting, and gastrointestinal disturbance 
that tainted its use. This is similar to the situation with many other ground-breaking 
molecules [76]. However, in the following years, ergot derivatives such as bromocrip-
tine, pergolide, and cabergoline were introduced, which provided effective control of 
the motor symptoms of PD [77]. Ergots are no longer used because they were found 
to have valvular effects in the heart, which may represent the broad pharmacology of 
ergot derivatives and activity on 5-HT2B receptors. As a result, the use of ergots has 
been phased out [78]. Dopaminergic therapy in PD is presently centered on prami-
pexole, ropinirole, and rotigotine as oral and transdermal pharmaceuticals. However, 
non-ergot drugs were previously being used in the treatment of PD. These drugs were 
discovered by using animal models of the disease [79]. Dopamine receptor subtypes 
were cloned at the same time that most of the development of dopamine agonists was 
taking place, and animal models of PD were used as a testing ground to investigate the 
role that dopamine receptor subtypes play in regulating motor function. In particular, 
researchers were interested in determining how D1-like and D2-like receptors interact 
with one another, as well as how this interaction relates to the anti-parkinsonian 
activity and side effect profile [80].

8.1 Pharmacological models

8.1.1 Reserpine model

One of the initial animal models used in research on PD was a mouse that had 
been given reserpine. This model was essential in initially proving the therapeutic 
efficacy of L-DOPA, which is still the treatment of gold standard for PD, despite the 
fact that it was fairly a primitive pharmacological mimic of the neurochemistry of PD. 
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Carlsson et al. [81] were the ones who first established that L-DOPA, the endogenous 
dopamine precursor, has the power to counteract the effects of reserpine pretreat-
ment that were at the time described as having a “tranquilizing” impact on mice. This 
was done in the late 1950s [81]. This effect was soon replicated in people [82], and the 
reserpine-treated mouse or, more commonly, the rat became established as a reliable 
screen for possible symptomatic efficacy of novel medications in PD. The reserpine 
model has also made substantial contributions to our knowledge of the relationship 
between monoamine depletion and parkinsonian symptoms from the standpoint of 
the disease. Reserpine acts by blocking the vesicular monoamine transporter, also 
known as VMAT2. The typical dose for this medication is four to five milligrams 
per kilogram subcutaneously. This results in a decrease in storage capacity and, as 
a consequence, depletion of monoamines in the brain and the peripheral nervous 
system. These monoamines include noradrenaline, 5-HT, and dopamine. Although 
the absence of selectivity for dopamine was once thought to be a flaw in the reserpine 
model’s ability to accurately reflect the biochemistry of PD (PD), it was later discov-
ered that the disease also affects the noradrenergic and serotonergic systems [83], 
which argues in favor of the reserpine model being a relatively good mimic of the 
disease biochemistry.

8.1.2 MPTP model

Because of its potential to cause persistent Parkinsonism in humans, MPTP is a 
toxin that is frequently employed for the purpose of producing PD in rodents as well 
as primates [84]. Subsequent research in non-human primates determined that the 
pathological basis behind the observed motor deficits was the selective destruction 
of dopaminergic neurons of the nigro-striatal tract [85]. This led to the development 
of the most relevant animal model of PD that is still used today. In the study of PD 
(PD), the MPTP-treated primate model has had an unparalleled influence; nonethe-
less, we shall begin by concentrating on the application of MPTP in animals that 
are not primates. It is possible that the relatively rapid clearance of MPP+, which is 
the poisonous metabolite of MPTP, accounts for the resistance of a great number of 
animals, including rats, to the toxic effects of MPTP [86]. However, certain strains of 
mice, most notably black C57 and Swiss Webster, are sensitive to MPTP [86]. Because 
of this, the MPTP mouse model of PD was able to be developed using these mouse 
strains. The mechanism that underlies the neurotoxic activity of MPTP has been the 
focus of extensive research and is now considered to be rather well-known. After 
receiving a systemic injection often (intraperitoneally or subcutaneously), MPTP is a 
lipophilic protoxin that quickly penetrates the blood–brain barrier [87]. Once within 
the brain, MPTP is transformed by MAO-B, which is mostly found in glia and sero-
tonergic neurons, into the intermediate, 1-methyl-4-phenyl-2,3,dihydropyridinium 
(MPDP+), before its rapid and spontaneous oxidation to the poisonous component, 
1-methyl-4-phenylpyridinium (MPP+) [88]. After being released into the extracel-
lular space, MPP+ is taken up by dopaminergic neurons via the DAT. Once inside 
these neurons, cytoplasmic MPP+ has the ability to stimulate the creation of ROS, 
which may contribute to the overall neurotoxicity of the compound [89]. On the 
other hand, the vast majority of MPP+ is finally stored inside mitochondria, which is 
where the primary harmful process takes place. When MPP+ reaches the mitochon-
dria, it inhibits complex I of the electron transport chain, which in turn reduces the 
efficiency of mitochondrial respiration. Because of this action, the flow of electrons 
through the respiratory chain is disrupted, which results in a lower level of ATP 
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synthesis and the creation of reactive oxygen species (ROS), such as superoxide radi-
cals. The combined effects of decreased cellular ATP and elevated ROS production 
are most likely responsible for the initiation of cell death-related signaling pathways. 
These pathways include p38 mitogen-activated kinase [90], c-jun N-terminal kinase 
(JNK) [91], and bax [92]. This model demonstrates a high degree of construct 
validity due to the fact that many of these mechanisms are also characteristics of the 
pathophysiology of PD.

8.2 Pesticide-induced models

8.2.1 Rotenone model

The rotenone model of PD is the most well-known of the models that have come 
out of this, but ever since it was initially presented [93], it has continued to be the 
subject of much dispute [94]. The pesticide rotenone is extremely lipophilic, just like 
MPTP, which allows it to easily pass through the blood–brain barrier and diffuse into 
neurons. Once there, it accumulates within the mitochondria and inhibits complex 
I in a manner that is very similar to how MPTP does it. However, the subsequent 
decreases in ATP are not regarded to be the origin of the toxicity; rather, it is believed 
that glutathione depletion leads to the generation of reactive oxygen species (ROS), 
which in turn induces oxidative stress [95]. There is no doubt that oxidative damage, 
in the form of protein carbonyl formation, was discovered in the midbrain, olfactory 
bulb, striatum, and cortex of rats that were treated with rotenone [95]. This finding 
is consistent with what is reported in the PD brain after death [96]. The extensive 
microglial activation that was observed in both the SNpc and striatum following 
rotenone infusion [97] is consistent with the inflammatory features found in idio-
pathic PD [98]. This lends support to the construct validity of this model. The recent 
observation that rotenone suppresses proteasomal activity [99] provides additional 
support for this theory. Proteasomal activity, which will be discussed further below, is 
also thought to have a role in PD.

8.3 Paraquat and Maneb model

It is not surprising that attempts have been made to model PD using these agents 
given that exposure to the herbicide paraquat (1,1′-dimethyl-4,4′-bipyridinium) or 
the fungicide Maneb (manganese ethylene-bis-dithiocarbamate) has been associ-
ated with an increased incidence of PD [100, 101]. Before the Na+-dependent uptake 
into cells can take place, however, paraquat must first reach the brain through the 
neutral amino acid transporter [102]. Once it has entered the cell, paraquat causes 
both indirect mitochondrial toxicity through redox cycling and direct inhibition 
of complex I (at higher doses). This occurs because paraquat inhibits redox cycling 
[103]. Following its introduction into the brain, maneb, on the other hand, inhibits 
complex III of the mitochondrial respiratory chain in a selective manner [104]. It has 
been demonstrated that the combination of maneb and paraquat results in increased 
toxicity [105], which may be due to the fact that maneb raises the concentration of 
paraquat in the brain while simultaneously decreasing its clearance [106]. This pro-
vides a clear rationale for combining the administration of these pesticides in order 
to produce an animal model of PD. This is especially important when considering the 
fact that human exposure to just one of these pesticides is unlikely because they are 
used in the same geographical regions.



15

Parkinson’s Disease: A Comprehensive Overview of the Disease
DOI: http://dx.doi.org/10.5772/intechopen.109437

8.4 Genetic models of PD

The first gene to be unequivocally linked to familial Parkinson’s disease (PD) 
was the alpha-synuclein gene [107]. Researchers were able to zero in on a number 
of additional familial PD-linked genes after this discovery was made in 1997. These 
genes were associated with autosomal dominant or recessive forms of Parkinson’s 
disease. These genes are included in this category: parkin [108], DJ-1 [109], PINK1 
[110], and LRRK2 [111]. It is essential to note here that despite the fact that mutations 
in UCHL1 [112] and Omi/HtrA2 [113] have also been proposed to cause parkinson-
ism, the relevance of these mutations to Parkinson’s disease is currently debatable. 
This is due to the fact that the supposed mutation that causes the disease is either 
extremely rare in occurrence (e.g., UCHL1 I93M) or present in control population 
at similar frequencies (e.g., Omi/HtrA2 G399S). Concerning the recently described 
ATP13A2-linked parkinsonism [114], the clinical phenotype that is associated with 
it (which is characterized by mild parkinsonism and prominent cognitive defects) 
is quite different from traditional Parkinson’s disease, In general, PD-linked genes 
are expressed as transgenes in heterologous organisms if their pattern of inheritance 
in humans indicates that dominant transmission is likely to occur. This is because 
dominant transmission is the form of inheritance that causes Parkinson’s disease. In 
the event that this cannot be accomplished, orthologous copies of the human gene are 
removed from animal genomes in order to replicate the recessive loss of gene func-
tion. In addition to models based on flies and worms, researchers have had success to 
this day in developing several mouse models of familial parkinsonism. Despite the 
fact that non-mammalian models of Parkinson’s disease (PD) cannot fully replicate 
the phenotypic and pathologic characteristics of the human condition, these models 
are still able to reproduce certain important hallmarks of the disease, such as LB-like 
inclusions and DA neurodegeneration [115]. Parkinson’s disease is a neurodegenera-
tive disorder that affects the brain’s dopaminergic neurons. As a consequence of this, 
these models are beneficial to the investigation of the connection between PD-linked 
genes and the operation of DA neurons. Noteworthy is the fact that each of the two 
hemispheres of the adult fly brain contains six clusters of DA neurons, but only one 
cluster of C neurons. Elegans has a total of eight DA neurons in its brain, and these 
neurons are split up into three different subsets. Importantly, the well-characterized 
genetics of these nonmammalian PD models offer a distinct advantage over the mouse 
model for the rapid identification of modifiers that could shed light on significant 
pathways involved in the pathogenesis of disease. This advantage cannot be found 
in any other model. The understanding that one obtains from these pathways might 
make it easier to create new kinds of therapeutics in the future [116].

8.5 Genetic environmental interactions models of PD

It is generally accepted that the etiology of Parkinson’s disease is largely influ-
enced by the interactions that take place between genetic factors and environmental 
exposures. Even though such interactions are not well defined and are only partially 
understood, recent epidemiological studies have identified specific interactions that 
may be of potential importance to human Parkinson’s disease (PD). This is despite the 
fact that such interactions are poorly defined [117].

The specifics of the interactions between genetic predisposition and environ-
mental exposures are not well understood at this time, despite the fact that a large 
number of researchers believe that the majority of cases are influenced by both 
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genetic predisposition and environmental exposures. Despite this, there is evidence 
that suggests certain interactions between different factors. The current discussion 
is limited to those gene–environment interactions that have supporting or sugges-
tive data, despite the fact that the number of gene–environment interactions that 
could bear pathogenic relevance to PD is extremely large, as is the diversity of those 
interactions [117].

To be able to have a direct effect on the nigrostriatal dopamine system, a toxicant 
must first be able to pass through the barrier that separates the blood and the brain 
(BBB). Due to the BBB’s size and polarity requirements, it is highly unlikely that 
many toxic substances will be able to cross it [118]. It is possible that genetic altera-
tions that change the permeability of the blood–brain barrier (BBB) could either 
increase the accumulation of toxic substances in the brain or make it possible for toxic 
substances to enter the brain that are normally kept out. The existence of human 
data lends credence to the possibility of such an interaction. P-glycoprotein is the 
product of the multidrug resistance gene (MDR1) and plays a role in the functioning 
of the blood–brain barrier (BBB). It is interesting to note that the distribution of the 
3435 T/T genotype, which has been linked in the past to lower levels of P-glycoprotein 
expression and function, was highest in early-onset Parkinson’s disease patients, 
second-highest in late-onset Parkinson’s disease patients, and lowest in controls [119]. 
It has been suggested in additional reports that factors such as ethnicity, polymor-
phisms, and haplotype expression, which are relevant to MDR1, may modulate the 
risk of Parkinson’s disease [120]. Changes in the expression of P-glycoproteins could 
very well be important to the uptake of toxicants. A positron emission tomography 
was performed to measure the brain uptake of [(11)C]-verapamil, which is normally 
expelled from the brain by P-glycoprotein. The results showed that PD patients had 
increased absorption in the midbrain [121]. According to the findings of this study, 
Parkinson’s disease could be caused by a dysfunctional blood–brain barrier as well as 
P-glycoprotein. P-glycoprotein dysfunction was not found in early-onset Parkinson’s 
disease patients by a separate imaging study, despite the fact that there was a large 
amount of variability [122]. Patients with Parkinson’s disease had lower levels of 
MDR1 mRNA in the striatum in their postmortem tissue than controls did [123]. 
These studies point to a potential pathogenic role for decreased expression or function 
in Parkinson’s disease (PD). It has been demonstrated that mice deficient in the MDR1 
gene accumulate anticancer drugs, narcotics, and pesticides [124]. In MDR1/mice, 
accumulation may take place at much higher levels than in controls, or it may occur 
in compounds that are normally completely excluded but may gain access. This is 
dependent on the compound. The direct relevance to dopaminergic toxicants has not 
yet been established, and it is possible that altered brain entry of normally excluded 
endogenous factors is significantly more important in modulating PD risk than 
environmental exposures [117].

9. Pathologic features of PD from our studies

Several studies have been conducted in our laboratories using mouse model. One 
of the studies aimed to investigate the level of inducible nitric oxide synthase (iNOS) 
expression in the skeletal muscles of mice with PD and to investigate the influence 
that training on a treadmill has on the level of iNOS expression in these skeletal 
muscles. The results showed that the expression of iNOS in the gastrocnemius muscle 
show a statistically significant increase in the sedentary PD (SPD) group compared to 
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the sedentary control (SC) group (P = 0.05). There was an increase in the expression 
of iNOS in the soleus muscle of those in the SPD group when compared to those in 
the SC group, although the difference did not reach statistical significance (P = 0.08). 
Additionally, exercise did not result in a significant reduction of the expression of 
iNOS in the Parkinsonian group (P value 0.13). According to the findings that we 
have gathered so far, endurance exercise training appears to mitigate the changes in 
iNOS expression in skeletal muscles that are caused by PD. These findings could be 
significant when thinking about rehabilitation procedures for Parkinson’s disease and 
the pathophysiology associated with it [125].

Another study was conducted in light of considerations that overexpression of 
heat shock protein 90 can result in the death of dopaminergic neuronal cells. The 
study purposed to gain a deeper understanding of the impact that heat shock protein 
90 has on the body after it has been subjected to endurance exercise. The results 
of immunohistochemistry showed that exercise training significantly inhibited 
heat shock protein 90 overexpression in the soleus and gastrocnemius in rats with 
Parkinson’s disease. This overexpression of heat shock protein 90 is a potential 
therapeutic target for ameliorating skeletal muscle abnormalities in Parkinson’s 
disease [126].

In another study, Al-Jarrah et al. [127] purposed to analyze the expression of the 
inducible form of NO (iNOS), and compare it to neuronal nitric oxide (nNOS), in 
the brain of a chronic mice model of PD, and to investigate the influence that train-
ing for endurance will have on the expression of the aforementioned markers. The 
results showed that nNOS levels were significantly higher in the striatum (ST) of SPD 
animals in comparison to SC mice (P > 0.03). Although there was a lower expression 
of nNOS in the EC group of mice in comparison to the SC animals, this difference was 
not statistically significant (P > 0.8). When compared to SPD, the amount of nNOS 
in the EPD showed a substantial decrease as a result of exercise training (P > 0.04). 
Although the expression of iNOS followed a trend that was essentially identical to 
that of nNOS, the expression of iNOS did not significantly decrease as a result of 
exercise training in either the EC or EPD groups (P > 0.2 and 0.3, respectively). The 
findings of this research reveal that a period of 4 weeks spent running on a treadmill 
has a beneficial effect on the expression of nNOS and iNOS in the striatum of a model 
of Parkinson’s disease (PD). It is possible that this could clear up some questions 
about the pathogenicity of the diseases and the beneficial effects of training on PD 
[127]. We found other findings from clinical observations in which two patients with 
PD received certain chemicals including magnesium, chromium, zinc, vitamin D, 
and tadalafil 5, the results of such an approach showed ameliorating effects of PD 
symptoms.

10. Conclusions

PD is still a version area of research and clinical trials. There is no curative treat-
ment for PD has been developed so far, a mater that opens the door for continuous 
inputting efforts to reach a therapeutic goal. In addition to the classical pathological 
picture of PD, we showed that certain molecular pathways play a major role in the 
pathogenesis of PD including inducible nitric oxide synthase, HSP90, and in the 
brain and other tissues of mice with PD. Furthermore, some clinical findings showed 
that the administration of tadalafil 5, magnesium, zinc, chromium, and vitamin D 
improves the clinical status of PD.
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Chapter 2

Air Pollution and Parkinson’s 
Disease
Changbo Jin and Wenming Shi

Abstract

Parkinson’s disease (PD) is the second most common neurodegenerative disease 
of unclear etiology that is thought to be caused by a combination of genetic and 
environmental factors. Air pollution, the largest environmental health risk globally, 
has been suggested to be associated with PD risk, while not all results are uniform. 
In this chapter, we summarize the recent advances in the epidemiology of six criteria 
air pollutants-fine particulate matter (PM2.5), inhalable particles (PM10), nitrogen 
dioxide (NO2), sulfur dioxide (SO2), carbon monoxide(CO), and ozone exposure 
with PD risk, and provided an overview of the potential mechanisms of air pollution 
on PD. Based on the current evidence from the human’s studies and animal models, 
this chapter provides a novel insight for the understanding of how environmental 
exposure influences the pathogenesis of neurodegeneration and prevents the occur-
rence or development of PD.

Keywords: Parkinson’s disease, air pollution, PM2.5, inflammation, neurotoxicity

1. Introduction

Air pollution, a major cause of premature death and disease, is the largest 
environmental health risk globally [1, 2]. According to the Global Burden of Disease 
(GBD) study in 2019, air pollution has been ranked as the fourth death cause in the 
world [3], which poses a heavy threat to both individuals and society. With rapid 
urbanization and industrialization, air pollution levels have continuously increased 
over the past decades. Parkinson’s disease (PD), the second most common neurode-
generative disease, is characterized by the pathological accumulation of proteins, 
inflammation, and neuron loss [4]. It is reported that the global prevalence of PD 
doubled over the next 30 years [4]. Recent epidemiological studies have found 
that air pollutants exposure is significantly associated with the increased risk of 
PD, while not all results are uniform [5–8]. The variability among these studies is 
likely attributed to the measurement of air pollutants, exposure assessment and 
duration, and correction for other confounding. In this chapter, we summarize 
the recent advances in the epidemiology of air pollution exposure and PD, includ-
ing the evidence of the effects of six criteria air pollutants-fine particulate matter 
(PM2.5), inhalable particles (PM10), nitrogen dioxide (NO2), sulfur dioxide (SO2), 
carbon monoxide (CO), and ozone with PD, and provided a narrative review of the 
potential mechanisms of air pollution on PD risk. This chapter serves to provide a 
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novel insight for the understanding of how environmental exposure influences the 
pathogenesis of neurodegeneration and reduces the risk of PD.

2. Air pollution: sources, composition, and monitoring

Air pollution is a heterogeneous mixture composed of particulate matter (PM) 
and gaseous components that are released directly into the atmosphere (primary pol-
lutants) but also generated by reacting with other components (secondary pollutants) 
that vary both temporally and spatially [9]. Expansion of industry and vehicle traffic 
had a major impact on the overall air quality in urban areas over the past decades. In 
addition, indoor solid fuels burning, agricultural production, and waste incineration 
also contribute to negative effects on air quality.

Urban airborne PM typically can be described by four modes (Figure 1), which 
primarily composed of PM10 (particles <10 μm in diameter), PM2.5 (particles <2.5 μm 
in diameter), and ultrafine particles (UFP, PM0.1, particles <0.1 μm in diameter). 
However, only PM2.5 and PM10 are monitored by regulatory agencies in different 
countries (i.e., the Environmental Protection Agency in the USA) due to the “mass-
based” estimation approach [10]. The sources of PM are diverse and mainly include 
anthropogenic causes (e.g., traffic gas emissions and fossil fuel burning) and natural 
sources such as dust storms, wildfires, and volcanic eruptions, which are related to 
climate change.

Nitrogen oxides (NOx), SO2, CO, and ozone are the critical gaseous components in 
the atmosphere. NOx is a mixture of gases that consists of nitrogen and oxygen, such 
as NO2 and nitric oxide (NO) that can be produced by traffic or indoor cooking stoves 
or the burning of coal, oil, or natural gas. The sources of SO2 are primarily from burn-
ing fossil fuels, non-ferrous metal smelting, steel, and industry production process. 
CO is produced by motor vehicle emissions, industrial boilers, and waste incinera-
tion. Ozone, a secondary pollutant, is formed when NOx reacts with volatile organic 
carbons (VOCs) and oxygen in the presence of heat and light. Its main sources include 

Figure 1. 
The size distribution of airborne particulate matter (Adapted from USA. EPA 2004).
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traffic gas, factories, and electric utilities. To accelerate the control of air pollution, a 
series of air quality standards for the primary air pollutants have been established in 
the USA, EU, and China (Table 1).

In general, ambient air pollutants are monitored by traditional monitoring meth-
ods with fixed air stations, while they are expensive, sparsely distributed, and require 
high maintenance. To overcome the limitations in the traditional methods, a growing 
body of relatively new approaches including land-use regression (LUR) models, 
satellite remote sensing, and disperse models have been developed to estimate the air 
pollution levels with high spatial resolution. In the LUR modeling approach, levels 
of vehicle exhaust markers, such as NOx and PM, are measured simultaneously at 
many locations throughout an urban area using relatively inexpensive passive moni-
tors. Various geographic information system (GIS) parameters (such as traffic and 
roadway density, land use, and population density) are used to predict the measured 
concentrations. For satellite-based models, Shi et al. used the V4.CH.02 product of 
the Dalhousie University Atmospheric Composition Analysis Group to simulate the 
annual average PM2.5 and its chemical constituents at approximately 0.01° × 0.01° 
resolution [11]. This dataset combines satellite retrievals and simulation of aerosol 
optical depth (AOD) from multiple sources (MISR, MODIS Dark Target, MODIS, 
and SeaWiFS Deep Blue, MODIS MAIAC, and GEOS-Chem), chemical transported 
models, and near-surface PM2.5 concentrations [11, 12]. Additionally, to measure an 
individual’s exposure of air pollution, low-cost sensors with real-time monitoring are 
becoming popular in the field of environmental epidemiology.

3. Epidemiological findings of air pollution with PD risk

3.1 Particulate matter and PD risk

PM has been suggested to be related to the risk of PD, while the evidence from 
different study designs is inconsistent. Among others, PM2.5 is the most consistent 
and robust indicator of air pollution [11]. A prospective cohort study of 2.19 million 
participants in Ontario showed that long-term exposure to PM2.5 was associated with a 
4% increase in incident PD (95%CI:1.01, 1.08) [7]. Another nationwide cohort study 
among 63.03 million individuals aged ≥65 years in the USA found that annual PM2.5 
exposure was positively associated with an increased risk of first hospital admission 

Pollutants Averaging period USA E.U. China

Sulfur dioxide 1 hour 75 ppb 350 μg/m3 150 μg/m3

Carbon monoxide 8 hour 10 mg/m3 10 μg/m3 10 mg/m3a

Nitrogen dioxide 1 hour 100 ppb 200 μg/m3 200 μg/m3

Ozone 8 hour 0.07 ppm 120 μg/m3 100 μg/m3

PM2.5 1 year 15 μg/m3 25 μg/m3 15 μg/m3

PM10 1 day 150 μg/m3 50 μg/m3 50 μg/m3

Lead 1 year 0.15 μg/m3 0.5 μg/m3 0.5 μg/m3

aThe averaging period for carbon monoxide is 1 hour.

Table 1. 
Air quality standards in the USA, EU, and in China.
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for PD (hazard ratio, HR = 1.13, 95%CI:1.12, 1.14) [13]. Regarding the short-term 
effects of PM2.5, Zanobetti et al. found that each 10 μg/m3 increase in lag 2-day 
average PM2.5 was positively associated with the hospitalization risk of PD (3.23%, 
95%CI:1.08, 5.43) [14]. Moreover, a study performed in New York State to explore 
the chemical constituents of PM2.5 with PD hospitalization by using a satellite-based 
model at 1 km × 1 km spatial resolution and the results showed that organic matter 
(OM) and nitrate exposure significantly increased the risk of PD aggravation [15]. 
However, the associations of PM exposure are not uniform in some studies [6, 16]. 
A large cohort from the Health Professionals Follow-up Study (HPFS) showed that 
exposure to ambient PM10 or PMcoarse was not significantly associated with PD risk 
among US men [16]. A recent meta-analysis conducted in 2020 involving 10,077,029 
participants presented no significant relationship between long-term PM10 exposure 
and PD incidence. With every 10 μg/m3 increment, the relative risks (RRs) and 95% 
CIs were 1.01 (0.97, 1.05) for PM10 exposure [17].

3.2 Nitrogen oxides with PD risk

Nitrogen oxides (NOx) are recognized as traffic-related air pollutants, which 
are released during any high-temperature combustion and then rapidly converted 
to NO2. The associations found between NO2 exposure and PD risk are mixed. In a 
Denmark study, Ritz et al. used a dispersion model to estimate the NO2 exposure 
and the results showed positive relationships with PD risk, with a 9% higher risk 
(95% CI:3, 16.0%) [18]. Similar associations were also observed in a nationally 
representative cohort of 78,830 individuals [19], the findings indicated that long-
term exposure to ambient NO2 was related to an increased risk of PD in Korea (HR 
for highest vs. lowest quartile, 1.41; 95% CI: 1.02, 1.95; Ptrend = 0.045). However, a 
matched case-control study in the Netherlands reported no significant association 
between 16 years of residential exposure to ambient NO2 and the development of 
PD (aOR = 0.87, 95% CI: 0.54, 1.41) [6]. Moreover, a nested case–control study in 
Taiwan investigated multiple chemical compounds exposure with the incidence of 
PD, and no significant associations for NO2, NO, and NOX exposure were observed 
[8]. A recent meta-analysis summarized the studies of ambient air pollution with PD 
risk, the pooled odds ratio (OR) for the effect of NO2 (per 1 μg/m3) on PD was 1.01 
(95%CI,1.00, 1.02, I2 = 69%) [20].

3.3 Sulfur dioxide with PD risk

Studies of the association between SO2 exposure and PD risk are relatively fewer. 
Most studies reported no significant effects of ambient SO2 exposure on the risk of 
PD. A nested case-control study performed in Taiwan using the National Health 
Insurance Research Dataset (NHIRD) explored the multiple air pollutants exposure 
with incident PD, and the findings showed no significant relationship for SO2 expo-
sure. Jo et al. [19] used the data from the Korea National Health Insurance Service 
and estimated the pollutants levels based on the nearest air monitoring stations to 
examine such association. The results found no statistically significant relationship 
between long-term exposure to ambient SO2 and incident PD (HR = 1.02, 95%CI: 
0.74, 1.41). Another population-based cohort study was also conducted in Korea, 
which examined the short-term effects of air pollutants exposure on PD aggravation, 
with a positive association. Each unit increase in the 8-day moving average of SO2 
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level was significantly related to PD aggravation (OR = 1.54, 95%CI:1.11, 2.14 per 
1 ppb) [21]. As reported in a recent meta-analysis in 2022, the pooled association was 
not statistically significant for SO2 exposure [20].

3.4 Carbon monoxide with PD risk

Overall, the research on CO has demonstrated an effect on the risk of PD, but 
there are inconsistencies across studies. A population-based case-control study 
in Taiwan suggested that traffic-related pollutants exposure such as NOx and CO 
increased PD risk in Taiwanese population. The multi-pollutant models showed 
that the OR was 1.17 (1.07, 1.27) for ambient CO above the 75th percentile exposure 
compared with the lowest percentile [22]. A case-crossover study in Seoul found that 
short-term exposure to ambient CO significantly related to the risk of PD aggrava-
tion. The OR was 1.46 (95%CI, 1.05, 2.04) for each 0.1 ppm increment in the 8-day 
moving average of CO concentrations [21]. Conversely, some studies found no signifi-
cant effects of ambient CO exposure on PD risk [8, 19]. Given the inconsistencies of 
studies, a systematic review and meta-analysis were conducted in 2019 to summarize 
the results from 10 studies. The pooled association indicated that the risk of PD was 
1.65 (1.10, 2.48) for each 1 ppm increment of ambient CO exposure [23].

3.5 Ozone with PD risk

Studies of ambient ozone exposure with the risk of PD have been reported but 
remain inconclusive. Several studies found significant associations between exposure 
to ozone and PD risk [7, 24]. Zhao et al. [24] estimated the ambient average level of 
ozone by a combination of chemical transport models and ground measurement. 
The association analysis indicated that long-term exposure to ozone was signifi-
cantly related to the increased risk of mortality due to PD in Canada (HR = 1.09, 
95%CI:1.04, 1.14). A systematic review and meta-analysis included 21 studies with 
222,051 individuals who found that ozone exposure might contribute to a higher risk 
of PD. The pooled results presented that with each 10 μg/m3 increase in the concen-
tration of ozone, the adjusted RR was 1.01 (95%CI: 1.00, 1.02) [25]. Furthermore, a 
most up-to-date meta-analysis by Dhiman et al. further confirms the positive associa-
tion of ozone exposure [20].

4. Major study design in air pollution epidemiology

4.1 Studies on acute health effects

In the field of air pollution epidemiology, time-series study, case-crossover study, 
and panel study are often used to assess the acute health effects of pollutants. A 
time-series design by controlling for confounders that do not vary temporally but 
can only address short-term acute effects [26]. In recent years, time-series study has 
been widely applied to investigate the short-term exposure to air pollution on various 
health endpoints. Similar findings have been documented in different areas with dif-
ferent air pollution backgrounds, as well as in different study populations around the 
world [27–29]. This method is particularly advantageous where the catchment area is 
unclear, for hospital-based studies in densely populated areas where not all hospitals 
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can be included, counts of admissions or outpatients might be comparable for 
high-polluted versus low-polluted days. Therefore, time-based comparisons within 
a population are useful for assessing acute health effects from community-wide expo-
sures and may provide more valid estimates than comparisons between communities. 
The statistic methods of the generalized additive model (GAM) or Poisson regression 
models are often applied to analyze in these studies, whereas temperature and relative 
humidity are controlled for potential meteorological effects [30].

Case cross-over study is another typical design used for examining the acute 
effects of air pollution. The concept of “case-crossover study” is firstly named by Dr. 
Maclure at the Harvard University in 1991. The key feature of this study design is that 
each case serves its own control. The method is analogous to a crossover experiment 
viewed retrospectively, except that researcher does not control when a patient starts 
and stops being exposed to the possible trigger. Furthermore, the exposure frequency 
is measured in only a sample of the total period when the patient was at risk of the 
onset of disease [31]. Confounding from individual time-invariant characteristics 
is completely controlled, as the individual supplies his/her own referent periods. 
Compared with the time-series study, the strength of case-crossover study not only 
can control many potential confounding by its novel design rather than statistical 
models but also can help avoid many ethical issues.

Panel study, sample a set of fixed individuals on whom observations are made 
at regular time intervals, is usually completed in time. In recent decades, a growing 
number of epidemiological studies have applied the panel design to investigate the 
association of individual-level air pollutants exposure with health outcomes. Panel 
studies are usually performed over a short period, require intensive observation 
within this period, and have a relatively narrow focus. Thus, it may be difficult for 
recruitment and retention as they are demanding on participants, leading to issues 
with completeness and sample size [32]. Linear mixed models, mixed-effect models, 
or generalized estimating equations (GEEs) are usually used in this study design to 
examine the health effects of air pollutants.

4.2 Studies on long-term health effects

Compared with acute health effects, studies on long-term exposure of air pollut-
ants are more common in the field of environmental epidemiology. Cohort studies, 
case-control studies, or cross-sectional studies are often used to analyze the relation-
ship. The ecological study, a type of cross-sectional design, can be used to determine 
the regional characteristics of air pollution. Ecologic studies utilize group-level data 
on outcomes (i.e., rates of disease, prevalence proportions, or mean measurements) 
in relation to group-level data on exposures. With the emergence of some new tech-
nologies such as LUR model or satellite-based models, the estimation of the temporal 
and spatial changes of ambient concentrations of air pollutants has been improved 
[11, 24]. As reported in a recent model study, satellite-retrieved AOD provides a 
unique opportunity to characterize the long-term trends of ground-level PM2.5 at high 
spatial resolution [33]. Given the ecological study is easily subject to ecological fallacy 
and confounding, results from ecological studies should be viewed critically.

Cohort study is widely recognized as an ideal approach to investigating the long-
term effects of air pollutants exposure on health outcomes. However, due to the high 
expense and time-consuming nature, it brings many challenges to the practices of 
scientific research.
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5. Potential mechanisms of air pollution on Parkinson’s disease

The primary pathology in PD involves dopaminergic neuron loss, particularly 
in the substantia nigra (SN), and systematic inflammation. In the context of air 
pollution, studies have indicated that diesel exhaust can increase α-synuclein 
(α-syn) levels and lead to neuroinflammation, which is associated with the devel-
opment of PD. It is suggested that several pathways by which air pollutants can 
affect the central nervous system (CNS) and contribute to the pathogenesis of 
PD. The direct neurotoxicity and neuroinflammation, air pollutants-lung-brain 
connection, and changes of gut and microbiome play important roles in the 
occurrence and development of PD. The details of the possible mechanisms are 
summarized in Figure 2.

5.1 Direct neurotoxicity and neuroinflammation

It is believed that many components of air pollution can reach the brain and thus 
contribute to the pathogenesis of PD by direct neurotoxicity and/or neuroinflamma-
tion. The two fractions of PM-PM2.5 and UFP are predominantly implicated in CNS 
effects. Both of them are acutely toxic to cardiovascular and lung tissue. Given the 
small particle size and high activity, these particles can cross the blood-air barrier 
of the lungs, gaining access to peripheral circulation and the brain. The nasal olfac-
tory pathway is suggested to be a critical portal of entry, where inhaled UFP reaches 
trigeminal nerves, brainstem, and hippocampus [34, 35]. Furthermore, a growing 
number of studies have indicated these PMs can enter the brain and may be related 
to neurodegenerative pathology in vivo [36–38]. Additionally, evidence has shown 
that the concentrations of some polycyclic aromatic hydrocarbons (PAHs) in human 
brains are very high. This can help support the concept that specific components of 
air pollution can bioaccumulate in the nervous system, poses significant risks through 
direct neurotoxicity [39].

Oxidative stress and inflammation have been associated with the neurodegenera-
tive process including PD. In vitro studies have reported that PM exposure can induce 
inflammation in airway epithelial cells mediated by oxidative stress [40]. It is believed 
that oxidative stress plays a role in PD pathogenesis and can cause α-syn aggregation 
[41]. Pathological α-syn aggregates appear to spread throughout the CNS in a predict-
able manner, which determines the clinical symptom of PD. Mitochondrial damage 
has also been implicated in the development of PD and can lead to oxidative stress 
and neuronal loss. Dysfunction of mitochondria promotes the formation of reactive 
oxygen species (ROS), which can induce α-syn aggregation [42]. In addition, animal 
models showed that systematic inflammation could result in neuroinflammation and 
loss of dopaminergic neurons, especially in combination with increased α-syn levels, 
which posed an elevated risk for incident PD.

5.2 Lung-brain connection

Exposure to air pollution also leads to peripheral or systematic inflammation, which, 
in turn, can contribute to CNS inflammation. Epithelial cells lining the airway can 
physically block larger size PM and secrete cytokines including tumor necrosis factor-α 
(TNF-α) and interleukin-1 beta (IL-1β), which promote the synthesis of other cytokines 
and lead to immune cell activation. Just as an example, chronic low-level inflammation 
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Figure 2. 
The potential mechanisms of air pollutants exposure on risk of PD.
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is linked to multiple systemic injections of low lipopolysaccharide (LPS), a cell wall 
component of Gram-negative bacteria that is a potent pro-inflammatory stimulus, 
rendering animals more vulnerable to further pro-inflammatory insult [43]. The blood-
brain barrier (BBB) is weakened by systemic inflammation-derived proinflammatory 
cytokines and chemokines, which can allow proinflammatory cytokines and inflamma-
tory cells to enter the brain. Once passing to the brain, these factors from the periphery, 
along with brain-derived cytokines, chemokines, α-syn, and amyloid precursor proteins, 
can activate CNS immune cells and induce downstream effects [44, 45]. In brief, air pol-
lutants exposure induces a systemic inflammatory response, which may lead to neuroin-
flammation and an elevated risk of PD.

5.3 Gut-brain connection

Studies from both animal experiments and humans have supported the hypoth-
esis that pathological α-syn can accumulate in the gut, spread to the brainstem by 
the vagus nerve, and eventually induce neuronal loss in the SN. To our knowledge, 
there is little direct evidence of air pollutants can induce α-syn aggregates in the 
gut, which spreads to the CNS, while there is an increasing body of publications 
demonstrating that air pollutants can change the gut mucosa, which is thought to 
promote α-syn pathology. In animal studies, α-syn preformed fibrils injected into 
the duodenum induces α-syn spread into brainstem nuclei and then to the SN [46]. 
Moreover, it is reported that air pollution exposure can induce inflammation and 
leakiness in the gut. It may be a trigger for α-syn aggregates and alter the risk of 
inflammatory bowel disease (IBD) [44]. To date, it remains unclear how air pollut-
ants exert these changes in the gut, while they may act or partly affect by altering 
the microbiome.

5.4 Microbiome-brain connection

Microbiome has recently encountered the interest of neuroscience, which 
may be associated with the risk of PD. Air pollutants exposure has been linked to 
alterations in the microbiome, while primarily in animals. The imbalances in the 
microbiome can lead to disruption of the epithelial barrier of the gut and allow 
various bacterial metabolites and virulence factors to pass through the intestinal 
lining, enter the bloodstream and subsequently across the BBB. Metabolites of 
gut microbes, such as short-chain fatty acids (SCFA, i.e., acetate, propionate, and 
butyrate), have also been suggested to activate microglia and increase neuroin-
flammation [47]. In addition, some molecules including synaptogenic proteins, 
SCFA, levodopa (L-dopa), γ-aminobutyric acid, and serotonin can be produced, 
suppressed, and overused by strains of microbiota. These changes can have a 
direct effect on neurological function. As reported in a mice model, PD-derived 
gut microbiota may exacerbate α-syn-mediated motor impairments and neuronal 
disease, whereas germ-free mice displayed milder α-syn pathology [48]. An experi-
mental study in mice found that ambient PM2.5 exposure exhibited significant 
changes in gut microbial diversity [49]. A significant increment was observed 
in Bacteroidales, which probably involved degradation of the mucous layer and 
elevated gut permeability [44]. Though the mice microbiome is different from that 
in humans, these studies may help provide implications for air pollution affecting 
the PD risk by changing the microbiome. Future studies are warranted to validate 
these findings.
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6. Summary and future perspectives

The etiology of PD is complex but undoubtedly involves a combination of gene 
and environmental factors. To our knowledge, epidemiological investigations of air 
pollution exposure and PD risk have covered a wide variety of sizes and types of 
pollutants, populations, geographical locations, and related factors. Air pollution 
has been suggested to contribute to a significant percentage of PD cases worldwide. 
Several potential mechanisms include direct neural toxicity, CNS inflammation, and 
alternations in the microbiome may promote neurodegeneration and increase the risk 
of PD. However, this field is still in its early stage, some important questions remain 
unanswered, and some challenges are listed below.

1. PM2.5 constituents with PD risk

Since PM2.5 is a complex mixture of more than 50 chemical constituents (such as 
black carbon, OM, water-soluble ions, and metals), different chemical constitu-
ents of PM2.5 on PD risk as well as the possible mechanisms may be varied. It is 
meaningful for identifying the roles of various constituents of PM2.5 played in the 
development of PD.

2. Critical exposure windows

Given the development of PD is a chronic condition with a latency of about a 
decade [50], the critical windows of air pollutants exposure on PD risk needed to be 
identified in the future. With the rapid development of wearable personal monitoring 
sensors, we may foresee future possibilities for more precise and accurate personal 
exposure to pollutants, which can greatly benefit studies of air pollution and PD.

3. Interaction of gut microbiome and air pollutants

The involvement of human gut microbe with PD risk is an exciting emergent 
field of research. Besides the inhalation pathway, the PMs can also be swallowed 
and end up in the gut. The particles can then induce systematic inflammation, 
or interact with the gut microbiome in other ways, thus potentially impacting 
PD risk. Future investigations are needed to explore the interaction between air 
pollutants and gut-microbiome concerning the risk of PD.

4. Gene modifications and vulnerable population

As reported that the PD risk increased threefold when joint exposure to the AA 
genotype of the IL-1β gene and ambient NO2 [22]. It would be interesting to 
explore the interactions of the gene (such as APOEε4) with air pollutants on PD 
risk. Additionally, it is significant to identify the vulnerable characteristics of the 
population in future studies.
We believe that the understanding of the relationship between air pollution and 

PD will improve in the coming years as more investigations are conducted and more 
reproducible findings are reported.
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Abstract

The knowledge about the biochemical and behavioral changes in humans with PD 
has allowed proposing animal models for its study; however, the results obtained so 
far have been heterogeneous. Recently, we established a novel PD model in rodents 
by manganese chloride (MnCl2) and manganese acetate (Mn (OAc)3) mixture 
inhalation. After inhaling, the rodents presented bilateral loss of SNc dopaminergic 
neurons. Later, we conclude that the alterations are of dopamine origin since L-DOPA 
reverted the alterations. After six months, SNc significantly reduced the number 
of cells, and striatal dopamine content decreased by 71%. The animals had postural 
instability, action tremor, and akinesia; these symptoms improved with L-DOPA, 
providing evidence that Mn mixture inhalation induces comparable alterations that 
those in PD patients. Thus, this study aimed to compare the alterations in two differ-
ent PD experimental models: 6-OHDA unilateral lesion and Mn mixture inhalation 
through open field test, rotarod performance and the number of SNc dopaminergic 
neurons. The results show that the Mn-exposed animals have motor alterations and 
bilateral and progressive SNc neurons degeneration; in contrast, in the 6-OHDA 
model, the neuronal loss is unilateral and acute, demonstrating that the Mn exposure 
model better recreates the characteristics observed in PD patients.

Keywords: Mn inhalation, Parkinson’s disease experimental models, motor behavior, 
TH immunohistochemistry, rotarod performance
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1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder with movement abnor-
malities, which include tremor, rigidity, akinesia, bradykinesia, masked face, and 
postural and gait abnormalities [1] involving the continued dopaminergic cell loss 
projecting from the substantia nigra compacta (SNc) to the striatum. Within neuro-
degenerative diseases, it is the second most frequent, resulting in motor disorders, 
abnormal dopamine signaling, and dopamine cell death [2, 3].

While its causes are still not fully understood, experimental models have postu-
lated essential evidence. Based on clinical and experimental findings, PD was the first 
neurodegenerative disorder to be modeled and treated by neurotransmitter replace-
ment therapy [4].

When selecting an animal PD model, one has to be considering the differences 
and similarities between humans and animals’ behavior, physiology, and anatomy. 
The prevailing models have helped understand the disease’s causes and compro-
mised resources for new treatment approaches [5]. Nevertheless, the dopamine 
deafferentation simulated in animals, by the wide variety of neurotoxins or genetic 
manipulations, some PD models destroy the dopaminergic neurons rapidly and not 
progressively. In genetic PD models, the dopaminergic loss, while more progressive, is 
limited in amount or may not occur at all [5, 6].

The typical PD models (Table 1) induce nigrostriatal dopaminergic cell loss, 
frequently with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 6-hydroxy-
dopamine (6-OHDA), rotenone or paraquat [4, 6–9]. It is known that these models 
induce mitochondrial dysfunction and/or reactive oxygen species, but none completely 
simulate the pathology and symptoms seen in humans [7, 9]. 6-OHDA and MPTP are 
neurotoxins that rapidly and selectively destroy the dopaminergic neurons (within 1–3 
days), while PD pathogenesis obeys a progressive progression over decades [4, 10].

The consequences of manganese (Mn) as a PD model have been investigated 
since its toxicity (known as manganism) is related to extrapyramidal motor system 
 symptoms [11–14].

For a long time, there has been some controversy about Mn-induced dopaminergic 
alterations; whereas some researchers reported that Mn alters dopaminergic innerva-
tion, particularly in the basal ganglia, and produces Parkinson-like disorder [14–18], 

Model Characteristics Disadvantages

6-OHDA First established model, neuronal 
degeneration in 24 hours. Enters via 
Dopamine transporter (DAT) and inhibits 
the mitochondrial respiratory chain

Unilateral injection, acute model.
Unilateral damage, measurable by ipsi 
or contralateral rotation

MPTP Humans and monkeys produces the same 
symptoms/histopathology and response to 
L-DOPA.
It is transformed to MPP+ in the glia and 
enters through the DAT.

Lower susceptibility in rodents, the 
administration is acute or subacute. In 
rodents there is recovery

Rotenone Damage to the SNc and cytoplasmic 
inclusions is similar to Lewy bodies.
Inhibition of mitochondrial respiratory 
chain.

In neuronal selectivity, not all animals 
are affected.

Table 1. 
Some PD experimental models.
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many authors suggested that Mn neurotoxicity is unlike from PD in symptoms, 
pathology, and etiology [18, 19], particularly in the evident preservation of SNc 
dopaminergic somas [20–24].

We recently established an innovative PD model in mice [25, 26] and rats [27] by 
the inhalation of the mixture of two Mn compounds, Manganese chloride (MnCl2) and 
Manganese acetate (Mn(OAc)3). After Mn mixture inhalation, the rodents presented a 
significant loss of SNc dopaminergic neurons (67.58%) [26]. Later, we determine whether 
L-DOPA treatment improves the behavior to ensure that the alterations are of dopamine 
origin [27, 28]. Consequently, after six months of Mn compounds inhalation, striatal 
dopamine concentration decreased by 71%, and SNc showed a significant reduction in 
the number of TH+ neurons. The animals presented action tremor and postural instabil-
ity, which were improved with L-DOPA—suggesting that MnCl2/Mn (OAc)3 mixture 
inhalation induces comparable symptoms and neurochemical and cellular alterations to 
those observed in PD patients, providing a valuable model for the study of this disease 
[25–28]. Additionally, Mn inhalation is progressive and bilateral, making it more reliable. 
Thus, this study aimed to compare motor alterations in two different PD experimental 
models: 6-OHDA unilateral lesion (the most common used PD-experimental model [29] 
and MnCl2/Mn(OAc)3 mixture inhalation through open field test determining: walking 
distance (ambulation), rearing and walking speed, freezing time, rotarod performance 
and bradykinesia and counting the number of TH neurons in the SNc.

2. Methods

Male adult Wistar rats (starting weight 180–200 g) were placed during the recovery 
from the 6-OHDA surgery; two weeks after the surgery or Mn mixture inhalation, 
they were accommodated in groups of four with an inverted dark-light cycle (12:12 h) 
and fed with Purina Rat Chow and water ad libitum. Body weight was recorded daily. 
The experimental protocol follows the National Institute of Health Guide for the Care 
and Use of Laboratory Animals (NIH Publications No. 80-23) revised in 1996 and the 
Rules for Research in Health Matters (Mexico). We strive to limit the animals’ amount 
and their distress. Rotarod performance and open field were tested before the lesion 
or Mn inhalations as preliminary parameters (average condition) of each rat’s motor 
coordination, postural balance, and muscle rigidity to follow up on their performance 
throughout the experiment. The rats were first tested in the rotarod and trained to 
remain on the rod at 5 rpm and 10 rpm for 2 min, discarding those that, after three 
consecutive days, were unable to stay on the rod [30].

2.1 Stereotactic surgery

The rats were anesthetized with sodium pentobarbitone (35 mg/kg, intraperito-
neal) and placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). 
They were injected with 4 ml of saline solution containing 8 mg of 6-OHDA (Sigma 
Chemical Company, Mexico) and 0.2 mg of ascorbic acid (n = 6) into the left medial 
forebrain bundle (MFB). For the unilateral lesion, the stereotaxic coordinates were as 
follows: AP=–6.1 mm anterior to the interaural line; L = 1.6 mm lateral to bregma; and 
V = – 8.1 mm vertical from dura according to Paxinos and Watson [31]. A sham lesion 
was made with the vehicle using the exact coordinates (n = 6, control group). The 
injections were administered over a 4-min period using a Hamilton syringe attached 
to a glass micropipette with a 20–50 mm tip diameter.
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2.2 Manganese inhalation

Inhalations were performed as described by [25, 32]. Six rats were placed in an 
acrylic chamber inhaling 0.04 M MnCl2 and 0.02 M Mn (OAc)3 one hour thrice a 
week for six months. Six control rats inhaled only the vehicle—deionized water—
for the same period. Inhalations were performed in closed acrylic boxes (40 cm 
wide/70 cm long and 25 cm high) connected to an ultra-nebulizer (Shinmed, Taiwan) 
with 10 l/min continuous flux. The ultra-nebulizer produces droplets in a 0.5–5 mm 
range. A trap for the vapor was on the contrary side with a sodium bicarbonate solu-
tion to precipitate the remaining metal. During exposures, animals were constantly 
monitored for respiration rate, depth, and regularity. The exposure system was con-
tinuously monitored for temperature, oxygen level, and Mn concentration [25, 32].

2.3 Motor behavior

2.3.1 Rotarod performance

The rotarod consists of a four-lane rotating rod (diameter 7.5 cm) and infrared beams 
to detect the moment of fall. The rat’s body was placed perpendicular to the rotating axis 
and the head against the direction of the rotation; the animal must move forward to stay 
on the rod. Each rat was tested for about 15 min between the different testing speeds, thus 
reducing stress and fatigue. The rats were trained twice on the rotarod at the constant 
rate of 5 and 10 rpm for two min during three consecutive days before the performance 
evaluation. In the evaluating session, the rats were placed on the rod, and their perfor-
mance was tested at different constant speeds (5, 10, 15, 20, and 25 rpm) for a maximum 
of two min at each rate. All rats were video recorded while on the rod to assess their motor 
coordination and posture [30]. Control, 6-OHDA-lesioned and Mn-inhaled groups were 
evaluated before the experimental procedures and after three and six months.

2.3.2 Open field test

The rats’ behavior in the open field was evaluated before the experimental pro-
cedures and after three and six months. The rat was placed in the center of a square 
arena (80 × 80 cm) with 40 cm high, opaque black walls in a quiet, red-light-illu-
minated room. The motor behavior was video recorded for 20 min. The geometrical 
coordinates of the rat position in the arena were measured from the recorded videos 
to obtain the spatiotemporal sequence of the movements. The following behavioral 
parameters were measured: walking distance (ambulation), rearing, and walking 
speed. Bradykinesia was estimated by the reduction in walking speed assessed by the 
time taken by the rat to move from one corner of the open field to the next with rela-
tive speed. The arena was cleaned with a water/alcohol (70%) solution before every 
behavioral testing to avoid a possible bias due to odors and residues left by rats tested 
earlier [30]. All experiments were carried out from 11:00 a.m. to 3:00 p.m.

The times the rat passed through the center of the arena (central lines; Figure 1) 
of the open field were counted and multiplied by the distance (115 cm).

2.4 Tyrosine hydroxylase (TH) immunocytochemistry

After six months, for the immunohistochemical study, the rats were deeply anes-
thetized under pentobarbitone anesthesia (35 mg/kg, i.p.) after the last behavioral 
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test and perfused transcardially with 120 ml of 0.9% saline, followed by 300 ml of 
4% paraformaldehyde.

Coronal sections (50 μm) were acquired on a vibrating microtome containing 
the mesencephalon for immunocytochemistry. TH (Chemicon International Inc., 
Temecula, California, USA; 1: 1000) immunostaining with the ABC detection method 
(Vector Lab MI, USA) was performed for light microscope analysis. The analysis was 
carried out using a computer-assisted system (Image-Pro Plus; Media Cybernetics, 
Del Mar, California, USA) connected by a CCD camera to an Optiphot 2 Microscope 
(Nikon, Mexico). The number of TH+ neurons was counted in 1500 mm2 from each 
animal’s seven SNc sections per hemisphere [25–28, 32].

3. Statistical analysis

An unpaired t-test was used to analyze the number of cells. Motor performances 
were analyzed using repeated-measures ANOVA on mean values of motor activity per 
certain period, and post hoc comparisons were made with Tukey’s test. Group differ-
ences were considered statistically significant at p < 0.05. All analyses were conducted 
with GraphPad Prism Software Inc., Version 9 for Mac [25–28].

4. Results

4.1 Rotarod performance

This test estimates motor coordination and balance. Both features are under the 
dorsal striatum control [33, 34].

First, we explored the deficit degree in motor coordination and balance produced 
by the unilateral MFB lesion six months after; we found that the fall latency (or perma-
nence on the roll) decreased significantly from 15 rpm (p < 0.05), as seen in Figure 2. 

Figure 1. 
Open field test. Rat trace in the center of the arena.
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Figure 2 also shows the Mn mixture-exposed rats’ results, observing a progressive 
decrease in rod permanence directly proportional to the months of exposure. Between 
the pre-exposure stage vs. three months, an evident reduction is kept in the permanence 
time at revolutions 20 and 25, decreasing by 46% and 8%, respectively. However, after 
six months, the decrease in the rode permanence time was evident in the five evaluated 
revolutions (5, 10, 15, 20, and 25 rpm) due to the significant falls between 70 to 90%. 
Figure 2 shows the performance in the test after six months of experimental perfor-
mances. The pre-groups are not shown because they were considered 100%.

4.2 Open-field test

In addition to assessing gross motor deficit, we decided to explore the effect of the 
lesion and Mn-inhalation on the animals’ overall spontaneous motor behavior. Open-
field testing after the 6-OHDA lesion revealed that voluntary movement and exploration 
decreased significantly to 44.87 ± 29.50% on average (Figure 3). As seen in the represen-
tative traces of the route (Figure 4A), the animal in its intact condition moved profusely 
through the open field, exploring the entire perimeter of the arena and sometimes the 
center, with few periods of inactivity. After three months of the unilateral MFB 6-OHDA 
lesion, the same animal made a much smaller movement (which is reflected in the low 
density of lines in the x-y axes), almost did not cross the center of the arena, and pre-
sented prolonged periods in which it stopped staying in expectation, or simply immobile 
in the corners (akinesia), this is observed in the route as a space between the movements 
on the t-axis (see the middle trace of Figure 4A). The Mn-exposed group also decreased 
the exploratory activity compared to the pre-exposure stage (Figure 5). The animals, 
before Mn inhalation, traveled the average maximum distance of 5875 cm in 20 min (this 
value was taken as 100%); after three months of exposure, a significant decrease was 
observed; on average, each animal traveled a distance of 3250 cm which is equivalent to 

Figure 2. 
Rotarod Permanence time at (5, 10, 15, 20, 25 rpm) of the control, 6-OHDA-lesioned, and Mn-exposed groups 
after six months. It is observed that the higher the rod speed, the performance in this test was more deficient. 
Performance in the pre-exposure test was considered 100%. (* = P < 0.005 6-OHDA-lesion and Mn-exposure 
versus control group; # = P < 0.005 Mn-exposure versus 6-OHDA-lesion; repeated-measures ANOVA followed by 
Tukey post hoc test).



53

Behavioral and Cytological Differences between Two Parkinson’s Disease Experimental Models
DOI: http://dx.doi.org/10.5772/intechopen.108268

Figure 3. 
The 6-OHDA lesion altered the ambulatory performance assessed by the distance traveled, the walking distance, 
and the rearing frequency, inducing bradykinesia and freezing in the first ten minutes. (One-way repeated-
measures ANOVA) but it did not significantly affect bradykinesia. *P < 0.001 compared with control. The data 
are given as the mean ± SEM).

Figure 4. 
(A) The representative traces are shown in a three-dimensional form of a rat’s path (x-y in time) in the two stages 
of the protocol after the 6-OHDA lesion. The number of lines is proportional to the total distance traveled. (B) 
Images showing the path of a rat in the pre-and after Mn exposure stages. It is evident that after Mn inhalation, and 
presumably by the loss of dopaminergic innervation, the animals did so attached to the walls when they wandered.
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45% decrease (Figure 5); however, at six months the decline was more evident, corre-
sponding to 66% covering a distance of 1985.83 cm in 20 min (Figures 4B and 5).

As can be seen, the inhalation of Mn, by producing bilateral dopaminergic dam-
age, accentuates the alterations in a time-dependent manner (in both rotarod and 
open field tests) more clearly compared to the unilateral 6-OHDA-lesioned group. 
Moreover, the qualitative evaluation showed that Mn-exposed animals exhibit hind-
limb weakness, poverty of spontaneous movement (akinesia), slowness of movement 
(bradykinesia), action tremor, and postural instability.

4.3 Tyrosine hydroxylase immunocytochemistry

TH+ neurons counting found that in the 6-OHDA unilaterally lesioned rats, SNc 
had 95.4% of dopaminergic neurons lost on the ipsilateral side than the contralateral 
(Figures 6 and 7). The number of TH+ neurons in the control group, both contra and 
ipsilateral SNc, remained unaffected (94 ± 1.9 and 93 ± 1.7, respectively) (Figure 6). 
In contrast, we found a substantial loss of TH-positive neurons in the SNc of 6-OHDA 
lesioned animals in both contralateral (73 ± 1.9) and ipsilateral (5 ± 1.6) SNc com-
pared to controls as shown in Figures 6 and 7.

Also, after six months of MnCl2/Mn(OAc)3 inhalation, a significant loss of the 
TH+ neurons in the SNc was observed (70.58%) compared to the control group 
(Figures 6 and 7).

Figure 5. 
MnCl2/Mn(OAc)3 inhalation decreased ambulatory activity measured by distance traveled, rearing frequency, 
and walking distance, and induced significant bradykinesia and freezing during the first ten minutes in the 
open field (one-way repeated-measures ANOVA). * P < 0.001 compared with control (the data are given as the 
mean ± SEM).
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Figure 6. 
SNc TH+ cell number. The data are presented as the mean ± SEM. A statistically significant decrease in 
TH-immunoreactive cells was detected in MnCl2/Mn(OAc)3-exposed group and both 6-OHDA-lesioned contralateral 
and ipsilateral SNc; being more drastic in the 6-OHDA ipsilateral SNc (* = P < 0.05 versus control group; ANOVA test).

Figure 7. 
Illustrative TH+ from coronal sections containing the SNc of control, 6-OHDA, and MnCl2/Mn(OAc)3-exposed 
rats; it is evident the loss of dopaminergic neurons in both experimental groups is more drastic in the 6-OHDA 
ipsilateral SNc (magnification 10×).
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Figures 6 and 7 clearly show the laterality of the neural loss in the unilaterally 
6-OHDA-lesioned animals, unlike the rats that inhaled Mn, who presented significant 
bilateral cell loss.

5. Discussion

A reliable PD experimental model must gradually mimic the physiological and 
behavioral symptoms such as bradykinesia, akinesia, tremor, and muscle rigidity, 
allowing intervention in the early stages of the disease [5, 35, 36].

There are currently several experimental models that reproduce PD. These models 
were aimed to induce nigrostriatal dopaminergic depletion. Selective neurotoxins 
such as 6-OHDA, MPTP, paraquat, or rotenone are generally used [4, 7, 9]. These 
models induce neuronal death by inhibiting mitochondrial function and producing 
ROS. Still, none fully reproduce the symptoms and pathology seen in PD patients, in 
part because the activity of the neurotoxins is acute, fast, unilateral, and nonprogres-
sive, and the response to these neurotoxins is different between species [4].

Our results evidence that the alterations between the two models are similar; 
however, the animals exposed to the Mn mixture had time-dependent behavioral 
alterations, while the animals lesioned with 6-OHDA presented alterations almost 
immediately, the neuronal loss is massive and mainly unilateral, so it is complicated to 
prove a treatment with 5% remaining dopaminergic neurons.

5.1 Rotarod performance

The rotarod is commonly used to behaviorally assess the degree of dopaminergic 
depletion (maximum or partial) in PD models [37]; this test also assesses akinesia and 
postural instability symptoms.

The exact mechanism underlying this test is the failure of the dopamine-depleted 
rats to remain on the rod; these deficits become increasingly apparent as the speed 
of rotation increases and the rats are obligated to move faster. There is also evidence 
of loss in the ability to apply force with the affected extremities; therefore, there 
is fatigue [38], and they tend to fall (fall latency). It has recently been shown that 
PD patients present instability and movement inaccuracy which becomes more 
prominent when they are asked to move faster [39]. The motor alterations became 
more evident at 20 and 25 rpm; after six months of dopamine depletion, motor 
coordination decreased significantly in the five evaluated revolutions. The dopamine-
depleted animals tended to remain static before starting the test, so when the rotarod 
was turned on, it was easy for them to lose their balance and fall or not coordinate 
their steps with the movement of the rod when the revolutions increased. Similar 
results have also been reported by Rozas et al. [37] using the rotarod test in mice that 
received injections of MPTP, the animals showed a reduction in the time spent on the 
rod, related to the SNc dopamine loss. Subsequently, Razgado-Hernandez et al. [30] 
report the association between the degree of motor coordination deficit and the bal-
ance produced by 6-OHDA unilateral lesion in the MFB, where there is an 89.4% loss 
of TH+ neurons in the lesioned SNc.

Our data demonstrate that the Mn-exposed rats had more trouble staying on the 
rod since the dopaminergic denervation is bilateral, just like the PD patients.
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5.2 Open field performance

The open field is a reliable test in rodents to assess motor activity as it measures 
(spontaneous motor behavior) that is an analog in PD patients when they present 
hypokinesia (decreased ambulation) and bradykinesia (reduced speed of movement).

Among the cardinal PD symptoms are akinesia and postural instability. Akinesia 
can be the most disabling symptom (along with tremors). It can be subdivided into 
different components such as delayed initiation of movement (prolonged reaction 
time (bradykinesia), inability to reach an object with continuous movement, rapid 
fatigue with repetitive motions, and balance disorders [35, 39]. The locomotion 
decrease is indicative of an altered state of motor behavior typical of parkinsonism, 
and the reduction obtained is similar to that reported by [40] for a unilateral 6-OHDA 
MFB lesion. In the 6-OHDA-lesioned rats, the walking distance appears unaffected, 
so there is no bradykinesia; we found some akinesia probably associated with a lack of 
motivation to move and explore the environment.

In contrast, regarding the animals exposed to Mn, before the inhalation, the rats 
maintained spontaneous exploration activity; however, when Mn-exposed, the spon-
taneous activity significantly decreased; this decrease was progressive; after three 
months, the decline was 45%, but after six months it was 76%, this response indicates 
that the model reproduces the symptoms of hypokinesia (decreased ambulation) 
which causes them to walk less distance and bradykinesia since their walking speed 
was altered, alterations reported previously by our group [41]. We also observed 
tremors, a symptom the 6-OHDA-lesioned rats did not present. Qualitative inspection 
indicated that Mn-exposed rats display hind-limb weakness, poverty of spontaneous 
movement (akinesia), slowness of movement (bradykinesia), action tremor, postural 
instability, and freezing behavior. About these alterations, Harischandra et al. [15] 
stated that mice exposed subchronically to Mn by intragastric gavage displayed 
hypoactivity; this alteration was associated with 50% striatal dopamine depletion; 
Eriksson et al. [42] found that after five months of Mn exposure the animals devel-
oped unsteady gait, subsequently action tremor and were hypoactive. The animals 
lost strength in both upper and lower extremities, and their paw movements were 
clumsy [42].

It is well known that rats with both MFB 6-OHDA lesions have postural instabil-
ity and little ability to preserve equilibrium after tasks with destabilizing forces. 
Similarly, spontaneous movements are significantly altered [43]; this has not been 
reported after the unilateral 6-OHDA lesion.

Parkinsonian-like tremors have been scarce in unilaterally 6-OHDA-lesioned rats 
[44, 45]; nevertheless, Schallert et al. [46] have reported infrequent tremors in the 
paw and the wrist of rats with almost complete dopamine denervation (either bilat-
eral or unilateral). This tremor is observed when the paw is placed off the floor in a 
non-weight-bearing posture [46]. It is also known that bilaterally 6-OHDA- lesioned 
rats show most of the PD motor symptoms. However, 6-OHDA bilateral lesion is not 
a typical PD model since the lesioned animals need intensive care since they present 
adipsia and aphagia and die a few days after the lesion [47]. Therefore, the MFB uni-
lateral 6-OHDA lesion is the most commonly used PD model, even though it does not 
replicate all the PD symptoms and pathological characteristics. Likewise, the acute 
kind of the experimental models contrasts with the dopaminergic nigral neuron’s 
progressive degeneration in PD [41].
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5.3 Tyrosine hydroxylase immunocytochemistry

We observed a severe decrease (95%) of TH+ cells after the unilateral 6-OHDA 
lesion in the ipsilateral SNc. The MFB 6-OHDA unilateral lesion produces a severe 
SNc degeneration, mainly in the ipsilateral side, within the first hours after the lesion, 
corroborated by apomorphine-induced circling behavior [48] and TH+ cell count (see 
Figures 6 and 7). Our results concur with Surmeier [49], who reported that PD patients 
have up to 95% of dopaminergic neuron reduction in the advanced stages of the disease. 
Similarly, it has been confirmed that the MFB unilateral lesion decreases 95–98% of 
the SNc ipsilateral number of TH+ neurons [50, 51]. We also found a significant cell 
loss in the contralateral SNc, as reported previously by our group [52, 53]; however, 
the cell loss in the contralateral SNc is not enough to simulate PD symptoms. Similarly, 
it has been described that the reserpine rat PD model is known to induce a substantial 
dopamine depletion with a rapid development of striatal dopaminergic receptors super-
sensitivity (within 12–24 h after reserpine) [54]. Other authors have shown that most 
severely lesioned parkinsonian primates subjected to chronic MPTP regimens present 
70–80% nigral TH+ cell loss and >95% striatal dopamine depletion [55].

According to previous reports [25–28, 41], we found a substantial loss of TH+ 
neurons, as shown in Figures 6 and 7, displaying a very similar pattern to that reported 
in the middle to advanced stages of the PD; it has been described neurochemical 
variations in humans and animals Mn-intoxicated involving the decrease in dopamine 
concentration and TH+ immunoreactivity in the SNc and striatum [13, 15, 16, 56–59]. 
Hence, it has been supposed that Mn interacts with catechols specific to dopaminergic 
neurons to diminish them promptly, causing these cells to no longer be viable [60, 61]. 
However, there has been controversy about Mn-inducing SNc dopaminergic dam-
age [18, 20, 22, 24, 62–65]. According to these authors, Mn exposure leads mainly to 
Globus Pallidus and striatal alterations without affecting the SNc dopaminergic neu-
rons. Our results are probably because we exposed the animals to a mixture of divalent 
and trivalent Mn. Divalent Mn pro-oxidant activity seems to depend on trivalent Mn 
trace amounts, which may enable Mn2+ small portion to oxidize to Mn3+. This relation-
ship between both Mn compounds results in a continuous redox cycle [66]. It seems 
that divalent Mn does not have oxidative effects; nevertheless, the transition of Mn2+ 
to Mn3+ accelerates its oxidant capability, which might consequence in the production 
of reactive oxygen species, cell membrane damage, and lipid peroxidation [61], which, 
in turn, could affect catecholamines [67, 68]; therefore, the inherent transformation 
of divalent Mn to trivalent Mn and the existence of more trivalent Mn might provoke 
mitochondrial dysfunction and more reactive oxygen species [68, 69] manifested as 
the evident motor alterations and the dopaminergic neuronal death, reported here.

Numerous reasons have been suggested to explain the SNc dopaminergic cell’s sus-
ceptibility to Mn. First, the lack of cellular antioxidant defenses, and second, the mito-
chondrial oxidative energy metabolism disruption [69]. This has led to the assumption 
that extreme brain Mn levels provoke oxidative stress leading to neurodegeneration [66]. 
However, the main reason for the specificity of Mn for the SNc dopaminergic neurons 
is related to the dopamine transporter (DAT); it has been reported that Mn arrives in 
the neurons via DAT [70–73]; DAT is related to the MPTP [74], and 6-OHDA neuro-
toxicity [75], where SNc is more vulnerable than other dopaminergic areas, such as the 
ventral tegmental area (VTA). It seems that the VTA and SNc dopaminergic cells exhibit 
topography, biochemistry, and susceptibility to pathological processes differences [76]; 
the middle and medial SNc express higher levels of DAT than the VTA [74, 77]; thus, Mn 
possibly get SNc dopaminergic cells through the greater amounts of DAT reported on 
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those neurons. Moreover, in PD, the most vulnerable neurons are the SNc dopaminergic 
ones and not those of the VTA [76, 77].

Currently, available PD experimental models have contributed significantly to 
our knowledge of the disease’s neurotransmitter changes, potential neuroprotective 
therapeutics, and pathophysiology [6, 7]. However, so far, we do not have the most 
suitable model. MPTP experimental model is the best available one for some reasons, 
and it has been essential for testing neurorestorative and neuroprotective approaches 
[4]. Nevertheless, the MPTP model disadvantages are acute damage to the dopami-
nergic system and infrequent generation of inclusion bodies, different susceptibility 
among species, and recovery after exposure ceased [78]. Both MPTP and 6-OHDA 
models differ from the slowly progressive pathology of human PD [4]. In addition, 
PD genetic models seem to simulate some features of the disease without extensive 
SNc neuronal loss [79]. Transgenic mice overexpressing wild-type and mutant alfa-
synuclein demonstrate motor deficits without loss of dopaminergic neurons [4, 80].

The substantial reduction (72 %) in the number of SNc dopaminergic cells after 
divalent/trivalent Mn inhalation observed here establishes an evident reduction of 
this catecholamine content. Therefore, we suppose the motor PD symptoms are due 
to dopaminergic denervation since L-DOPA-treated animals almost entirely improved 
their motor performance [27, 28].

6. Conclusion

For some years, PD has shown a significant increase in its prevalence, which is 
why it has been the focus of multiple investigations worldwide. All these investiga-
tions strive to explain the pathophysiological mechanisms of the disease and the best 
therapeutic alternatives. To accomplish this, we have resorted to the design and use of 
various animal models, representing an opportunity to study aspects of the disease 
from different perspectives.

When choosing an animal PD model, the stated objective, scope of the research, 
and the similarities or discrepancies between the anatomy, physiology, and behavior 
of humans and animals should be considered. In this chapter, we compared the motor 
alterations of the model due to unilateral 6-OHDA lesions and inhalation of the 
MnCl2/Mn(OAc)3 mixture.

Our results showed that 6-OHDA unilateral lesion produces acute loss of dopa-
minergic neurons. These animals did not appear to present bradykinesia and tremor, 
both clinical aspects that are considered cardinal in PD patients. Unlike 6-OHDA or 
MPTP PD models, where all symptoms happen in a few days or weeks, or even hours, 
while in PD patients progress over decades [81]; our Mn mixture-inhaled model 
seems to be adequate because the symptoms and cell death are bilateral and, and the 
variances between species are insignificant [25–28]. According to Schober [78], an 
ideal PD model must develop the following characteristics: (1) an average number of 
SNc dopaminergic neurons at birth followed by the gradual and selective loss of these 
cells beginning in adulthood; (2) easily detectable and quantifiable motor deficits; 
(3) Lewy bodies; (4) the model, ideally must have a reasonably short time course 
to simulate the PD pathogenesis (about 3–6 months), which would grant a prompt 
assessment of therapeutic schemes [78]. Therefore, we replicate at least three of those 
features with our model [25–28]. However, additional studies are required to clarify 
whether Mn-mixture inhalation produces Lewy bodies, reduces striatal dopamine 
concentrations, and determine if the animals recover after the inhalation.
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Finally, our data and the findings of the Mn-model apport crucial knowledge 
concerning a better understanding of the mechanisms related to the PD nigrostriatal 
degeneration since it adequately simulates the neurochemical, neuroanatomical, and 
some behavioral characteristics of PD.
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Chapter 4

Early Diagnosis of Parkinson’s
Disease: Utility of Animal Models
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Abstract

The effectiveness of the treatment strategies for Parkinson’s disease (PD) is highly
dependent on the time of therapeutic intervention. This makes early diagnosis of PD
an essential factor for its treatment; however, the complexities of the symptoms make
it difficult to diagnose at an early stage. Moreover, by the time the symptoms start to
appear, the disease has already been propagated in the patients. Even for the
researchers, it is difficult to understand the important early diagnostic biomarkers due
to the unavailability of the patients at the early stage, that is, before the manifestation
of visible symptoms. The solution to this problem appears to develop animal models
and monitor them from the early days to discover the diagnostic biomarkers. In this
chapter, we shall discuss the use of animal models in the research intended to discover
early diagnostic biomarkers for PD and why it is important to use animal models.

Keywords: alpha-synuclein, animal models, biomarkers, dopaminergic neurons, early
diagnosis, neurodegeneration, Parkinson’s disease, prodromal stage, rotenone,
substantia nigra, transgenic models

1. Introduction

The number of Parkinson’s disease (PD) cases per year is rising worldwide. In the
coming two decades, it is estimated to outpace Alzheimer’s disease in terms of casual-
ties [1]. The economic burden of PD is also very high, as it can be understood by the
fact that the US alone spends more than $50 billion annually on PD [2]. The disease
goes unnoticed in the earlier stages as neurons are highly arborized and redundant;
therefore, when degeneration of dopaminergic neurons starts, other neurons com-
pensate for this loss. Consequently, motor symptoms appear when nearly half of the
dopaminergic neurons have degenerated [2, 3]. PD’s effects on the central nervous
system are prolonged, and the neuronal damage cannot be reversed, making the
disease’s symptoms and progression inexorable. By the time PD is diagnosed, individ-
uals have difficulty coordinating their bodies due to tremors, bradykinesia, stiffened
limbs or trunk, and poor balance. Also, moving, speaking, swallowing, and other
ordinary functions can become problematic as the symptoms progress. Apart from
obvious motor-related symptoms, there are a few non-motor symptoms such as
behavioral changes, sleep-related disorders, cognitive impairment, constipation etc.
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that severely impact the healthy well-being of the individuals. Interestingly, some
non-motor symptoms such as hyposmia, REM sleep behavior disorder (RBD), consti-
pation, etc., follow motor symptoms over many years [4–8]. The multifactorial nature
of PD makes it difficult for clinical diagnosis as the symptoms and causes are not
universal among all patients. Particularly early diagnosis of PD is challenging because
the symptoms at an early stage overlap with other diseases and normal aging. There is
a need to identify biomarkers that can be helpful in early and accurate diagnosis,
which must be aimed to prevent PD progression. In this chapter, we first discuss the
different aspects of PD diagnosis, followed by challenges in early diagnosis. We also
discuss the existing animal models used in PD research. Later we shall focus on
various diagnostic markers and the utility of animal models. We conclude by stating
the importance of animal models in PD research intended to discover early diagnostic
biomarkers.

2. Different aspects of PD diagnosis

There are different aspects to diagnose PD, such as (1) Non-motor symptom
assessment, (2) Brain imaging, and (3) Molecular markers-based diagnosis—e.g.,
metabolome analysis, miRNA-based analysis, genome sequencing.

2.1 Non-motor symptoms assessment

It has been shown that a few non-motor symptoms appear before the inception of
the motor symptoms, e.g., Smell loss or hyposmia is a common phenomenon in PD
(75–95%), however, a study reports �25% of the normal population faces smell loss at
later stages of life [9–11]. Constipation associated problems have been reported in PD,
but only 15–20% of patients suffer from this problem [6, 7]. RBD is often reported in
PD patients. It has been reported that �67% of patients with RBD complaints whose
nigrostriatal dopaminergic system is damaged, develop PD within 4 years [4, 5].
Although these non-motor symptoms help in PD diagnosis, their accuracy is very low.
As these symptoms are not exclusive to PD, there is a need to identify a set of
important non-motor symptoms that can accurately predict PD condition.

2.2 Brain imaging

With advancements in radiology, one could think of having non-invasive imaging
(MRI, PET etc.) techniques to identify degenerated regions in the brain, such as
substantia nigra, but the depletion is gradual which will go undetected in the early
stages. Moreover, performing MRIs are too expensive to be carried out for a healthy
population. Despite that, if someone wants to deploy imaging for early diagnosis, then
it is necessitated to build some machine learning models (e.g., Deep learning methods
such as Convolution Neural Networks etc.) for analyzing the whole brain regions that
can be used for early diagnosis and predict the disease condition better than the
existing models [12].

2.3 Molecular markers-based diagnosis

Metabolome-based analysis has been thriving in the last decade, and it is now
extensively used for diagnosing PD using various sample matrices, such as
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Cerebrospinal fluid metabolome, Blood metabolome, Tissue metabolome, Fecal
metabolome, Urine metabolome. Although the initial metabolome results seem prom-
ising, it has some serious impediments to deal with, as the metabolome varies demo-
graphically and individually. Moreover, differences in genotype, presence of other
diseases, lifestyle, diet, past medical records, and use of dissimilar tools and tech-
niques for analysis enormously impact the results and conclusions. The reproducibil-
ity and validity of the results can be improved by standardizing the protocols, taking
large samples, including various demographic populations in one study, and joint
analysis with other methods. Among all, blood biomarkers are the most straightfor-
ward and cost-effective way of diagnosing a disease, but it does not seem to keep up to
the mark in the case of PD. Heretofore, not a single biomarker has been found that can
be employed universally in diagnosing the disease at the early stages. Many laborato-
ries have conducted experiments relating to identification of circulating miRNAs, and
they have come with a few novel miRNAs that are beneficial for early diagnosis of PD,
but the results vary among the laboratories. This might be because of the difference in
genotyping, symptoms, small sample size, demographic constraints, implementation
of different protocols etc. Since miRNA can be collected aptly, if we improvise our
approach, we can expect beneficial results. There is a dearth of rigorous standardiza-
tion of the techniques, and one must address the above-mentioned challenges to
improve the outcome. Nevertheless, different body fluids biomarkers such as α-
synuclein aggregation or the formation of toxic tau isoforms are also considered
hallmarks in PD. But they are deposited at the later stages of PD; therefore, they
cannot be detected in the early stages and hence are not helpful for early diagnosis.
There is a need to identify a biomarker that can be detected in the early stages of the
disease. Scientists also contemplate a few miRNAs found in CSF as potential bio-
markers, but sampling CSF is cumbersome and costly, and it also may lead to some
untoward circumstances. Apart from CSF, it is required to identify miRNA from other
body fluids, which can be collected easily and help diagnose the disease early [13, 14].

Few researchers have come up with machine learning (ML) models using various
features to predict the disease condition. Several models focused on pre-motor symp-
toms of the disease and can predict the disease condition with acceptable accuracy.
There is a need to tune the models with more data and play with other parameters and
features, deploy other ML algorithms to improve the accuracy of the disease early
diagnosis [15].

3. Challenges in early diagnosis

PD begins much before the motor symptoms occur, also known as the Preclinical
phase of the disease that may last several years. Symptoms of this phase include
hyposmia, depression, anxiety, and sleep difficulties along with autonomic nervous
system disorders such as digestion, breathing, salivation, bladder malfunction, exces-
sive sweating, and sexual dysfunction [16]. Clinical PD begins with onset of motor
symptoms such as resting tremors, bradykinesia, limb rigidity, and coordination
issues. Symptoms usually proceed gradually, often starting on one side of the body,
such as reduced one-sided arm swing and intermittent tremors. Cognitive impairment
(a non-motor symptom) appears often after the motor symptoms [17]. Many patients
with PD develop dementia, however the time frame varies significantly from one
individual to another. Dementia is a primary reason for PD patients to enter long-term
care facilities [18]. However, it has been observed that the onset of motor symptoms
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i.e. clinical PD starts much earlier than it can be diagnosed with current diagnostic
criteria. Hitherto, no biomarkers have been found which will assist accurate
diagnosis of these conceptual phases of pre-diagnostic PD with high sensitivity and
specificity [19].

Furthermore, it should be noted that perception of a PD case on early diagnosis
may be significantly influenced by their demographics, their family history, or a
genetically identical state [20]. However, there is also the possibility of entering in
disease-modifying therapy trials associated with gene targeting. Along with the fact
that different mutations for PD have been reported, exhibiting a varying degree of
penetrance in various populations. As a result, while some populations are susceptible
to one mutation, the same mutation may not be active as a risk factor for the devel-
opment or progression of the disease in other populations. Genetic testing of unse-
lected PD cohorts revealed that up to 10% of cases with Glucocerebrosidase gene A
(GBA) mutations had type 1 GD (Gaucher’s disease), which is known to dramatically
enhance the risk of acquiring PD (and is considerably high in few populations, like
Ashkenazi Jewish demography) [21, 22]. Leucine-rich repeat kinase 2 (LRRK2) gene
mutations are present in a substantial number of PD patients in several groups,
including Ashkenazi Jewish and Berber Arab communities [23–25]. Similarly, it has
been discovered that Han Chinese people have a substantial association with GAK
gene mutation [26].

Despite various studies, PD diagnosis and misclassification in routine clinical
practice are frequent, with error rates between 15–24% [27–29]. Approximately 10%
of cases that were diagnosed with PD by neurologists had alternate pathologies (like
multiple system atrophy, tauopathies and progressive supranuclear palsy), despite the
adoption of strict clinical diagnostic criteria [30]. A recent meta-analysis of 11 clini-
copathological investigations revealed a shared accuracy in clinical diagnosis of PD
cases of only 81% which is a reason why various forms of secondary parkinsonism and
tremor diseases such as essential tremor, are frequently misdiagnosed as PD [31].
Early diagnostic separation of PD from atypical parkinsonian disorders presents the
toughest challenge even for qualified professionals. Diseased defined by neuronal
deposition of phosphorylated tau aggregates like tauopathies and progressive
supranuclear palsy are among the parkinsonism disorders including multiple system
atrophy which are pathologically characterized by presence of cytoplasmic glial inclu-
sions formed due to aggregation of α-synuclein in oligodendrocytes. All these condi-
tions can be exceedingly difficult to identify from one another and from PD in the
early stages of the disease [32, 33]. According to clinicopathological research clinical
diagnostic mistakes account for 7 to 35% of cases [34–36]. It is important to optimize
the clinical biomarkers that can be used to differentiate between PD and these main
subtypes of atypical degenerative parkinsonism.

To address this need, various cross-sectional case-control studies have strived to
define the prognostic value of non-genetic, genetic risk and prodromal clinical factors
(biomarkers identified from studies on animal models) to establish the probability of
translation to clinically identified PD. Some of the studies which have been initiated to
better characterize this using a variety of risk factors or markers and prodromal
features are:

• The Parkinson’s Associated Risk Study (PARS) is a multicentre study in the
United States that compares older individuals with and without hyposmia and
involves annual physical exams and twice-yearly dopamine transporter SPECT
scans [37].
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• The Prospective Validation of Risk Factors for the Development of Parkinsonian
Syndromes (PRIPS) study focused on early diagnosis of PD by analyzing risk
factors such as age, male gender, family history, hyposmia, subtle motor
impairment and enlarged substantia nigra hyperechogenicity. The study
was performed on 1847 individuals from three European nations aged over
50 years [38].

• The Tübingen Evaluation of Risk Factors for Early Detection of
Neurodegeneration (TREND) study highlight the prodromal markers by
examining 698 individuals aged between 50 and 85 years with selected prodromal
markers (SPM) with no neurodegeneration. Individuals with SPM show higher
prevalence of various prodromal symptoms making SPMs as better diagnostic
markers [39].

• The Parkinson’s Progression Markers Initiative (PPMI) is a global cohort, having
at least 50 data collection sites, started back in 2010. It has now more than 4000
participants, the major involved countries include North America, Australia,
Europe, and Israel. PPMI is interested in collecting various data that comprises of
motor assessments, non-motor assessments, brain imaging, cognitive
impairments, blood samples, genetic and various omics data which are publicly
available. The main aim of PPMI includes finding novel biomarkers, new and
better treatments for PD [40].

These cohorts offer valuable pre-diagnosis information from at-risk subjects who
may experience PD in the course of study period or who have recently received a
diagnosis. Studies based on these cohorts pay particular attention to the emergence of
prodromal symptoms and epidemiologic traits based on biofluids or biopsies. How-
ever, a basic barrier in research on neurodegenerative diseases is the inability to
characterize disease at molecular level and infer disease progression from these
parameters [41]. Animal models are therefore necessary since they are the only way to
directly and longitudinally analyze any disease-relevant tissue. Additionally, by stan-
dardizing and closely observing living conditions, they enable the assessment of envi-
ronmental and behavioral influences on etiologically complicated disorders like PD.

In addition to identification of novel biomarkers for early and accurate diagnosis,
better diagnostic methods are needed to identify PD earlier in the course of disease
progression. By the time a patient exhibits clinical symptoms and is diagnosed with
PD, neurons and autonomic nervous system functions have been lost. An earlier
diagnosis may provide a therapeutic window to slow or alleviate PD before onset of
motor deficits (Figure 1). Even with the varying methodologies, there is a clear
indication with promising results which can detect cases with strong manifestation of
“pre-diagnostic” PD via clinical, imaging, and other risk markers. As many of these
cohorts mature, the numbers of “high-risk” individuals “converting” to established
PD provide proof of concept and will assist to establish the optimum approach to
“early” detection. We must redraft our strategy and amalgamate the above-mentioned
approaches to early diagnose the disease with high accuracy, sensitivity, and specific-
ity. If PD is detected at the early stages, disease progress can be slowed or at best can
be halted, consequently reducing the economic burden and improve the quality of life.

Early PD diagnosis will be beneficial in many terms such as (i) Early diagnosis will
give ample time to the patient, the caregivers, the family and the clinicians to under-
stand the disease and to decide the course of treatment and plan their future goals

73

Early Diagnosis of Parkinson’s Disease: Utility of Animal Models
DOI: http://dx.doi.org/10.5772/intechopen.107887



accordingly, (ii) It will help the patient to modify their lifestyle such that progression
of the symptoms can be halted, a few non-drug treatments might be a possibility in
that situation, (iii) Early diagnosis will improve the chance of cure for the disease, (iv)
The classic drugs will be more effective in the patients whose symptoms have been
detected at the early stages (v) Early diagnosis will reduce the economic burden on
both the patient and the state.

4. Animal models in Parkinson’s disease

The animal model of PD has been extensively used to study the pathophysiology of
PD progression and design new therapeutic intervention. Several models have been
developed by various methods in model animals (rodents, non-human primates and
non-mammalians) to recapitulate clinical phenotypic features and parkinsonian man-
ifestations (Table 1). Highly reproducible models have occurred in rodent such as rats
and mice due to their short life of span, low maintenance, and easy handling. There
are two ways to culminate the PD model in animals: one is the systemic injection of
PD-inducing drugs and the local administration of the drug (intracerebral,
intracerebroventricular, intrastriatal, Intra-SNpc. Etc.) with the use of the stereotaxic
instrument.

Over the last decade, the advent of the genetic era of PD gives out phenomenal
insight into the genetic model of PD. These models are solemnly based on mammalian
and non-mammalian transgenic models that propagate disease-causing mutation
considered to be a monogenetic form of familial PD. Neurotoxic, herbicides, and

Figure 1.
Parkinson’s disease symptoms during the course of a human’s life, both prodromal and clinical. Diagram
illustrating the progression of life from early to old age and the related brain health curves in PD cases compared to
the healthy condition. The distinctive motor phenotypes that show up in late stages of the disease are the basis for the
current clinical diagnosis of PD. Contrary to the prodromal phase, which might last between 10 and 15 years, the
length of the preclinical phase is unclear, as shown by the dotted arrow. A prodromal diagnosis of PD might be
made by following altered molecular trajectories from preclinical to clinical stages, which would increase the
positive effects of neuroprotective lifestyle modifications or available therapeutic alternatives.
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transgenic models have their characteristics and limitations, which must be taken very
carefully chosen to be our model. Here, in particular, we discuss the neurotoxin-based
model in rodent animals. There are many chemicals are being used in the development
of PD such as MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) a prodrug that
readily crosses the BBB due to its lipophilic nature. It is bound to complex 1 of electron
transporter and reduces the conversion ATP from molecular oxygen, which conse-
quently embarks the production of ROS, lipid peroxidation, irregular homeostasis in
iron metabolism, and leads to cell death. MPTP has all hallmarks of PD in primates
compared to non-primates. Therefore, MPTP could be the most suitable compound
for PD development in Primates. Another, drug that has been used in the PD model is
6-hydroxy dopamine, it does not cross the BBB and consider non-systemic. So, it has
to be injected directly into the SN region of the midbrain. Apart from the neurotoxin
model herbicide and insecticide drugs are also used frequently in the development of
PD such as Paraquat, and Rotenone. Transgenic models are also available in the form
of monogenetic mutation. α-synuclein is abundantly expressed at 1% of total cytosolic
brain protein. Overexpression of α-synuclein and its role in dopaminergic neurons has
to be observed in the genetic model of PD. Mutation in α-synuclein, and LRRK2 leads
to autosomal dominant disease while PINK, Parkin, and DJ1 are probably considered
for Autosomal recessive disease.

4.1 Neurotoxin-based model in PD

The emergence of technology and advancement of biological research revealed the
reduced levels of Dopamine in the striatum region of PD in human patients opened
the window of research and treatment interventions. There are several models of PD
in animals that have been characterized by the low amount of Dopamine in the SN
region and striatum. Many neurotoxins and herbicide compounds ameliorate ATP
production subsequently leading to cell death. Deprivation of dopamine-producing
neurons is directly proportional to the less amount of dopamine in the SN region. This
vital characteristic seems to be a cardinal hallmark of PD in the various animal models.

4.1.1 MPTP-based PD model

MPTP is a non-toxic, lipophilic compound that readily crosses the BBB. After
entering the brain, especially in Astrocyte cells it metabolizes by monoamine oxidase
B into MPP+ (1-methyl-4-phenylpyridinium ion). MPP+ enters in dopamine-
producing neurons with the help of Dopamine transporter in substantia nigra pars
compacta (SNpc) region. Active MPP+ binds to Complex1 of ETC and reduces ATP
production [42]. This suggests that mitochondria are a preferential target of neuro-
toxicity. Administration of MPTP in primates through bilateral carotid injection
causes L-DOPA responsive Parkinsonian syndrome characterized by all the clinical
manifestations of PD which showed the best model of PD in Primates [43]. Intraper-
itoneally administration of MPTP in mice at certain doses (four MPTP every 2 hours.
Over a day) gives the similar kind of lesions and phenotypic characters as in primates
[44]. MPTP model has certain limitations such as, administration of MPTP in an
animal model fails to mimic the progressive nature of PD [45]. Long term chronic
treatments of MPTP may overcome this issue however, the smaller doses for long
term resulted in the recovery of motor behavior deficit in animals when the treatment
was discontinued. Another limitation of this model is that SNpc lesions are rarely
accompanied by the formation of Lewy bodies [46].
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4.1.2 6-Hydroxydopamine-based PD model

6-Hydroxydopamine (6-OHDA) is a chemical compound that is also known as
oxidopamine or structurally known as 2, 4,5 trihydroxy phenethylamine is the first-
ever generated PD model in animals [47]. This neurotoxin destroys the dopaminergic
neurons in the SNpc region. 6-OHDA was a noble chemical compound that had a
neurotoxic effect on catecholaminergic pathways [48]. Due to its lack of lipophilic
nature 6-OHDA does not penetrate BBB hence it has to be directly administered
stereotactically to a specific region of the brain such as SNpc or striatum. 6-OHDA
effectively destroys the dopaminergic neurons in 12 hrs in the SNpc region while
striatum-based neurons are conventionally lost within 2–3 days [49]. This kind of
degeneration replicates the PD phenotypes. 6-OHDA agonistically binds to DA &
NAT transporter respectively that facilitate to move inside of the cell where it auto-
oxidizes in the cytoplasm, therefore, generating intracellular oxidative stress [50, 51].
6-OHDA infused in neurons thus elevated cytotoxic molecules that are produced by
an enzymatic and non-enzymatic process in which intrinsic trace element like Mg,
and Fe is completely involved in cellular homeostasis [50, 52]. Moreover, 6OHDA
generates H2O2 by the oxidation process in which it is highly toxic to cellular envi-
ronments. Aside of its toxicity, it plays a vital role in free radicals’ formation, ROS
species, and quinone intermediate products [53]. Dopamine is a neurotransmitter and
is metabolized into 6-OHDA. It acts as a neurotoxin and therefore produces lesions in
the nigrostriatal pathway. In spite of that, 6-OHDA does not promote protein aggre-
gation of alpha-synuclein protein with other fibrils, thus Lewy neurites inclusion
bodies are not produced in 6-OHDA-based animal models [49].

4.2 Herbicides-based PD model

Several reports suggest that farmers who are exposed to herbicides such as
Rotenone and Paraquat suffered with symptoms similar to familial PD [54]. This
finding suggests the role of this chemical in the development of the PD model in
animals.

4.2.1 Paraquat-based PD model in animals

Unlike MPTP, Paraquat (PQ) does not cross BBB, but it has a similar structure to
MPP+ (an active metabolite of MPTP). Due to its structural resemblance, it behaves
like MPP+. PQ acts through the involvement of the redox cycle and subsequently
induces oxidative stress. Therefore, it produced Reactive oxygen species, particularly:
superoxide radical, peroxide, and hydrogen radicals that lead to damage to lipid
molecules, protein, DNA, and RNA. A recent study proposed dilemmatic evidence on
paraquat exposure in rats. One report mentioned arbitrary statements chronic sys-
temic injection of paraquat in mice reduced the motor activity and subsequently loss
of the tyrosine hydroxylase-positive striatal fibers and SNpc neurons. On the other
hand, Cory-Slechta et al. reported that prolonged treatment of PQ does not have any
effect on the nigrostriatal DA region in mice model [55].

4.2.2 Rotenone-based PD model in animals

Rotenone is a naturally occurring herbicide/insecticide. Its half-life is generally
3–5 days depending on the exposure to natural light. Like MPTP neurotoxin, Rotenone
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has similar chemical properties and crosses the BBB readily and uniformly inhibits the
complex-1 of ETC [56] In this retro-aspect, MPTP inhibits dopaminergic neurons due
to the dependence of the DAT transporter in dopaminergic neurons while Rotenone
inhibits complex 1 selectively in the nigrostriatal dopaminergic pathway. Thus, Rote-
none seems to recapitulate all kinds of PD hallmarks such as systemic complex 1
inhibition, inflammation, ubiquitin-α-synuclein aggregation in nigral cells that look
like Lewy bodies in PD, oxidative stress, and GI problems [57]. Behaviorally,
rotenone-treated rats have hypokinetic characteristics along with flexed posture sim-
ilar to stooped posture in human PD patients. Few rats have severe rigidity and few
have spontaneously shaken which is similar to a resting tremor. The existing beauty of
this model is that like paraquat, it also introduced α-synuclein aggregation and Lewy
body-like formation. The limitation of this model is that it does augment the DA
oxidation but the evidence is narrow about the depletion of dopaminergic neurons in
the nigrostriatal system [58].

4.3 Genetic model of PD

According to Cedric Bardy (2020), 85% of the PD population are sporadic and the
remaining are familial PD [59]. Familial PD is generally based on genetic defects that
are counted as autosomal dominant (AD) or autosomal recessive (AR). α-synuclein
gene (SNCA) and LRRK2 are experimentally proven to be involved in AD in
Parkinson’s Disease. α-synuclein is a small (14kD) protein, present abundantly in brain
tissue, while a lesser tone of protein is present in the heart, muscle, and other tissue.
Currently, its peculiar role is not clear but plays an important role in the membrane,
vesicular dynamics, and intracellular trafficking within the ER/Golgi network. The
identification of α-synuclein mutation was the first to be involved in familial PD
thereafter many researchers try to overexpress in Drosophila and yeast resulting in
that hampers the ER-Golgi network trafficking and toxic α-synuclein leads to neuro-
pathology and amyloid aggregation in nigral cells which are the key features of
familial PD [60, 61]. Mutations in α-synuclein create a high propensity for protein
misfolding. α-synuclein exists in various structures including oligomers, protofibrils,
fibrils, and, filaments. The amalgamation of filamentous and fibril structures seems to
be a more toxic form [62]. Mashliah et al. (2000) developed the first-ever model using
mutated SNCA (A53T, A30P, and E46K) and observed the inclusion kind of bodies in
the hippocampus, SNpc, and neocortex region but they do not have any evidence of α-
synuclein inclusion bodies like LB in human patients. Meanwhile, the same group had
done another experiment to confirm the previous findings but unfortunately, the
result was the same no dopaminergic neuron degeneration has been observed in mice
[63]. Another group developed a double mutant (A30P, A53T) model in mice and
apparent neurotrophy was reported. This key feature was retorted motor activity and
promotes neuronal aggregates [63].

LRRK2 (leucine-rich repeat kinase 2) is a multidomain having 286 Kd protein. It is
also known as dardarin and PARK8. One part of the dardarin protein that enriches the
protein building block amino acid is known as leucine. LRRK2 is a large multimeric
protein that is localized to an outer membranous structure. LRRK2 protein plays
various roles in the cell but neuronal outgrowth and guidance [64]. Mutation in
LRRK2 is associated with autosomal dominant PD with varying occurrence in the
population [65]. The most common mutation is G2019S has a low frequency of 1% of
sporadic PD patients while 4% of familial PD. The risk of PD in the person of LRRK2
G2019S is age-dependent: 28% at 59 years old, 51% at 69 years old 74% at 79 years old
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[66]. The two most important mutant model G2019S and R 1441C/G have failed to
recapitulate the PD hallmarks. Przedborski, S.; et al., use BCA-R 1441C mutant mice
to show motor deficit and axonal pathology in the striatum, however, loss of DA
neurons in SNpc and alpha-synuclein is not seen clearly [67]. Another team developed
the LRRK2 model using a viral vector-like Herp simplex virus (HSV) and an adenovi-
ral vector. Transfection of G2019S is more effective than WTR1441C in stimulating
neuronal pathology and Lewy body aggregation [68]. In Addition, infusion of HSV-
LRRK2-G2019S in mouse striatum achieved 50% DA neuronal loss in the SN region
[67, 69]. So, the LRRK2 model could provide a good platform to understand the
neuropathology, mechanism of neuronal loss in the mid-brain region, and their func-
tion in PD.

5. Diagnostic biomarkers for PD

Despite decades of research, PD is currently diagnosed primarily on motor symp-
toms. Majority of dopaminergic neurons are degenerated by the time PD is confirmed,
complicating treatment. Due to intersection of symptoms between PD and other
atypical parkinsonian disorder the misdiagnosis rates by the clinicians for PD are quite
high. Misdiagnosis and delayed diagnosis undermine disease-modifying therapy.
Therefore, identification and quantification of biomarkers are vital for evaluating
individual physiological and clinical responses, supporting therapeutic decisions,
defining treatment and management programs, and managing causes of individual or
group changes. Although motor and non-motor symptoms are visible clinically, the
brain pathology in humans can only be established by evaluating post-mortem tissue
samples or body fluids. The use of humans as a PDmodel for the identification of early
diagnostic biomarkers is complicated by the fact that we do not know the time of PD
onset, which may span between 10 and 15 years [18]. This can be circumvented by
utilizing animal models, as we can monitor them from the moment of neurotoxic
injection until the onset of symptoms, as well as identify the molecular alterations
preceding the onset of symptoms. In addition, the identification of markers from non-
invasive or minimally invasive techniques necessitates the use of animal models for
early diagnostics. Consequently, there is a huge demand for experimental models to
enhance our comprehension. To date, however, only a handful of putative biomarkers
have been tested in clinical settings.

5.1 Non-invasive biomarkers

Two main techniques fluorodopa positron emission tomography (F-DOPA PET)
and dopamine transporter single-photon emission computed tomography (DAT-
SPECT) are used to measure the neurochemical differences dopamine system [70, 71].
Another technique called the susceptibility-weighted imaging (SWI) also works with
high sensitivity and specificity on Nigrosome-1 (N1) cluster in differentiating PD
from control and other non-PD parkinsonism [72]. An important prodromal PD
marker is RBD which occurs at a high risk of 45% in early prodromal stages and 76%
in late prodromal stages. As per a report on RBD cohort, 39.7% of RBD patients were
found to develop PD or dementia with Lewy bodies. Another study on the same
cohort, demonstrated the conversion of prodromal stages into PD with high sensitiv-
ity (81.3%) and a specificity (67.9%) [73, 74].
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5.2 Invasive biomarkers

Biomarkers obtained via invasive technique are blood-based biomarkers which
include α-synuclein, Extracellular Vesicles, miRNAs and inflammation related bio-
markers. α-synuclein is a promising biomarker that is a key protein found in the Lewy
bodies. Its malformation and aggregation due to both post translational modification
and genetic factors in PD is a good indicator of PD pathogenesis [75]. This pathogenic
protein is mainly transported from cells to cells through extracellular vesicles which
makes them a candidate to use as a biomarker. A study performed by Majbour et al.
using Oligomeric α-synuclein/total α-synuclein in CSF was not able to classified PD
from DATATOP cohort whereas Oligomeric α-synuclein/total α-synuclein, phosphor-
ylated was able to distinguish PD from healthy controls by sensitivity and specificity
of 79% and 67% respectively [76]. Another promising candidate are the miRNAs,
which are a class of non-coding RNA and the combination of different biomarkers can
readily differentiate PD from healthy cases. For example, a study performed by using
MiR-19a, miR-19b, miR-24, miR-30c, miR-34b, miR-133b, and miR-205 from CSF
classified PD from control cases with AUC of 0.98 [77]. In various studies it been
stated that inflammation is a major deriver of PD and certain kinds of cytokines like
TNF α, IL-1, IL-4, IL-6, and IL-10 are highly expressed in PD patients. In a recent
study IFN-γ, IL-10, and TNF-α obtained from blood serum distinguished patient with
cognitive impairment, postural instability and PD have high expression levels than in
the control samples [78]. In recent times, gut-inflammation related biomarkers have
also been discovered which are found to be linked with severe constipation and motor
phenotype which includes high expression of TRL4, CD3+ T cells, and cytokines in
colonic biopsies of PD patients [79].

Combination of above mentioned biomarkers can increase the sensitivity of pre-
diction accuracy. Developing a system to aggregate the diverse types and intensities of
these biomarkers into a single set of criteria is difficult. Plasma aggregated α-synuclein
and various ESWAN imaging indicators were integrated in the prediction model of a
cohort research, and it was revealed that it has a sensitivity and specificity of 0.80 and
0.80, respectively, for predicting PD [80]. Analysis of age with the combination of
CSF oligomeric/total α-synuclein ratio and β-glucocerebrosidase activity distinguished
PD cases from non-dementia cases with 82% sensitivity and 71% specificity [81].
Matsusue et al. used combination of imaging methods, including NM-MRI and DAT-
SPECT, demonstrated a good diagnosis accuracy with an AUC of 0. 935 [82].

6. Utility of animal models

As discussed in the earlier sections, PD is idiopathic with multiple genetic and
environmental risk factors. In humans, motor symptoms are noticeable at advanced
disease stages; the pathology starts much earlier than the diagnosing time. In these
situations, animal models can play a vital role where we can induce such types of
disease pathology and monitor the disease from the beginning. Motor and non-motor
symptoms are easily detected, but brain pathology is only possible with post-mortem
brain tissue. The heterogeneous nature of PD in terms of etiology & pathology
demands a range of animal models [83]. Therefore, it is crucial to deepen our under-
standing through various experimental models to scale up the limited available treat-
ment options. We need a diverse range of animal models to recapitulate different
aspects of PD in humans. Thus studying PD with an appropriate animal model is very
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important to understand the biology of disease in every aspect. Humans share most of
the genetic information with different animals. There is about 96% genetic similarity
between a human and a chimpanzee and 90% between humans and rats. Mouse shares
about 85% of their genome with humans regarding protein-coding genes, while fruit
fly shares about 61% of genetic information with humans. The handling and ease of
propagation of these small animals make them valuable research tools.

Three categories of PD models are used in research so far. This includes rodents,
non-human primates, and non-mammalian species [84]. By 2018 the major percent-
age of animal models used for PD is a rodent (85%), followed by non-human primates
(10%) and non-mammalian species (5%). In another study, out of 1851 papers
screened for PD, 996 used a mouse model followed by 805 rat model. Others include
Drosophila-43, C. elegans-14, non-human primates-69, Chinese Hamster-6, Yeast-17,
E.coli-6, Zebrafish-24, and others 27 [85]. These animal models and their advantages
and disadvantages have been discussed briefly in the Table 1. The array of animal
models available today ranges from small worms (nematodes) to flies (drosophila) to
rodents (mice and rats) and primates (monkey and chimpanzee). The worms and flies
model can be used to study individual pathological pathways. Still, when it comes to
getting closer to the relevance of the human disease features, we need to switch to
higher-order animals like rodents (mice or rats) or Primates (chimpanzees, gorillas,
orangutans, etc.) [86].

Three different modeling pathologies are most common in the case of PD. These
include Nigrostriatal tract degeneration, outside the nigrostriatal tract neuron dys-
function, and Lewy body pathology. Here we have summarized the different models
and their respective modeling pathologies along with other features like Mitochondrial
Dysfunction, Oxidative stress, Motor deficit, Cognitive deficit, Autophagy,
Proteasomal Dysfunction, Neuroinflammation, Response to L-DOPA, Sensory abnor-
malities, Somnolescent alterations, Psychiatric Changes and Organ system dysfunc-
tion based on the latest review by Joana Lama (Figure 2) [87].

Small animal models and rodents partially replicate human PD’s clinical and path-
ological features [88, 89]. In one of the studies, it has been reported that most trans-
genic rats show no dopaminergic neuron loss [90]. Rodent models have been widely
used to model selective pathological pathways in PD like how the α-synuclein aggre-
gate and spread, mitochondria damage and malfunction, faulty degradation of
misfolded proteins, and immune system activation in PD state [91, 92]. As primates
(chimpanzees, orangutans, etc.) are closer to humans than rodents, they classify as
good models for identifying critical pathological events in humans than small animals.
Higher-order animal models have played a key role in understanding PD so far [93]. In
large animal models like the rhesus monkey, by expressing mutant α-synuclein in the
fertilized embryos, the obtained progeny after 2.5 years show age-dependent non-
motor symptoms like anxiety, cognitive defects, poor dexterity, and finger coordina-
tion [94]. Monkeys with stereotaxically injected Lentiviral vectors carrying A53T
mutant (A53T α-synuclein) in substantia nigra at differing ages disclosed that aging is
the major factor that promotes neuropathology in non-human primate brain [95].
Thus, large transgenic animals provide us with critical information regarding neuro-
pathology and disease pathogenesis which is difficult to understand from rodent
models. With the latest gene-editing technology like CRISPR Cas9, large animal
models for PD, like non-human primates, can be easily created with a genetic muta-
tion in one of the critical PD genes to understand the disease’s pathology better [93].

All the models discussed above have contributed significantly to understanding
PD. But none of the models completely replicate PD in humans exactly. Neurotoxic
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models are an excellent candidate because they replicate the nigrostriatal
neurodegeneration and motor dysfunction but lack proper Lewy body formation.
While transgenic animal models show Lewy body pathogenesis, but lacks the loss of
dopaminergic neurons [96]. Many mutation studies have been performed in cell lines,
but those results seem inconsistent. After the discovery that reduced dopamine levels
was responsible for the motor symptoms in PD, most of the animal models focused on
mimicking this dopamine loss through the use of neurotoxins. These animal studies
led to the discovery of pathways related to the DA loss in substantia nigra and L-Dopa
drug development for PD related motor symptoms treatment. But as discussed earlier,
PD is a multifactorial disease that affects both CNS and PNS along with multiple
organs like the gut, heart, skin, etc., and symptoms affecting these organs called the
prodromal symptoms that appear much before the visible motor symptoms. These
prodromal symptoms include hyposmia, constipation, hypertension, and sleep disor-
ders which results due to the accumulation of α-synuclein pathology in the gut, skin,
heart and lower brain regions. The prodromal phase act as a golden opportunity; if we
can recapitulate and model animals in a way that mimics these symptoms, we can
identify novel disease targets and treatments.

After the Braak’s gut-first hypothesis [97], which states that the α-synuclein
pathology first starts in the enteric nervous system decades before the motor symp-
toms start to appear and travels upto the brain stem and dopaminergic neurons
through the vagus nerve, researchers started focusing on the gastrointestinal tract to
model gut dysfunction in PD in animals [98, 99]. Other possible initiation sites have
also been explored simultaneously for example targeting autonomic ganglia in mice

Figure 2.
Occurrence of PD pathologies in different animal models.
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mimics hyposmia, orthostatic hypotension and constipation without any motor
symptoms [100] whereas targeting lower brainstem regions mimics RBD, depression,
and anxiety [101]. Many transgenic rodent models that express α-synuclein pathology
through BAC vectors show RBD-like dysfunction without atonia and hyposmia and
loss of dopaminergic neurons later [102]. BAC-developed mice with A30P α-synuclein
mutation show gut dysfunction before motor dysfunction. α-synuclein preformed
fibrils (PFFs) injected in GI tract in mice is one of the most successful animal model
since it recapitulates symptoms like gut dysfunction, anxiety, and Dopaminergic
neuron loss [98]. PFFs injected in RBD-responsible region of mice also results in RBD-
like behavior followed by decreased olfaction, GI dysfunction, and motor deficits
[101]. VMAT-2 deficient animal models show α-synuclein aggregation and later DA
neuron loss with increased anxiety and reduced olfaction [103]. These prodromal
models have helped us gain insights into the cellular and molecular mechanism of PD
initiation and progression, but it is not specific and limited. Thus, we see a plethora of
symptoms overlapping in different animal models.

One of the key risk factor for PD is aging but majority of animal model used, are
quite young which fail to relate to the cellular and molecular metabolism to this age.
However certain studies compare treatment between young and old age animals, and
have shown that the treatments are not so effective in old animals. The heterogenic
nature of PD is seen in symptoms wherein some patients experience dementia much
earlier than others. Pathological characters of PD include existence of α-synuclein
Lewy bodies and loss of Lewy neurites and nigrostriatal dopaminergic pathway. But
these pathologies are not restricted to only CNS but are spread outside CNS, which is
extremely difficult to model in animals. Though the neurotoxin model has helped us
study the dopaminergic system in PD, it is not similar to studying the complex
pathology, temporal progression, and clinical expression seen in human PD. Likewise,
overexpression studies of α-synuclein can explain its functions and other effects
because of its overexpression in that part. However in PD cases with normal expres-
sion level of α-synuclein, the question remains unanswered through these models.
Transgenic animal models are good in indicating about a particular gene or protein
function, but that does not necessarily mean studying PD. Similarly, injecting α-
synuclein PFF explains the seed pathology in that area and how it spreads, but the same
pathology is seen is human PD is still not proved [104, 105]. Thus all these models
failed to recapitulate the age of onset of disease, the spectrum of pathologies, and the
temporal pattern of disorder similar to PD in humans. These models, as such cannot
help us in understanding human PD’s core pathologies to treat the sporadic form of
the disease. One such example is GDNF, which is used in rodents and non-human
primates to recover the loss of dopaminergic neuron system but when tried in human
PD patient was unsuccessful. It was also shown that in the α-synuclein PD model, this
toxin protein interfere with the GDNF signaling pathway indicating the clinical effi-
cacy of these models [106, 107]. Thus we can say that animals can be used to model
only specific pathologies of PD but not the disease as it is. Since animal models and
humans represent two different disease states, the therapies that work on animals do
not necessarily work on humans.

Despite these limitations, animal models have not failed us. From the starting,
these models have helped to develop previous and current drugs and treatments. For
example, reserpine-treated rats and rabbits helped develop L-DOPA therapy, the
rodent neurotoxin model helped develop dopamine-receptor antagonists, and MPTP-
treated monkeys have paved the path of identifying sub-thalamic nucleus for deep
brain stimulation therapy. This led to the fascinating first L-DOPA trial in human PD
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patients in 1961–1962 only in a window of 5 years of animal experimentation [108].
The prosecution was proposed based on three simple observations (i) a single shot of
L-DOPA can reverse the sedative effect of reserpine in rats and mice [109], (ii)
striatum harbors the highest amount of brain dopamine [110], and (iii) reduction of
dopamine levels in caudate nucleus and putamen of Parkinsonian patients [111]. This
happened much before the discovery of the neurotoxin PD animal model. It also led to
the discovery of a variety of dopaminergic drugs and DBS (Deep Brain Stimulation).
In 1997 α-synuclein pathogenesis was discovered, which enlisted PD in the category of
protein misfolded disease. So accordingly, the disease modeling has also changed and
adapted with time. Therefore, a single model no longer can serve the purpose, and
even though the neurotoxin model is beneficial, it must be accompanied by models
replicating the disease pathology and its progression. Appropriately using the cur-
rently available animal models can lead to new drug interventions. Though they are
expensive and time-consuming, when it comes to the ethical background, only animal
models can be used for preclinical trials. PD patient-derived stem cells and organoid
culture are promising concepts, but they cannot replace the need for animal trials.

It is challenging to amalgamate all the complex biochemical pathways of PD in one
animal model; therefore, we can use different models for different pathological
aspects of PD. Thus the utility of animal models is indispensable for PD research. But
there is no single model that can be used in all conditions. We need to choose the
appropriate animal models according to our needs.

7. Conclusion

The early diagnosis of PD is still a major challenge as PD symptoms are very
specific to human particularly in the later stage of the disease at which the PD is
typically diagnosed in the patients. Diagnosis in early/prodromal stage is difficult due
to the inaccessibility of patients. The use of` animal in PD research an also be debated
considering the accuracy of the results in animal and human subject. Broadly we can
categories the use of animal in PD research in two categories on the basis of purpose of
the study i.e. either to develop new therapeutic interventions or to discover novel
biomarkers for early diagnosis. Roger A. Barker and Anders Bjorklund (2020),
discussed two sides of using animal model in PD. Barker discusses why the animal
models are not useful and it is waste of resources on the other hand Anders Bjorklund
explains the how the animal models are significantly useful and provide good insights
for PD [112]. For therapeutic purpose the use of animal can be debated but for studies
intended to discover early diagnostic marker the use of animal models appear to be the
best choice. Despite of several failed attempt and the diversity of PD progression
between animal models and human, cannot be the reason not use the animal models
for further PD research particularly to identify early diagnostic markers. To discover
the early diagnostic markers it necessary to have the case and control data from
human subject. The major challenge in this step is that it is difficult to have early stage
data from human subject because of inaccessibility of the PD patients at prodromal
stage. PD is clinically diagnosed in human patients only when motor symptoms appear
and has passed the prodromal stage nearly a decade before. Even if we collect the data
from patients at prodromal stage it is difficult to say that they are going to show PD in
future, which would again take years to develop. Also the symptoms at prodromal
stage are very common to other ailments and overlap with the normal aging symp-
toms. For this reason using animal model has always been a best choice to study the
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early changes in the group of subject which are given a specific treatment to develop
PD. The group of animals subjected to the PD induction can be monitored from very
early stage and compared with the control group of similar age.
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6-OHDA 6-Hydroxydopamine
α-synuclein Alpha-synuclein
AD Autosomal Dominant
AR Autosomal Recessive
BBB Blood-Brain Barrier
CNS Central Nervous System
DAT Dopamine Transporter
DBS Deep Brain Stimulation
GBA Glucocerebrosidase Gene A
GDNF Glial cell line-Derived Neurotrophic Factor
LB Lewy Body
L-DOPA Levodopa and l-3,4-dihydroxyphenylalanine
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
NAT Noradrenaline Transporter
PD Parkinson’s disease
PFFs Preformed Fibrils
PNS Peripheral Nervous System
PQ Paraquat
RBD Rapid eye movement (REM) sleep Behavior Disorder
SNpc Substantia Nigra pars compacta
VMAT2 Vesicular Monoamine Transporter 2
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Abstract

Epidemiological studies illustrate that sexual dysfunction (SD) is common among 
the majority of patients suffering from neurological disorders (NLDs). However, our 
understanding of the SD in NLDs is in its infancy. Our effort in this review article 
reveals how the clinical studies illustrate different phenotypes relating to SD in 
both men and women suffering from NLDs, with special reference to PD, and how 
the development of animal models will provide a fantastic opportunity to decipher 
mechanistic insights into the biological and molecular processes of SD, understanding 
of which is critical to figure out the causes of SD and to develop therapeutic strate-
gies either by targeting molecular players or altering and/or regulating the profiles 
of involved genetic targets. Specific emphasis is placed on dopamine-dependent and 
independent mechanism(s) of SD among PD patients, which is important because 
certain critical dopamine-independent phenotypes are yet to be characterized and 
understood in order to decipher the comprehensive pathophysiology of PD. Synergic 
efforts of both clinicians and bench scientists in this critical direction would signifi-
cantly improve the quality of life of sufferers of NLDs who are already burdened. This 
knowledge relating to SD will help us to make one more step in reducing the burden 
of disease.

Keywords: sexual dysfunction, neurodegenerative disorders, Parkinson’s disease, 
dopamine, animal models, drosophila, rat, mice

1. Introduction

In humans, sexual behavior is classified into two main activities: sexual desire 
and sexual arousal. Sexual desire is represented by libido/sexual drive [1], whereas 
sexual arousal is the ability to respond to an appropriate sexual stimulus with a 
sequence of stereotyped vascular, neural, and muscular reactions [2]. The typical 
sexual response cycle of men consists of libido, erection, ejaculation, orgasm, and 
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detumescence [3]. In women, the sexual cycle follows a parallel framework as in 
men, such as libido, arousal, orgasm, and satisfaction [4]. A problem occurring 
during any phase of this sexual response cycle, which prevents the individual from 
experiencing satisfaction from the sexual activity, is referred to as sexual dysfunc-
tion (SD). The human sexual response cycle, therefore, sets the foundation for 
studying and categorizing SD in men and women. As reported by Hatzimouratidis 
and Hatzichristou [5], numerous measures have been taken since 1992 to define 
and classify SD in a precise manner. Although a number of classification systems 
were proposed for SD, the two most widely used classification systems are the 
International Classification of Diseases (ICD)-10 provided by the World Health 
Organization [6] and the Diagnostic and Statistical Manual of Mental Disorders 
(DSM)-IV provided by the American Psychiatric Association [7]. The four major 
categories of SD as described by both systems include disorders of sexual desire/
interest, arousal, orgasm, and sexual pain.

These dysfunctions of sexual function are extremely common in patients with 
neurological disorders (NLD). NLDs are diverse forms of central nervous system 
disorders distinguished by the continuing loss of neural tissues because they alter the 
normal sexual functions in both men and women patients [8].

2. Prevalence of sexual dysfunction in neurological disorders

Disorders of sexual function are common among men of all ages, ethnicities, and 
cultural backgrounds. SD is highly prevalent in both sexes, ranging from 10 to 52% 
of men and 25 to 63% of women [9–11]. It is reported that more than 18 million men 
in the United States alone and 40 million men in the European Union are affected 
by erectile dysfunction (ED), and individuals suffering from this dysfunction are 
estimated to reach 322 million by 2025. Aberrant sexual function is reported in several 
diseases, namely, arterial hypertension, diabetes, metabolic syndrome, coronary dis-
eases, neurological diseases (stroke, epilepsy, multiple sclerosis, Parkinson’s disease), 
and psychiatric disorders [12]. Below are some of the neurological disorders and the 
prevalence of SD in these patients.

2.1 Multiple sclerosis

Multiple sclerosis (MS) is a continual inflammatory demyelinating disease of 
the central nervous system along with the presence of relapsing–remitting attacks 
of inflammation, demyelination, and axonal damage, causing a broad spectrum of 
neurological symptoms and impairment both in men and women. The symptoms 
of MS include weakness and imbalance, visual abnormalities, changes in cognition, 
bladder, and sexual dysfunction (SD) [13], which affect young adults in their sexually 
active phase of life [14]. MS occurs due to the integrated effects of genetic, environ-
mental, infectious factors, and vascular problems but chiefly due to an autoimmune 
mechanism [15].

SD is extremely common in MS sufferers, affecting 40–80% of women and 
50–90% of men [16] and has an adverse impact on the quality of life (QoL) of these 
patients. Although SD is a painful symptom, most often it goes underreported and 
underdiagnosed in MS, because of the patients and physicians’ reluctance with the 
topic [17]. The symptoms of SD in MS men include ED, ejaculatory dysfunction, 



99

Sexual Dysfunction in Neurological Disorders with Special Emphasis on Parkinson’s Disease…
DOI: http://dx.doi.org/10.5772/intechopen.113151

orgasmic dysfunction, and reduced libido [17]. Whereas low libido, orgasmic 
dysfunction, reduction in the tactile sensations originating from the thigh and 
genital regions, and vaginal dryness with subsequent dyspareunia (difficulty in 
sexual activity) are some of the sexual symptoms in MS women [18]. SD in MS is 
mainly due to the lesions affecting the neural pathways involved in physiologic 
function and also the psychological impact of the disease on the patients [14]. All 
these studies show that SD is highly prevalent in MS patients, and there is a need 
for both the patients and the neurologist to discuss more about this symptom, 
which otherwise is neglected.

2.2 Epilepsy

Epilepsy is the most prevalent chronic NLD, represented by an episodic seizure 
that demands lifelong management with medication [19]. Mameniškienė et al. [20] 
reported in their study the high prevalence of sexual problems in one third of epilep-
tic patients and only a quarter of them seeking medical help. Dysfunctions such as 
decrease in sexual desire, potency, orgasm, and ED were reported by male epileptic 
patients [21]. Sexual symptoms in epileptic women include decreased sexual arousal, 
vaginismus, and dyspareunia [22]. The most common SD in males were ED and early 
ejaculation, whereas female’s lack of sexual interest and failure to reach orgasm were 
the most common sexual problems based on several studies on epilepsy [23].

The cause of SD in epileptic patients is multifactorial in nature, such as the effects 
of antiepileptic drugs on neurotransmission, the epilepsy itself, and psychosocial 
factors associated with it, but the presence of hormonal changes in epileptic patients 
is believed to be one of the prominent factors for SD [24]. All these studies illustrate 
the common presence of SD in both male and female epileptic patients and highlight 
the multifactorial nature of this dysfunction.

2.3 Multiple system atrophy

Multiple system atrophy (MSA) is a progressive neurodegenerative disease of 
unspecified etiology, affecting both males and females [25]. Symptoms of the disease 
include motor symptoms (gait, coordination, and muscle tone) and non-motor 
features (cardiovascular, gastrointestinal, genitourinary, sleep disorders, cognitive, 
mood, and behavioral problems, dysphagia, SD, and visual abnormalities [26]). SD 
such as impairment in ED was reported to be the first symptom of the disease in men 
[27]. In another study, reduced genital sensitivity in female MSA patients was one of 
the early manifestations of the disease [28]. Sexual problems in MSA are believed to 
be due to abnormalities in the central and peripheral nervous systems in MSA patients 
[29]. All these studies elucidate the importance of SD in the early diagnosis of the 
disease.

2.4 Huntington’s disease

Huntington’s disease (HD) is a chronic disabling disease caused by a single defec-
tive gene on chromosome 4 affecting the basal ganglia region of the brain and is 
linked with aberrant sexual behaviors. A total of 85% of men and 75% of women 
complain of sexual problems, such as hypoactive and hyperactive sexual disorders 
and paraphilia in certain cases [30]. Huntington’s female patients suffer from sexual 
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problems, such as difficulty in arousal, lubrication, orgasm, and sexual dissatisfac-
tion, that impair their quality of life [31]. Whereas in male patients, problems with 
erection, reduced sexual desire, and performance are some of the common sexual 
problems [32]. SD in HD is reported to be due to the progression of the disease and its 
associated symptoms, such as depression or dementia, the decline in patient’s motor 
functions, and side effects of medication [31]. Although only a few studies have been 
conducted on sexuality in HD, all these studies show that SD is extremely common in 
these patients and that sexual disorders may take the form of hypoactive to increased 
sexual interest or paraphilias.

2.5 Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a progressive disorder of motor neurons in 
the brain and spinal cord [33]. ALS patients were found to have problems with their 
sexual relationship due to impaired sexual function such as decreased libido [34], 
with studies indicating that ALS had the worst rates of SD when compared with other 
NLDs [35]. Shahbazi et al. [36] reported that although SD affected the QoL in ALS 
patients, 75% of their clinicians were not familiar with any strategies or interventions 
to help the patients. This shows the need to further explore sexuality in both ALS men 
and women. The change in sexual functions in ALS patients was due to the physical 
and psychosocial factors associated with the disease [34]. All these studies show that 
sexuality in patients with ALS has received little attention, and sexual function is 
rarely assessed in both male and female ALS patients.

2.6 Schizophrenia

Schizophrenia is a severe psychiatric disorder that attacks close to about 1% of 
the world’s population with no concrete etiology [37]. The neurodevelopmental 
postulation of schizophrenia caused by genetics or environmental elements is one 
of the glaring reasons for the disease, which leads to the alteration of important 
and fine signaling pathways, resulting in the initial presentation of the disease 
[38]. It is identified by positive symptoms such as delusions and hallucinations, 
negative symptoms such as emotional withdrawal and apathy, and cognitive 
deficits such as impaired attention, learning, and memory [39]. The age of onset of 
schizophrenia in men is between the ages of 16 and 25 years, and in women from 
25 to 35 years.

Schizophrenia affects individuals at their prime reproductive age, with a nega-
tive impact on sexual functions of both male and female patients [40]. The exten-
siveness of SD in schizophrenic patients was 31.1–82.7%. In males, the prevalence 
of SD was 82–84.5%; and in female patients, the prevalence was 78.6–92% [41]. 
Reduced sexual desire was frequently reported by the patients [42]. Dysfunction 
such as ED (95.2%) was the most common complaint in men followed by pleasure 
dysfunction (94.2%). In female patients, pleasure dysfunction (94.7%) was the 
most prevalent SD followed by arousal/excitement dysfunction (93.2%) [41]. The 
use of antipsychotic medication is believed to be one of the important causes of SD. 
Postsynaptic dopamine antagonism, prolactin elevation, and α1-receptor blockade 
are some of the factors behind the pathogenesis of antipsychotic-induced SD 
[40]. All these studies illustrate the high existence of SD in both male and female 
schizophrenic patients and its negative impact on the quality of life of these young 
patients.
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2.7 Alzheimer’s disease

Alzheimer’s disease (AD) is one of the most widespread forms of dementia, 
consisting of 60–70% of all dementia cases [43] and affecting 35 million individuals 
worldwide with 5.4 million Americans alone [44]. AD has a significant effect on the 
sexual behavior of the patients [45], and loss of sexual interest and decreased sexual 
activity are the two common types of sexual disorders in AD patients [46]. Studies 
have shown that 53% of male AD patients suffer erectile failure or loss of erection 
[47]. Thus, the onset of the disease affects the relationship between the patient and 
their partner because of the presence of high sexual dissatisfaction [48]. The cause of 
this sexual impairment in AD is believed to be due to a decline in the patient’s ability 
to consent, physical vulnerability, depression, anxiety, and medical conditions related 
to the disease [49]. All these studies show that SD is not uncommon in AD patients, 
which deteriorates the relationship between patients and their spouses.

2.8 Parkinson’s disease

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder 
that affects about 1% of the population over the age of 50 [50]. PD was first reported 
by James Parkinson in 1817, and symptoms such as trembling, difficulty walking and 
standing, tiredness, sleep disturbances, drooling, difficulty swallowing, gastrointes-
tinal dysfunction, and bladder dysfunction were all described by James Parkinson in 
his early study [51]. Today, symptoms of PD are classified into motor and non-motor 
symptoms (NMS). Motor problems such as resting tremors, bradykinesia, rigidity, and 
postural abnormalities [52] are some of the symptoms with which clinicians diagnose 
PD. However, over the years, the NMS of PD has gained a lot of interest because several 
studies have supported that non-motor issues preceded the motor manifestation of the 
disease [53] and may even project the future development of PD years or even decades 
earlier than a motor-based diagnosis [54]. The spectrum of NMS in PD includes loss of 
sense of smell, rapid eye movement (REM) sleep disturbances, daytime drowsiness, 
delusions, difficulty in concentration, drooling, difficulty swallowing, episodes of 
confusion, fatigue, impulse control disorders (ICDs), memory problems, depression 
and anxiety, pain paranoia, sensation of breathlessness, sweating, postural hypoten-
sion, urinary problems, gastrointestinal dysfunction, and SD [55].

Data from a number of studies report the prevalence of non-motor disorders affect-
ing PD patients [56], but unless specifically investigated, it goes unreported with no 
adequate treatment available [57]. Epidemiological studies of non-motor symptoms of 
PD such as the presence of REM sleep behavior disorder, olfactory dysfunction, urinary 
disorder, and constipation [58] are known to clearly increase the future chance of devel-
oping PD. Symptoms such as constipation, anxiety disorders, RBD, and anemia were 
shown to precede the motor dysfunction by at least 20 years, whereas olfactory impair-
ment and depression preceded the motor symptoms with a lag time of 2 to 10 years [53]. 
Therefore, such studies show that NMS of PD can play an important role as a predictive 
biomarker for the identification of a population at greater risk of developing the disease.

3. Sexual dysfunction in Parkinson’s disease subjects

Sexual dysfunction in men is generally defined as the inability to achieve or main-
tain an erection until the completion of sexual activity. Whereas in women, SD is the 



Parkinson’s Disease – Animal Models, Current Therapies and Clinical Trials

102

disruption in sexual desire and in the psychophysiological changes that identify the 
sexual response cycle and cause marked distress and interpersonal difficulty [7]. SD 
is one of the most common non-motor disorders affecting Parkinsonian patients [59]. 
Although SD remains one of the prominent symptoms of PD, it is the most neglected, 
underreported, and under-recognized aspect of PD [59].

Singer and colleagues [60] conducted the first study on PD men to show that these 
men had worse sexual problems when compared with non-Parkinsonian healthy indi-
viduals. Thereafter, several studies have reported the widespread presence of sexual 
impairments in Parkinsonian patients [61, 62]. Some of the most common sexual 
malfunctions in PD men were a decrease in libido/ loss of sexual interest, decrease in 
frequency of sexual intercourse, decrease in orgasm/inability to experience orgasm/
orgasmic dissatisfaction, decrease in erection/ED, difficulties/delayed in ejaculation, 
premature ejaculation [59, 62]. In PD women, the sexual impairment ranged from 
decrease in libido/loss of sexual interest, decrease in frequency of sexual intercourse, 
inability to experience orgasm/difficulty reaching orgasm, orgasmic dissatisfaction, 
difficulty with arousal, and dyspareunia [61, 62]. All these studies and findings in PD 
subjects indicate the extent of sexual impairments in PD sufferers and the urgency of 
effective therapeutic intervention in the management of SD in PD. The nature of SD 
among male and female patients and its prevalence are elaborated in Table 1.

SD, such as ED, was shown to act as an early marker for detection of individuals 
who are at higher risk of developing PD in the near future. A study conducted by 

Sexual dysfunction in PD men

Nature of sexual problems Prevalence in PD patients References

Erectile dysfunction (ED) 42.6–79% [60, 61, 63, 64]

Premature ejaculation 40.6%–51.4% [61, 62]

Difficulties ejaculating 27.3–79% [61, 64]

Difficulties reaching orgasm 39.5–87% [61, 63]

Low sexual desire 23.3–84% [61, 63–65]

Reduced sexual activity 33.4–55% [63, 65]

Dissatisfaction with sexual life 59–65.1% [61, 66]

Sexual dysfunctions in PD women

Nature of Sexual Problems Prevalence in PD patients References

Dyspareunia (painful sex) 12.5% [61]

Difficulties in getting aroused 87.5% [61]

Difficulties reaching orgasm 72–75% [61, 62]

Low sexual desire 46.9–83% [61, 63, 65]

Orgasmic Dissatisfaction 76% [62]

Reduced sexual activity 75–88% [63–65]

Dissatisfaction with sexual life 36–37.5% [61, 66]

Table 1. 
Nature of sexual dysfunction in Parkinson’s disease patients.
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[67] reported that individuals with ED were 3.8-fold more likely to develop PD when 
compared to subjects without ED. Medical record review found that ED was more 
prevalent in individuals who later developed PD compared with non-PD individuals 
at 5 years and 2 years prior to diagnosis [68]. In PD patients with idiopathic RBD, ED 
was noticed 7 years before the disease conversion, with an extrapolated prodromal 
interval of 11 years [69]. Thus, the above studies show that sexual malfunction such 
as ED is a good marker for early detection of individuals at risk of developing PD. 
Therefore, people with any type of SD must take preventive measures and check for 
necessary assistance.

4.  Factors responsible and insights into the mechanism of sexual 
dysfunction in Parkinson’s disease

4.1 Age

In PD, advancing age of an individual is one of the major risk factors for the develop-
ment and progression of the disease [70]. Even in the absence of any clinical or medical 
conditions, aging process was shown to play a key role in the development of SD such 
as a decrease in potency and ED [71]. However, a study conducted on PD patients and 
non-PD individuals shows that with age, sexual function was worse in PD patients than 
in the normal elderly population [72]. In addition, in aged PD patients, disease severity 
or disease duration did not have any effect on PD-related changes in sexual function [73]. 
Thus, all these studies suggest that SD is more prevalent in the PD population, and age 
has little effect on the sexual function of these patients.

Dysfunction in normal sexual functions is not only limited to aging Parkinson’s 
patients but also young PD individuals were reported to be affected more often by 
this dysfunction [8, 70, 73]. In addition, SD was one of the greatest concerns of the 
disease in young patients [74]. Another study was conducted to see the effect of PD’s 
age of onset on the sexual function of the patients and reported that 59% of early-
onset PD (EOPD) patients suffer from sexual problems as compared to 80.3% of 
late-onset PD (LOPD) patients [75]. Thus, suggesting that SD is not only limited to 
aging Parkinson’s patients but also very prevalent even in young PD patients.

4.2 Involvement of dopamine and dopaminergic pathways

Dopamine (DA), the chief neurotransmitter in the central nervous system (CNS), 
plays a role in facilitating sexual motivation, copulation, and genital reflexes [76] 
by regulating sexual behaviors through the determination of the strength of libido, 
arousal, and erection. Early clinical studies show that l-3, 4-dihydroxyphenylala-
nine (L-DOPA), the precursor of DA, induces penile erection in men with PD [77], 
supporting the involvement of DA in sexual behavior. However, disruptions in the 
hypothalamic area in PD in relation to SD have not been well studied [62]. Moreover, 
the use of various DA agonists in animal models for the treatment of SD provides 
strong evidence of the involvement of the dopaminergic system in the control of 
sexual function in mammals such as humans.

Below are the several studies done on animal models to show the involvement of 
DA in the normal sexual function:
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4.2.1 Rat model

Rat models were used to understand the SD caused by death in the dopaminergic 
neurons of the substantia nigra (SN). In rats, the central dopaminergic neurons 
project in the medial preoptic area and paraventricular nucleus and travel from 
the hypothalamus to the lumbosacral spinal cord, controlling both the autonomic 
and somatic components of penile reflexes [78]. Experimental rats injected with 
6-hydroxydopmaine, a DA antagonist, mimic PD by destroying dopaminergic SN 
cells. These rats showed a decrease in the number of erections and a complete absence 
of SN pars compacta in the brain when compared to normal rats. Quantification of 
DA and its metabolites using HPLC (high-performance liquid chromatography) also 
showed a significant decline in their levels in both hemispheres of the brain, with a 
significant reduction in the right hemisphere when compared to normal rats [79]. 
As also shown, the right hemisphere is involved in the sexual functions of mammals 
including humans [80]. This study suggests DA in the hemisphere plays a vital role in 
the observed SD in the rat models and could likely be the possibility among human 
PD patients.

Several other studies show that DA antagonist inhibits sexual behaviors such as 
copulation, genital reflexes, and sexual motivation in rats [81]. Whereas DA agonists 
restored the copulation activity of male rats by reducing the latency of ejaculation, 
producing spontaneous ejaculation and enhancing penile erection [18]. Male rats with 
6-hydroxydopamine or radiofrequency lesions in the nucleus accumbens showed a 
low incidence of noncontact erection, indicating the role of DA in arousal processes 
in responding to remote cues from estrous females [82]. All these studies suggest that 
DA is the crucial neurotransmitter in the regulation of sexual functions involved in 
both sexual motivation and sexual performance, which is likely the case in humans.

4.2.2 Mice model

A study was done on a mice model to show the effect of DA and its agonist on 
the sexual behavior of the mice. DA was shown to influence the rewarding aspects 
of intromissions in both male and female mice, and DA receptors were essential 
for the actions of DA on the receptivity of male and female sexual behavior [83]. 
Apomorphine, a DA agonist shows pro-erectile effects (erection, erection-like 
responses, and genital grooming) in mice models by activating the central dopami-
nergic receptors (D2) [84]. All these studies illustrate that dopamine agonists can be a 
possible therapeutic agent to address ED-related SD in PD subjects.

4.2.3 Drosophila model

Study using Drosophila as model animal has shown that dopamine regulates 
the male courtship intensity via the dopaminergic neurons PPL2ab (protocerebral 
posteriolateral dopaminergic cluster neuron 2ab); and by increasing the DA levels 
in these neurons, the decreased courtship activity in aged male flies was reinstated 
[85]. Kuo and co-workers demonstrated it both quantitatively and qualitatively by 
observing the behavioral assay of male fly via courtship index (percentage of time 
spent on courtship behavior), which is a quantitative expression of courtship dura-
tion; and courtship bout length (indicates the degree to which the courtship period 
was fragmented between courtship and non-courtship behavior), which quantifies 
courtship episode duration. Whereas when DA levels were downregulated, there 
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was a significant decrease in the courtship index and courtship bout length in males. 
This study therefore highlights the importance of DA in regulating sexual activity 
in flies. Disruption in the dopaminergic neurotransmission also shows a significant 
reduction in the male’s courtship behavior towards a female [86]. A Drosophila model 
of SD of PD was first reported by Shaltiel-Karyo et al. [87]. They used the Drosophila 
α-syn model where there is a loss of DA neurons and showed that this male fly has 
impaired sexual function and performs an overall less sexual activity in the courtship 
parameters of orientation, wing vibration, licking, attempted copulation, nonsexual 
encounter, and copulation [87]. All these studies illustrate the direct involvement of 
dopamine in the regulation of sexual behavior, which is likely the case in humans.

4.3 Non-dopaminergic pathways and sexual dysfunction

Because degeneration of dopaminergic neurons is the critical pathological hall-
mark associated with PD, I have primarily focused on the involvement of dopaminer-
gic pathways in SD. However, it has been reported that other various factors/pathways 
are involved in human sexual function. Meston and Frohlich [88] provided a concise 
review of several factors that influence male and female sexual function such as 
(a) the endocrine factors: androgens, estrogens, progesterone, prolactin, oxytocin, 
cortisol, and pheromones; and (b) neurotransmitters and neuropeptides: nitric 
oxide, serotonin, epinephrine, norepinephrine, opioids, acetylcholine, histamine, 
and g-aminobutyric acid. In spite of their involvement in sexual function, no detailed 
information is available whether these factors/pathways are involved in SD of PD.

Of all these non-DA pathways, it has been demonstrated that PD patients over 
the age of 60 were reported to have low levels of testosterone [89]). Testosterone 
deficiency encompasses several domains, namely, sexual, physical, psychological, and 
cognitive. SD such as decreased or lost sexual desire diminished nocturnal and morn-
ing erections, and ED are often among the most recognized symptoms of testosterone 
deficiency [90]. In a case study involving five PD patients over the age of 60 with 
symptoms of testosterone deficiency, patients experienced significant improvement 
in their sexual functions following testosterone replacement therapy [91]. A daily 
dose of transdermal testosterone gel given to PD patients with testosterone deficiency 
showed improvement in their sexual function such as libido [91]. Apart from this, not 
much/nothing has been studied about the involvement of other factors with reference 
to SD in PD.

5. Conclusion and future aspects

SD, such as a decrease in desire and ED, are extremely common in NLD. SD greatly 
impacts the quality of life of patients and their spouses. Although SD is common in 
NLDs such as PD, it remains one of the most neglected and understudied symptoms 
of the disease. SD affects some 80% of PD patients, and the cause of this dysfunc-
tion can be multifactorial in nature and a mechanism that is poorly understood to 
date. However, several studies have implicated the role of dopamine in the regulation 
of sexual function in a wide variety of animal models including humans. But little 
progress has been made in the area of exploring sexuality in these diseases, which 
greatly hampers the overall quality of life of the patients. The multifactorial causes of 
SD in NLD make it difficult for an effective therapeutic treatment. Further studies to 
understand the mechanisms of SD in NLD such as PD will greatly help in identifying 
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therapeutic targets for sexual problems. Here lies the challenge and great opportunity 
for both clinicians and bench scientists.
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Chapter 6

Current Rehabilitation Therapies in
Parkinson’s Disease
Qing Zhao, Lingjing Jin, Lin Ma,Tingting Sun and
Mengdie Zhou

Abstract

Rehabilitation is one of the important non-pharmacological interventions for
Parkinson’s disease (PD). At the time of diagnosis, an appropriate exercise regimen
can be prescribed based on the patient’s symptoms. Rehabilitative therapies should be
continued throughout the disease course. This chapter summarized the standard
specifications and research progression on PD from perspectives of assessment and
treatment of rehabilitation. The physical therapy, occupational therapy, speech-
language therapy, and neuromodulation therapy are the focus of the introduction.
Accurate and comprehensive functional assessment is the premise of rehabilitation
plan. Various approaches are used individually or in combined targeted at one or more
dysfunction. Although there is still no consensus about the optimal approach about
intensity, the frequency of treatment sessions, and complexity, rehabilitation is
proved to be able to induce short-term, but clinically important benefits, particularly
for gait and balance. The rehabilitative program for PD should be targeted to practic-
ing and learning specific activities in the core areas and be tailored to the individual
patients’ characteristics. In addition to improving patient’s performance, environ-
mental modification and alleviation of caregivers are also included in rehabilitation
intervention. Innovative techniques have been recently proposed: virtual reality and
exergaming, motor imagery and action observation, robot-assisted physiotherapy,
and nonconventional therapies.

Keywords: Parkinson’s disease, rehabilitation, physical therapy, occupational
therapy, speech-language therapy, self-management

1. Introduction

Rehabilitative therapy is very important across Parkinson’s disease (PD) stages,
which is considered as an adjuvant to pharmacological and surgical treatments for PD
to maintain functional ability, minimize secondary complications, and improve qual-
ity of life. In a broad sense, rehabilitation includes exercise, physiotherapy, occupa-
tional therapy, speech-language therapy, psychological and cognitive therapy, nursing
and care, dietetic intervention, as well as neuromodulation. Telemedicine and artifi-
cial intelligence are also boosting the development of PD rehabilitation. The evidence
of these interventions is growing rapidly, and the following contents mainly refer to
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authoritative guidelines as well as findings from relatively high-quality randomized
clinical trial studies. No matter what kind of rehabilitation, self-management, and
long-term adherence should be emphasized. Experts recommend using 5As model
(Assess, Advice, Agree, Assist, and Arrange) to foster motivation of people with PD
(Pwp) (Figure 1).

2. Mechanisms underline benefits of physical therapy in PD

Animal experiments have shown that exercise and learning are able to induce a
dynamic interplay between degenerative and regenerative mechanisms, influence
dopaminergic and glutamatergic neurotransmission, increase synaptic strength and
potentiate functional circuitry and induce the brain plasticity which is likely to repre-
sent neural basis of rehabilitation for PD. In addition, increasing evidence suggests
that physical exercise alleviates chronic oxidative stress through increasing mitochon-
dria biogenesis and up-regulating autophagy, stimulates the synthesis of neurotrans-
mitters and trophic factors. All of these molecular biological changes probably
contribute to neuroplasticity.

On the other hand, a combination of physical therapy and neuromodulation tech-
niques (DBS, rTMS, tDCs) may improve retention of motor learning by modulating
excitability of certain cortical areas.

So, it may be explained to some extent, exercise and physiotherapy could help not
only motor and non-motor symptoms or complications but also show disease-
modified potential.

3. Physical therapy (PT)

In European physiotherapy guidelines for PD, the five core areas of PT are physical
capacity, transfers, manual activities, balance, and gait. Additional areas include pain
and respiratory problems. Physical capacity is expressed by exercise tolerance, joint
mobility plus muscle tone, power, and endurance, which is precondition for activities

Figure 1.
Generic model of self-management [1].
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of daily life and participation in society. As the disease progresses, transfer and
manual activities are often diminished as complex motor sequences and associated
with tremor sometimes. The main hazard of balance disorders are fallen. Other asso-
ciated factors of falls include freezing, reduced step height, bradykinesia, impaired
postural reflexes, sedative drugs, and fear. It is recommended to establish rehabilita-
tion goals and specific programs according to the individual differences in Pwp and
stages of disease, including early, mid, and late phase corresponding to Hoehn-Yahr
classification (Figure 2). All physiotherapists are advised to describe SMART goals:

• Specific: avoid broad goals and identify specific problems.

• Measurable: using one or more of the recommended measurement tools.

• Attainable: where both the Pwp and physiotherapist expect its feasibility as well
as practicable.

• Relevant: to this individual Pwp and within the scope of physiotherapy

• Time-based: by when it is expected, these goals should be achieved.

The goal attainment scaling (GAS) provides a method to score the extent to which
Pwp goal is achieved in the course of intervention.

3.1 Measurement tools

Evaluation is necessary and critical for rehabilitation of PD because it contributes
to identify impairments, set goal to meet the patient’s needs, develop the appropriate
treatment plan, and even motivate patients in adherence to the therapy. Due to the
medication intake impairments and activity limitations for Pwp can vary greatly
during a day, most questionnaires and measurement tools are used at time of the day
and tiredness of patients after medication intake. But for balance or applicable for
specific patients who report differences in ability, it is recommended to assess in both
on and off stages. Although it could be assessed for the severity of disease compre-
hensively by means of MDS-UPDRS from four perspectives, more detailed and
targeted rehabilitative evaluations are still needed. Recommended measurement tools
for physical therapy of PD are summarized in Table 1. And the most common ones are
described below:

Figure 2.
Main goals in each stages of PD [2].
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3.1.1 Modified Parkinson activity scale (M-PAS)

The M-PAS was developed as an objective evaluation tool for activity limitations
within the core areas of motor rehabilitation. The M-PAS was introduced as the only
rating scale recommended in the physical and occupational therapy guidelines for
Pwp. It consists of 14 items divided into three domains that describe core activities
related to functional mobility for Pwp: chair transfer (two items), gait akinesia (six
items), and bed mobility (six items). Each item is scored on a 5-point scale (0–4), with
higher scores indicating greater independence. This assessment takes into account
whether to use hands when transfer, whether there is a dual task (motor or cognitive)
and so on more accurately so that it can break the ceiling effects of PAS.

3.1.2 Berg balance scale (BBS)

The BBS has been the main instrument used to evaluate balance impairment in
different populations and disorders. It is a 14-item scale that objectively measures
static and dynamic activities of varying difficulty. Each item is scored on a 5-point
ordinal scale ranging from 0 (unable to perform) to 4 (normal performance). The
total score range is 0–56, and higher scores denote better balance. Scores of 0–20 refer
to those patients restricted to a wheelchair; 21–40 refer to assistance during the gait;
and 41–56 points correspond to independence. Scoring is based on the individual’s
ability to perform each task independently and/or meet certain time or distance
requirements. But it is not suitable for Pwp in Hoehn-Yahr 4�5 stage, and for patients
with vestibular dysfunction.

Physical
capacity

Transfer Manual
activity

Balance Gait Flexibility Fall Quality
of life

Endurance:
6MWT,GXT
Borg Scale
(RPE)

Bed
related: M-
PAS Bed

STEF Push & Release Test,
RPT FRT,SLST

10 MW
6MWT

ROM
(Goniometer)

ABC PDQ-39
EQ-5D
PDQL

Aerobotic:
TMST

NHPT Stationary: BBS Rapid
Turns

FES-
I

ADL

Resistance:
MMT, ACT
Isokinetic
dynamometer

Chair
related: M-
PAS Chair
FTSTS

Transfer related: M-
PAS Chair FTSTS

M-PAS
gait
&TUG

SRT Bach
scratch

CGI
PSI-PD

FTSTS TUG Gait related: M-PAS
gait &TUG Rapid
Turns DGI FGAMini-
BESTest

FOG-Q

6MWT: 6 Minutes’Walk Test; GXT: Graded Exercise Test; TMST: 2 Minutes Step Test; ACT: Arm Curled Test; FTSTS:
5 Times Sit To Stand; M-PAS: Modified Parkinson Activity Scale; TUG: Timed Up&Go; STEF: Simple Test for
Evaluating Hand Function; NHPT: Nine-Hole Peg Test; RPT: Retropulsion Test; FRT: Functional Reach Test; SLST:
Single Leg Stand Test; BBS: Berg Balance Scale; DGI: Dynamic Gait Index; FGA: Functional Gait Assessment; FOG:
Freezing Of Gait; SRT: Sit and Reach Test; ABC: Activities Balance Confidence Scale; FES-I: Falls Efficacy Scale
International.

Table 1.
Measurement tools for PD.
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3.1.3 Six minute walk test (6MWT)

The 6MWT is a sub-maximal exercise test used to assess aerobic capacity and
endurance, which provides valuable information regarding all the systems during
physical activity, including pulmonary and cardiovascular systems, blood circulation,
neuromuscular units, body metabolism, and peripheral circulation. Turning difficulty
is frequently reported in Pwp and affects ability of movement combined with
hypokinesia. Locomotor assessment of straight-line walking and turning are widely
clinically used when considered together rather than when assessed independently.
The 6MWT is conducive to such an assessment because it generally combines numer-
ous turns and straight-line walking within 6 minutes. It is important to standardize the
track for both clinical and research purposes and it is recommended that a 30-meter or
100-foot walkway with the length of corridor be marked every 3 meters while turn-
around points are to be marked by a cone [3].

3.1.4 10 meter walk (10 MW)

The 10 MWT is a performance measure used to assess walking speed in meters per
second over a short distance. It can be employed to determine functional mobility,
gait, and vestibular function. The individual walks without assistance for 10 meters,
with the time measured for the intermediate 6 meters to allow for acceleration. It has
demonstrated excellent reliability in many conditions, including PD, so it was updated
by American Physical Therapy Association (APTA) in 2013. The test can be
performed at preferred walking speed or fastest speed possible. The average walking
speed for persons in 60�69 is 1.34�1.24 m/s, while Pwp is much slower than that.

3.1.5 Timed up and go (TUG)

The TUG test is a clinical tool widely used to determine fall risk and measure the
progress of balance, sit-to-stand and walking. During the test, the patient stands up
upon therapist’s command, walks 3 meters, turns around, walks back to the chair, and
sits down. For Pwp, some changes usually are observed such as slow tentative pace,
loss of balance, short strides, little or no arm swing, and shuffling. The sensitivity and
specificity have been reported to be 87%. But it demonstrates less reliability among
patients suffering from cognitive impairment (Figure 3).

Figure 3.
Assessment tests for manual activity.
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3.1.6 Mini-BESTest

The Mini-BESTest is both a clinical tool and a research outcome measure that
examines postural control systems through the performance of dynamic balance tasks.
Four items of it include anticipatory, reactive postural control, sensory orientation,
and dynamic gait. Recent clinical study has shown that the Mini-BESTest was the
strongest individual predictor of falls in individuals with PD compared with other
balance scales, highlighting the importance of evaluating dynamic balance ability
during fall risk assessment.

3.1.7 Five times sit to stand (FTSTS)

The FTSTS is a quick and easy test for functional lower extremity strength, ability
to transition movements, balance, and fall risk. Its scoring is based on the amount of
time (to the nearest decimal in seconds) a patient is able to transfer from a seated to a
standing position and back to sitting five times, which was more sensitive for younger
population(<60 years). The shorter the time to complete the test, the better the
outcome of it. It has a moderate responsiveness to change over time and was moder-
ately related to measures of gait and dynamic balance in vestibular and balance
disorders participants.

3.1.8 New freezing of gait questionnaire (NFOG-Q)

NFOG-Q is a widely used tool to quantify freezing of gait severity. It is a self-
reported questionnaire consisting of nine items that measure freezing of gait (FOG).
But its reliability is influenced by the patients’ difficulties with self-perceived ratings
of FOG and it is currently questioned as an outcome indicator for clinical trials [4]. So,
the automated video system and wearable sensor techniques are developed for Pwp to
provide more objective and accurate information about FOG. For example, the Kin-
FOG system uses an RGB-D sensor based on Microsoft Kinect V2 for capturing data
[5]. Wearable sensor-based devices can detect freezes in progress and provide a cue to
help the Pwp resume walking.

3.1.9 Borg scale 6–20

Borg rating of perceived exertion (RPE) is a tool to measure person’s perception of
effort and exertion, breathlessness, and fatigue during activity. It can be used in
monitoring the progress and intensity of exercise for Pwp undergoing rehabilitation
and endurance training. Borg’s original version is a 15-point scale ranging from 6 to 20
(no exertion at all to absolutely maximum). Effort is graded using number or words. It
is a significant predictor of heart rate and workload, which is not affected by age,
gender, or disease severity. So, it is used in Pwp in which formal exercise testing may
not be available [6].

3.2 Approaches of physiotherapy

The contents of physical therapy include three parts: exercise, practice, and move-
ment strategy training. Functional exercise aiming to induce motor learning is called
“Practice.” Conventional physiotherapy is categorized as all physiotherapist-
supervised active exercise interventions targeting the core areas above. To gain insight
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into the barriers and preferences regarding exercise of Pwp is the foundation and one
of main goals of PT is encouraging Pwp strives for normal physical activity under
supervision or not.

Exercise, as a subset of physical activity, is planned, structured, repetitive, and has
a defined endpoint with the goal of improving physical fitness. Exercise is a universal
prescription for PD. Moreover, exercise is a broad term that incorporates various
activities, such as aerobic exercise, resistance training, flexibility training, and other
types. Recommendations for valid exercise are shown in Table 2 according to the
APTA guideline 2022 [7].

Intervention Quality
of
Evidence

Strength of
Recommendation

Recommendation

Aerobic exercise High ♦♦♦♦ Physical therapists should implement moderate- to
high-intensity aerobic exercise to improve VO2,
reduce motor disease severity and improve functional
outcomes in individuals with Parkinson disease

Resistance
training

High ♦♦♦♦ Physical therapists should implement resistance
training to reduce motor disease severity and improve
strength, power, nonmotor symptoms, functional
outcomes, and quality of life in individuals with
Parkinson disease

Balance training High ♦♦♦♦ Physical therapists should implement balance training
intervention programs to reduce postural control
impairments and improve balance and gait outcomes,
mobility, balance confidence, and quality of life in
individuals with Parkinson disease

Flexibility
exercises

Low ♦♦◊◊ Physical therapists may implement flexibility
exercises to improve ROM in individuals with
Parkinson disease

External cueing High ♦♦♦♦ Physical therapists should implement external cueing
to reduce motor disease severity and freezing of gait
and to improve gait outcomes in individuals with
Parkinson disease

Community-
based exercise

High ♦♦♦♦ Physical therapists should recommend community-
based exercise to reduce motor disease severity and
improve nonmotor symptoms, functional outcomes,
and quality of life in individuals with Parkinson
disease

Gait training High ♦♦♦♦ Physical therapists should implement gait training to
reduce motor disease severity and improve stride
length, gait speed, mobility, and balance in
individuals with Parkinson disease

Task-specific
training

High ♦♦♦♦ Physical therapists should implement task-specific
training to improve task-specific impairment levels
and functional outcomes for individuals with
Parkinson disease

Behavior-change
approach

High ♦♦♦◊ Physical therapists should implement behavior-
change approaches to improve physical activity and
quality of life in individuals with Parkinson disease
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3.2.1 Aerobic exercise

Several high-quality clinical trials confirmed that moderate to high-intensity
aerobic exercise can improve oxygen consumption (VO2), motor and non-motor
impairments, be a benefit for improving functional activities (gait, balance) and
quality of life in Pwp. As for modes of exercise walking on a treadmill or stationary
cycling are frequently used but there is no evidence single form of aerobic exercise is
superior to another. It should be chosen to ensure safety of Pwp, especially for those
who are at high risk of falling and/or with FOG. Gradually progressing the duration
and intensity of the aerobic exercise is recommended to reduce risk of injury. In
Parkinson’s exercise guidelines in American College of Sports Medicine (ACSM)
there are elaborate introduction on the frequency, intensity and progression, time
and volume, type of exercises, and even disease-related considerations for Pwp
(Table 3), [8]. In addition, regular, long-term engagement in aerobic exercise is
needed to sustain a benefit.

3.2.2 Resistance training

A progressive resistance training program was shown to be more effective than a
nonprogressive exercise intervention (modified from the fitness counts booklet,
Parkinson’s foundation). Resistance training with instability (RTI) was favored and
specific modes include free weights, weighted vests, weight machines, closed vs.
open-chain activities, body weight resistance, etc.

Either alone or as a part of multimodal intervention resistance training can
improve muscle power or strength, non-motor (depression, anxiety, and cognition),
activities (gait speed, balance, mobility, and stability), quality of life, and reduce fall
rate of Pwp.

3.2.3 Balance training

The intervention approaches used to target balance are mainly multimodal balance
training that incorporated elements of strengthening, sensory integration, anticipa-
tory postural adjustments, compensatory postural adjustments, gait, and functional
task training. Its benefits are reflected in improvement of postural control, balance
and confidence, mobility, gait outcomes, quality of life as well as non-motor

Intervention Quality
of
Evidence

Strength of
Recommendation

Recommendation

Integrated care High ♦♦♦♦ Physical therapist services should be delivered within
an integrated care approach to reduce motor disease
severity and improve quality of life in individuals
with Parkinson disease

Telerehabilitation Moderate ♦♦◊◊ Physical therapist services may be delivered via
telerehabilitation to improve balance in individuals
with Parkinson disease

Table 2.
Recommendations of American Physical Therapy Association (APTA) [7].
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F.I.T.T.-V.P. Aerobic Strength Balance, agility, &
multi-Tasking

Flexibility

Frequency At least 3 days per
week.

2�3 days per week,
challenging all major
muscle groups on
nonconsecutive days.

2�3 days per week
focused workout,
with daily integration
as possible.

≥ 2�3 days/week,
with dally being
most effective.

Intensity &
Progression

Moderate Intensity:
40% - 60% HRR (or
VO2R), RPE of
12�13/20 or 3�4/
10. Progress to
vigorous intensity:
60�85% HRR; RPE
14�17/20 or 5�7/
10), when
physiologically
appropriate and
safe. Teach client to
self-assess.

40�50% of 1-RM for
beginners. 60�70%
1-RM for more
advanced exercisers.
Progress number of
repetitions and
resistance, working
muscles to fatigue.

Appropriate
challenge delivered
in a safe manner
given the setting
(individual vs.
group). Progress
motor and cognitive
challenges as patient
improves and can
tolerate.

Full extension,
flexion, or rotation
stretch to the point
of slight discomfort.
Progress as patient
can tolerate

Time &
Volume

≥30 min of
continuous or
intermittent
exercise per session.

10�15 repetitions
starting an exercise
program. ≥1 set of
8�12 repetitions
(�60% 1-RM) and
progress to 3 sets of
8�10 to fatigue.
Build to 2�3 hours/
week.

30�60 minutes per
workout.

Static Stretching:
15–60 seconds per
muscle; 2–4
repetitions of each
stretch.

Build to at least
150 minutes/week.

Build to 2�3 hours/
week.

Dynamic Stretching:
8�10 movements in
each direction.

Type Prolonged,
rhythmic activities
using large muscle
groups.

Major muscle groups
of the upper and
lower body using
weight machines,
resistance bands, or
body weight. Focus
on extensors. Could
use resistance
training with
instability.

Multi-directional
stepping, weight
shifting, reaching,
large amplitude
movements,
functional agility
(steps, turning,
obstacles,
backwards, floor
activities, sit-to-
stand). Multi-task
training (motor,
cognitive,
distractions). Static
and dynamic balance
with varied surfaces,
limb support,
perturbations.

Static Stretching: All
major muscle
groups after
exercise, first thing
in the morning or
before bed.
Dynamic stretching/
active range of
motion: Prior to
intense aerobic and
strengthening
exercise. Include
diaphragmatic
breathing and
meditation.

Disease-
Related
Considerations

Prioritize safety
(ambulatory status,
physical assistance,
equipment). Risk of
freezing of gait.
Consider
comorbidities (e.g.,
musculoskeletal,
cardio-respiratory).
Risk of autonomic

Posture and body
mechanics. Estimate
1-RM safely.
Progressive with
high repetitions.
Timed for ON
periods of optimal
functioning. For
safety, avoid heavy
free weights.

Consider varied
ability levels related
to cognitive
engagement and
attention. Allow
upper extremity
support when
needed. Consider
comorbidities (e.g.,
peripheral

Consider dystonia
(tonic or activity-
induced) and
general worsening
of flexed posture
with disease
progression.
Consider
comorbidities (e.g.,
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symptoms. What should be concerned the benefits of using technology-required
equipment not yet commercially available, such as wearable sensors, research-grade
force plates, rotational treadmills, exergaming systems [9], and so on.

3.2.4 Gait training

The schemes of gait training are varied, including forward treadmill, downhill
treadmill, curved walking rotating treadmill, robot-assisted gait training (RAGT)
[10], treadmill with virtual reality (VR). Aggregate evidence demonstrates that gait
training could improve severity of disease, step length and cadence, walking speed
and capacity, functional mobility, and balance. But individuals who are at H&Y stages
4–5 of PD and high risk for falls should be considered more for safety and need more
supervision.

3.2.5 External cueing

This is one of movement strategy training approaches that compensates for the
deficits with the internal (automatic) generation of behavior. External cueing was
defined as an external temporal or spatial stimulus, including rhythmic auditory
cueing, visual cues, verbal cues, or attentional cues. Above cues or feedback often
combined with gait and balance training, for example, rhythmic auditory stimuli
(RAS) provided during balance training or treadmill are more effective and sustain
longer than the general program without RAS [11]. No matter which kind of cue,
combined overground or treadmill training, it has an immediate and positive impact
on spatio-temporal parameters of gait and improves functional outcomes of gait and
FOG. In future, optimal modes of delivery leveraging advances in technology should
be further examined.

3.2.6 Task-specific training

This is an upgrade from exercise to practice. The tasks trained for PD include
mental imagery, upper extremity training, turning training, fall prevention training,

F.I.T.T.-V.P. Aerobic Strength Balance, agility, &
multi-Tasking

Flexibility

dysfunction,
including
orthostatic
hypotension,
blunted heart rate
response to exercise,
arrhythmias
associated with PD
or medications.

Consider
comorbidities (e.g.,
spinal stenosis,
osteoporosis,
osteopenia).

neuropathy,
cognitive decline).
Risk of freezing of
gait. Use of gait belt
for safety.

osteoporosis, pain,
dystonia).

Consider collaborating with a licensed physical therapist
specializing in Parkinson’s disease to assist with full functional
evaluation and Individually-tailored exercise recommendations
taking into account complex medical history.

2021

Table 3.
Parkinson’s exercise guidelines (Parkinson’s foundation) from ACSM [8].
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dual-task training, bladder training, and multimodal training. Mental imagery training
with sufficient repetition uses dynamic neurocognitive imagery, with the goal of
developing an individual’s imagery skills, kinesthetic and proprioceptive sense, and
motor self-awareness, to improve mental imagery ability. Upper extremities training
may improve strength, manual dexterity, sensation, and goal attainment. Dual-task
training may utilize cognitive challenge tasks during gait training to improve balance
impairment and perception of FOG. In clinical practice physical therapy is usually
delivered in a multimodal manner, not targeting only one specific outcome but rather
designed to improve multiple deficits of Pwp.

3.2.7 Multidisciplinary team and integrated care

PD is a complex and heterogeneous disorder from prodromal to advanced stages,
with a wide range of motor and non-motor symptoms, so it is necessary for teams
working multidisciplinary, including movement disorder neurologists, physiothera-
pists, occupational therapists, speech and language therapists, psychiatrists or neuro-
psychologists, dietician, nurse specialist, and social workers. Besides the core care team
above, there are other healthcare professionals who should be available for referral,
including the gastroenterologist, geriatrician, neurosurgeon, nursing home physician,
pain specialist (usually an anaesthesiologist), and urologist [12]. The multidisciplinary
team (MDT) pattern improves reductions in motor severity, non-motor symptoms
(anxiety, depression, and psychosocial consequences), functional outcomes (gait speed
and spatio-temporal gait parameters, ADL, balance, and stability) and even health care
utilization.

3.2.8 Telerehabilitation

Telerehabilitation evolved from telemedicine that means exchange of information
via telecommunication systems between the provider and the patient to improve a
patient’s health. For instance, specifically, remotely supervised Wii-based balance
training could improve activities and participation, especially for patients without
cognitive impairment and low fall risk. In addition, it is available for order Pwp with
other diseases and limited access to hospital. Nevertheless, telerehabilitation may
increase the cost of health care and its efficacy for disease severity needs to be
examined further.

3.2.9 Others

In addition to above training, there are also some effective approaches for PD, such
as community-based exercise, dance/music, Tai chi, Nordic walking, Lee Silverman
voice treatment physical (LSVT BIG), and acupuncture could be used alone or in
combination depending on specific situation of the Pwp.

4. Occupational therapy (OT)

The aim of occupational therapy is to reduce restrictions on participation in mean-
ingful activities and roles. OT intervention may include education and coping strate-
gies for the individual and their families, exercise program, particularly for the upper
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limb, providing assistive equipment, creating supportive and functional daily rou-
tines, and suggesting and practicing compensatory strategies.

4.1 Occupational assessment scales

Similar to physical therapy, the first step of OT is evaluating Pwp’s issues
related to occupational performance, including living/caring, work, and leisure.
The Canadian occupational performance measure (COPM) is recommended
instead of using ADL questionnaires [13]. The occupational performance history
interview (OPHI-II) or parts thereof is also recommended when more information
and background is needed regarding occupational identity, coping, and motiva-
tion. In addition, the occupational therapist needs to assess the caregiver’s burden
and competencies to ensure enough caring and support for Pwp, for example by
means of PD caregiver burden questionnaire (PDCB). Other aspects include ana-
lyzing the context of problems related to specific activities, assessment of the time
of activities and energy distribution, observation of occupational performance,
and assessment of impairments in body functions and structures as well as physical
environment.

4.2 OT interventions

The strategies selected depending on the preference of the Pwp or caregiver as well
as the potential for changing aspects of the person, the activity, and the environment.
A combination of interventions usually applies. For Pwp, the main tasks are improv-
ing and maintaining skills during the performance of activities, applying compensa-
tory skills or strategies during the performance of activities, increasing insight and
knowledge in order to adequately deal with current and future limitations in daily
activities (self-management).

4.2.1 Optimizing daily structure and activities

Setting priorities and rescheduling activities considering the medication or specific
situations. To structure the day and promote the patient’s motivation for occupational
performance through choosing activities matches the interest and capability of Pwp. It
may be effective for people who suffer from fatigue to plan a program for teaching the
application of energy-saving principles.

4.2.2 Dealing with stress and time pressure

Occupational therapist will help the Pwp and caregiver to identify the factors
contribute to the stress and time pressure during the assessment phase especially due
to the slowed performance. Then try to give advice on reducing the time pressure in
the planning and organization of activities, improving the feeling of personal effec-
tiveness through encouraging self-management, optimizing occupational perfor-
mance, and teaching the Pwp to carry out activities in a relaxed manner.

4.2.3 Practicing arm/hand motor skills

The regular practicing of fine motor skills in functional tasks is useful for
maintaining and improving these skills for Pwp. Participation in the LSVT BIG
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program can improve perceived occupational performance and satisfaction measured
by COMP, and produce gains in hand strength and dexterity for Pwp [14]. A sensory
motor training intervention alongside constraint-induced movement therapy was
effective in improving hand and upper extremity sensory motor function in Pwp [15].

4.2.4 Compensatory strategies in activities

Pwp can learn to perform complex tasks step-by-step with focused attention,
which is called cognitive movement strategies. This is effective in facilitating the
performance of transfers. But complex fine motor actions (e.g., fastening buttons and
writing) cannot be adequately reduced to simple steps. In addition, external cue is also
one of compensated strategies to facilitate movement.

4.2.5 Optimizing the physical environment

Aids, adaptations, and other modifications to physical environment compensate
for cognitive and motor problems of Pwp reducing fall frequency and lead to more
independent and safe performance. Specific methods are as follows [13]:

• Creating an unobstructed walking and turning route for Pwp who suffer from
freezing, removing obstacles that increase the risk of falling;

• Setting up visual reminders, structure, and overview in the arrangement of space
and objects for Pwp, especially with cognitive problems;

• Rearranging space and objects based on ergonomic principles for Pwp to promote
safety, effectiveness, and efficiency of performing activities;

• Installing visual cues in places where it is important or necessary;

• Creating support points or possibilities for sitting during activities for Pwp with
impaired balance;

• Using aids and adaptations according to motivation and acceptance of
alternatives, safety, and skills, such as rise-and-recline armchairs, wheeled
walkers, stairlifts, bed transfer aids, electric wheelchairs, and so on.

5. Speech-language therapy (ST)

With respect to PD, speech-language pathology focuses on three domains [16]:

• Problems with speech: dysarthria and the influence of cognitive impairments on
language comprehension, use, and communication skills;

• Problems with chewing and swallowing: dysphagia, choking, slow chewing, and
swallowing;

• Problems with controlling saliva: drooling or dribbling of saliva.
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5.1 Assessment and treatment of dysarthria

The most frequently reported speech problems of Pwp are weak, hoarse, nasal
or monotonous voice, imprecise articulation, slow or fast speech, difficulty
starting speech, impaired stress or rhythm, stuttering, and tremor. But guideline
proposes a video laryngostroboscopy by an otolaryngologist for a Pwp with
hypokinetic dysarthria only when vocal fold pathology is suspected which is
unrelated to PD.

The intelligibility subscale of the therapy outcomes measures (TOM) is used to
quantify the severity of speech problems and treatment results. Spontaneous speech
can be evaluated based on features used for all dysarthrias. The best way to evaluate
the stimulability of speech is by including automatic speech tasks, maximum phona-
tion time, pitch range, and calling.

The Robertson dysarthria profile (RDP) is a tool designed for the assessment of
clients with the motor speech disorder, dysarthria which contains eight domains (res-
piration, phonation, facial musculature, diadochokinesis, oral reflexes, articulation,
intelligibility, and prosody). VHI is a patient-rated scale that has been developed to
determine the level of disability experienced by patients with different voice disorders.
Recently, acoustic analysis has been developed and applied which could provide more
comprehensive information of speech problem (Table 4) [17].

Hypophonia is one of the most common problems with speech for Pwp. Tradi-
tionally, voice therapy is based either on behavioral treatment, which involves train-
ing to strengthen muscles involved with coordination of respiration, phonation, and
articulation, or using devices that provide environmental cues or biofeedback for
voice amplification. Lee Silverman voice treatment, LSVT LOUD is a standardized
and leading treatment of choice for hypophonia in PD. In addition, pitch limited voice
treatment (PLVT) is also strongly recommended for Pwp with hypokinetic dysarthria
with an intensity of four times a week for 4 weeks. Both treatments produce the same
increase in loudness, but PLVT limits an increase in vocal pitch and prevents a
strained or pressed voicing [18] .

5.2 Assessment and treatment of dysphagia

The swallowing disturbance questionnaire (SDQ) represents the most appro-
priate self-reported patient test for screening swallowing disorders in PD. The
Munich dysphagia test (MDT-PD) test, swallowing clinical assessment score in PD
(SCAS-PD), and Radboud oral motor inventory for PD(ROMP) may be also con-
sidered valid questionnaire-based tools for dysphagia screening in PD [19].
Fiberoptic endoscopic evaluation of swallowing (FEES) and videofluoroscopic
swallowing study (VFSS) are both considered to be the gold standard to evaluate
opharyngeal dysphagia. The combination of these instrumental methods allows a
detailed analysis of disturbance patterns in the oral, pharyngeal, and esophageal
phases of swallowing in Pwp.

Treatment of dysphagia should be started when there is clinical or instrumental
evidence of impairment of swallowing safety and/or efficiency. It has a relatively high
level of evidence in a clinical study on the treatment of dysphagia, including
swallowing maneuvers, swallowing exercises, expiratory muscle strength training,
and neuromodulation, especially DBS in STN and rTMS as well as botulinum toxin
injection [20].
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Deviant speech
dimension
[vocal task]

Acoustic
feature

Definition Pathophysiological
interpretation with respect to
hypokinetic dysarthria

Respiration

Aerodynamic
insufficiency
[sustained
phonation]

MPT Maximum phonation time, defined as
the maximum duration of sustained
vowel phonation.

The rigidity of respiratory muscles
leads to decrease ability to sustain
vowel.

Weak
inspirations
[monolog]

RLR Relative loudness of respiration,
defined as the median of loudness
measured relatively between
respirations and speech as a difference
in logarithmic scale.

Hypokinesia of respiratory
muscles and decreased range of rib
cage motion make respiration
quieter.

Phonation

Harsh voice
[sustained
phonation]

HNR Harmonics-to-noise ratio, defined as
the amount of noise in the speech
signal.

Reduced rate of airflow and
improper control of vocal folds
causes increased turbulent noise.

Decreased voice
quality
[monolog]

CPP Cepstral peak prominence, defined as
the measure of cepstral peak
amplitude normalized for overall
amplitude.

Deteriorated control of laryngeal
muscles leads to unstable periods
of vocal fold opening, causing a
dysphonic and breathy voice.

Articulation

Imprecise
consonants
[syllable
repetition]

VOT Voice onset time, defined as the length
of the entire consonant from initial
burst to vowel onset.

Hypokinesia causes slowing of lip
and tongue movements, leading to
a longer time required to
pronounce individual consonants.

Articulatory
decay
[monolog]

RFA Resonant frequency attenuation,
defined as the differences between the
maxima of the second formant region
and minima of local valley region
called antiformant.

Hypokinesia leads to decrease
spectral energy as a result of
decayed articulatory movements.

Prosody

Monoloudness
[reading
passage]

IntSD The standard deviation of speech
intensity contor extracted from voiced
segments.

Hypokinesia leads to the decreased
amplitude of respiratory and
thyroarytenoid muscles.

Monopitch
[reading
passage]

FOSD The standard deviation of
fundamental frequency contor
converted to semitone scale.

Hypokinesia causes the reduced
amplitude of vocal cord
movements, leading to glottal
incompetence.

Speech timing

Slow SMR
[syllable
repetition]

DDKR Diadochokinetic rate, defined as the
number of syllable vocalizations per
second.

Hypokinesia of speech apparatus
makes the movements of
articulators slower.

Prolonged
pauses
[monolog]

DPI Duration of pause intervals, defined as
the median length of pause intervals.

Hypokinesia of speech apparatus
makes initiating of speech
difficult, leading to prolonged
pause intervals.

Table 4.
Acoustic measurements [17].
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5.3 Assessment and treatment of drooling

There are indications that the drooling severity and frequency scale modified for
Parkinson’s disease (DSFS-P) is a valid scale for quantifying the severity of drooling.
The treatment of drooling by means of a self-use swallow reminder can be effective in
reducing the loss of saliva and teaching the patient cognitive movement strategies can
also be helpful.

6. Cognitive rehabilitation

Cognitive dysfunction is one of the common non-motor symptoms of PD, including
mild cognitive impairment(PD-MCI) and Parkinson’s disease dementia (PDD). The
short-term and instantaneous memory decline, while the impairment of long-term
memory and digital-related memory is not obvious. Visual–spatial impairment can be
characterized by slower visuomotor speed, decreased visual memory and comprehensive
analysis ability, motor coordination ability, as well as spatial abstraction ability. Language
naming and semantic comprehension can remain intact in the early stage of PD.

6.1 Measurement tools

Neuropsychological scales for overall cognitive function assessment comprise five
domains: executive function, attention and working memory, language, memory, and
visuospatial skills. The following three scales with ideal clinical measurement charac-
teristics (validity and reliability) are recommended for the assessment of global cog-
nitive function in PD [21, 22]: Montreal cognitive assessment (MoCA), Parkinson’s
disease cognitive rating scale (PD-CRS), and mattis dementia Rating Scale-2 (MDRS-
2). The mini-mental state examination (MMP) and scales for outcomes in Parkinson’s
disease cognition (SCOPA-COG) are specifically designed scales to evaluate the cog-
nitive function of PD patients despite their assessment value in executive function and
visuospatial ability is not enough.

6.2 Cognitive training (CT)

CT can be carried out for one or more cognitive domains in paper-and-pencil or
computerized training forms. Multi-domain, computer-based cognitive training at a
frequency of 2–3 times every week over 3–12 weeks can improve executive functions,
memory, processing speed, and attention for Pwp [23]. Aerobic and resistance exer-
cises combined with cognitive training have shown effective for mild cognitive
impairment. It is recommended tailoring of CT programs to suit the cognitive
domains predominantly affected in the specific sub-population of PD [24]. CT
involves the repetition of standardized tasks and may be limited by motor impairment
so the use of more recent integrative, adaptive, and assistive technologies, such as
virtual reality, may optimize the delivery of CT in PD.

7. Rehabilitation of other non-motor symptoms

Non-motor symptoms of PD have become an important factor affecting the quality
of life of Pwp (Figure 4). And mental, sleep, fatigue, and other general abnormal
status are also the major determinants of rehabilitation outcomes.
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7.1 Mood disorders

Mood disorders and anxiety significantly impact the prognosis and disease course
of PD, which are related to the frontal lobe caused by catecholamine and serotonin
deficiency in the brain tissue. Apathy, anhedonia, and fatigue overlap with diagnostic
criteria for anxiety and depression, thus making an accurate diagnosis of mood disor-
ders in Pwp difficult. So, multidisciplinary teamwork with psychologists and psychia-
trists is necessary. Beck depression inventory (BDI), Hamilton depression rating scale
(HAMD-17), montgomery-asberg depression rating scale (MADRS), 15 item geriatric
depression scale (GDS-15), are the most widely recognized tools. HAMD and self-
report GDS are recommended for screening and measuring severity of depression in
PD, while Cornell scale for depression in dementia (CSDD) can be used to screen for
PD in patient with and without dementia [26]. As for anxiety, Parkinson’s anxiety
scale (PAS) and a PD-specific anxiety scale have higher specificity and sensitivity for
their use as a screening tools than other scales [27]. Non-pharmacologic approaches in

Figure 4.
Non-motor features in PD [25].
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addition to classic psychotherapy, for example, cognitive-behavioral therapy (CBT)
and other rehabilitative treatments are proven to have certain effects, including exer-
cise therapy, music therapy, yoga, Tai chi, Qigong, and acupuncture.

7.2 Sleep disorders

Sleep disorders in PD include both nocturnal manifestations, such as insomnia,
REM sleep behavior disorder (RBD), obstructive sleep apnea (OSA) and restless legs
syndrome (RLS), and diurnal symptoms, such as excessive daytime sleepiness (EDS).
Persian version of Parkinson’s disease sleep scale (PPDS) has acceptable validity and
reliability for measuring sleep disturbances in Pwp, while polysomnography (PSG)
can provide more accurate evaluation data of sleep. Exercise and above treatments for
mental and psychological problems can also improve the sleep disorder of PD to some
extent.

7.3 Pain

Pain was evident in 53% of PD cases and has four different types in Pwp: muscu-
loskeletal pain (due to rigidity, skeletal deformity), radicular–neuropathic pain (due
to root lesion, focal or peripheral neuropathy), dystonic pain (related to
antiparkinsonian medication), and akathisia (occurs in the off period or drug-
induced). The visual analog scale (VAS) and brief pain inventory (BPI) are the
commonly used assessment scales for pain. The PD-pain classification system (PD-
PCS) is a valid and reliable tool for differentiating PD-related pain from PD-unrelated
pain. The popular recommendation currently supports exercise as part of pain reduc-
tion treatment plans in a variety of conditions. Additionally, hydrotherapy, massage
therapy, acupuncture, and neuromodulation (DBS, rTMS, tDCS) may provide appre-
ciable results in pain management [28].

7.4 Autonomic nervous dysfunctions

Among the autonomic disorders, cardiovascular, urogenital, gastrointestinal, and
thermoregulatory disorders are the most commonly occur in Pwp. The scale for out-
comes in PD for autonomic symptoms (SCOPA-AUT) is a specific scale to assess
autonomic dysfunction in PD patients.

7.4.1 Orthostatic hypotension (OH)

Orthostatic hypotension questionnaire (OHQ) can be used to evaluate the impact
of symptoms on daily activities that require standing and/or walking.

Non-pharmacological treatment for OH includes drinking water (1.5–2.0 L/day)
and increasing salt intake, compression stockings, sleeping with the head of the bed
elevated (10–15 cm elevation or angle of 30–45 degrees), and physical therapy. Phys-
ical maneuvers can be used to activate the skeletal muscle pump and briefly elevate
pressures, which include crossing the legs and pushing them against each other, arm
flexing, and rocking up on the toes. Combination of both aerobic and resistance
training, working toward a goal of performing at least 20–30 min of aerobic training
or aquatic exercises three times per week [29].
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7.4.2 Urinary dysfunctions

Urgency, nocturia, and incontinence are all demonstrations of overactive bladder
(OAB) which is the most common lower urinary tract symptoms (LUT) in Pwp, and
an objective assessment using urodynamics commonly shows detrusor overactivity
(DO) in these patients. SCOPA-AUT includes six urinary items that assess both
storage and voiding phases, so it is an acceptable, consistent, reliable, and valid scale.
The international prostate symptom score (IPSS) has been used both in men and
women for patients with neurological diseases. DBS, sacral neuromodulation (SNM),
and posterior tibial nerve stimulation (PTNS) are effective therapies for improving
bladder dysfunction [30]. Intradetrusor injection of botulinum toxin (BT) can be used
for intractable urinary incontinence. Pelvic floor muscle exercises, behavior therapy,
and acupuncture may be beneficial for urinary incontinence [31].

7.4.3 Rectal dysfunctions

Among the gastrointestinal disturbances, gastric emptying disorders and constipa-
tion are particularly noteworthy. Stool consistency in which the Bristol stool scale may
be used as a practical tool, and the Knowles-Eccersley-Scott symptom (KESS) question-
naire was used to assess bowel symptoms. More accurate functional assessment requires
instrumentation, such as capsule colonoscopy and EMG. Low colonic transit time (CTT)
and pelvic floor dyssynergia (PFD) are major contributors to constipation in Pwp. CTT
studies and defecography have been considered as “gold standard” techniques for iden-
tifying the causes of constipation as either colonic dysmotility or PFD [32].

In addition, to changing diet (30–40 grams/day of dietary fibers) and bowel habits
relaxing puborectalis and pubococcygeus may alleviate this debilitating dysfunction.
30 minutes of moderate-intensity exercise per day are also advised for easing consti-
pation [33].

8. Neuromodulation in PD

Neuromodulation is a category of treatment that involves stimulation or direct
administration of medications to the nervous system for therapeutic purposes. This
aims to modulate the activity of target cells as an approach to treating neurological
dysfunctions, including pain, movement disorders, spasticity, and epilepsy. As for PD,
it can improve motor and non-motor symptoms by regulating motor circuits and
neurotransmitters in invasive or noninvasive methods.

8.1 Deep brain stimulation (DBS)

DBS is a widely acceptable revolutionized treatment for advanced levodopa-
responsive PD with motor complications due to its convincing effect on motor symp-
toms [34]. It is summarized the different therapeutic effects for the two targets, the
subthalamic nucleus (STN) and the internal part of the globus pallidus (GPi) of DBS
in Table 5. Advancements in DBS hardware, programming, neuroimaging, and surgi-
cal techniques have led to progressive improvement in efficacy and safety profiles. By
combining the precise placement of an electrode connected to a highly programmable
generator of current, a therapeutic effect can be carefully tailored to the patient’s
specific needs.
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8.2 Repetitive transcranial magnetic stimulation (rTMS)

rTMS is commonly used in the clinical treatment of PD. It achieves therapeutic
effects mainly by varying the excitability of the central nervous system, and it is
generally believed that high frequencies (HF) ≥ 5 Hz are mainly excitatory, while low
frequencies (LF) < 1 Hz mainly produce inhibitory effects. Recently, a meta-analysis

STN GPi

Tremor Improves Improves

Bradykinesia Improves Improves

Rigidity Improves Improves

On/Off Fluctuation Improves Improves

Dyskinesia Improves due to medication reduction Greater improvement than STN

Gait/Balance Minimal change Minimal change, may last longer than STN

Speech Worsens May worsen

Cognition May worsen. Possibly worse than GPi May worsen

Depression Unclear Unclear

Anxiety May improve Unclear

DBS: deep brain stimulation; STN: subthalamic nucleus; GPi: globus pallidus interna.

Table 5.
Comparison of treatment effects for DBS stimulation of the STN versus the GPi [35].

Figure 5.
Gaps of neuromodulation for gait problems in PD [27].
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concluded that the pooled evidence suggested that rTMS relieves motor symptoms of
Pwp and high-frequency stimulation on M1 is the most effective mode of interven-
tion. HF rTMS has significant therapeutic effects on limb motor function, including
upper limb and lower limb, akinesia, rigidity, and tremor [36]. However, for the gait
impairment of PD, there are still several critical unanswered questions in the
neuromodulation field that need further research [37].

In summary, the different rehabilitation approaches have in common “exercise” as
a basic element and should be scheduled according to individual characteristics of the
patients. Multidisciplinary collaboration maximizes the effectiveness of rehabilitation.
Close monitoring and avoidance of fatigue or sports injury are paramount. Although
high-intensity exercise has initially the disease-modified effects the mechanism is not
clear presently. With the wide application of artificial intelligence technology and
telerehabilitation technology, there will be more and more effective methods for PD,
which may meet the needs of home rehabilitation in the future. At last, most of studies
on rehabilitation involved mild and moderate Pwp currently so interventions to
improve the patient’s motor or no-motor dysfunction and quality of life in late-stage
need to be explored further (Figure 5).
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Abstract

Hyperglycemia, insulin resistance disturbances, and other common metabolic 
syndrome signs are currently related to a poor outcome of Parkinson disease. There 
were no widely accepted nutritional intervention protocols approved for Parkinson’s 
disease. That author exposes a brief revision of the role of insulin resistance and 
glycemic metabolism dysfunction in Parkinson’s patients with diabetes. In an ongo-
ing study, with a complete record of dietary habits and diet components, it was 
demonstrated no significant differences between diabetics (n = 19) and nondiabetics 
(N = 53). But body composition shows some particularities. A result that attracts 
attention is total fat analysis and percentage of fat of PD patients showing that 
diabetics are somewhat fattier. The self-reported presence of obesity does not differ 
from recorded data of weight and BMI, with no significant differences between the 
two groups. Taking into consideration that both groups have comparable degrees of 
disease progression, as measured by the UPDRS, it could be possible to infer that the 
maintenance of a relative overweight was a protective factor in this group of diabetic 
evaluated patients. Considerations are made about hasty intervention of nutritional 
approach for PD patients with diabetes, including body fat reduction, prescription of 
statins and therapeutic options for diabetes control.

Keywords: Parkinson’s disease, metabolic syndrome, diabetes, nutraceutical 
intervention, cholesterol abnormalities

1. Introduction

The concurrent involvement by diabetes, a common metabolic disease, is frequent 
in Parkinson’s disease (PD). In addition, there is strong evidence of pathological 
interlinking between the two entities [1, 2], and there are reports that a pre-existing 
diabetes could be a risk factor for more severe PD symptoms [3]. In such a relationship 
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the mechanisms involved in the process are not fully understood [4, 5]. The same could 
be applied to the therapeutic and nutritional support to PD patients [6]. Just in 1992, 
Dirrieu et al. [7], published a study about nutritional evaluation and PD, comparing 
with a control group [7]. There is no unquestionably response about the influence 
of diabetes treatment over PD outcome. The possibility that usual therapeutic mea-
sures, per si, could be a risk factor for aggravation of that disease was discussed [8]. 
Only recently there have been reports of the role of diabetes medications and risk of 
Parkinson’s disease. The effect could be so intense that the authors stated that “The 
incidence of Parkinson’s disease in patients diagnosed with diabetes varies substantially 
depending on the treatment for diabetes received. The use of DPP4 inhibitors and/or 
GLP-1 mimetics is associated with a lower rate of Parkinson’s disease compared to the 
use of other oral antidiabetic drugs” [9, 10]. Glucose reduction induced by hypoglyce-
miants could lead to less disponibility of cerebral glucose, disturbing the GLti expres-
sion in astrocyte cells. The result is a deficit in lactate and pyruvate synthesis, bearing 
in mind that glial astrocytes seem to play a role in the basal cell functions maintenance, 
especially during the events of enhanced metabolic demand or hypoglycemia [11].

Abnormalities of glucose tolerance curves associated with PD have been published 
over 30 years ago [12]. Many studies [1, 13, 14] had failed to demonstrate changes in 
glucose levels. Nevertheless, there are studies demonstrating some correlation between 
diabetes, metabolic syndrome and DP and their complications [1, 15–19]. Results from 
a survey conducted in our service showed reduced insulin resistance and low levels of 
plasmatic cholesterol in parkinson’s patients with dementia (PPD) associated with PD, 
without evidence of ponderal gain compared with control patients [14]. On the other 
hand, hyperinsulinemia can provoke cerebral glycogen depletion, with reduction of 
ATP and cell death [20]. In the same way there are reports of functional dysfunctions 
of mitochondria related to insulin resistance and fat deposition [21].

There are few reports about the influence of severe hypoglycemia on the outcome 
of PD. It was found that low and high HbA1c but not diabetes was associated with 
faster motor symptom progression in no diabetic patients [22]. In a relatively recent 
study measuring glycemic levels of 11 patients, three of them with PD, only one had 
severe hypoglycemia (54 mg/dL; 7.5% -72 hours, closer to the critical level established 
by the American Society of Endocrinology (11.7% in 72 hours). The analyzed patients 
do not have diabetes diagnosis [23]. In a description of an isolated case, it was deter-
mined to be a severe hypoglycaemia in a diabetic patient with parkinsonian symptoms 
for a few months. The neuroimage evaluation shows a vasogenic lesion in basal 
ganglia. With antidiabetic drugs adjustment occurred glycemia normalization and 
clinical improvement [24]. A confounder factor could be the occurrence of hypogly-
cemia provoked by statins prescription to control dyslipidemia [25].

There is some evidence that the so-called Mediterranean diet is a protective factor 
for development of PD [26–28].

In an ongoing study, with a complete record of dietary habits and diet com-
ponents, including body mass determination, it was demonstrated no significant 
differences between diabetics (n = 19) and non diabetics (N = 53). But body composi-
tion shows some particularities. Our goal will be a revision of literature, comments 
on our results and discussion about the non-individualized, standardized nutritional 
orientations commonly adopted to treat glycemia fluctuations in diabetic PD patients. 
The usual prescription of a fractionated diet with a supplement in some periods seems 
to be not enough and adequate to control glycemia fluctuations and other associated 
factors related to cholesterol metabolism. Some alimentary components and other 
measures will be appointed.
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2. Metabolic syndrome, reverse epidemiology and Parkinson’s disease

The influence of the so-called metabolic syndrome over PD was analyzed with the 
same conclusion in a couple of studies, that no direct correlations could be determined 
even with and without subgroups stratification [29, 30]. Similar results were obtained 
among patients with associated dementia [13, 31]. Others still question the associa-
tion because it is a premorbid situation, multifactorial, and dependent on individual 
factors, like weight, genetic predisposition among others [32]. Even so, there are reports 
showing a close relationship between the modified metabolic syndrome criteria, with 
a poorer prognosis of motor symptoms in PD [18, 19]. A few years ago there was a 
publication calling attention to the so-called reverse epidemiology and the occurrence 
of some “abnormalities” like weight gain, among others, not as a risk factor but as a 
protective factor against degenerative diseases consequences [33]. On the basis of these 
considerations there is a place of considerations about the role of some corporal changes 
including weight, insulin resistance and cholesterol disturbances, either as a result of 
degenerative diseases like PD, or as factors related to poorer outcome of these groups of 
diseases [34]. The applicability of concepts of reverse epidemiology in PD was not fully 
discussed in current literature. In this connection, it is important to put some consider-
ations on the role of the isolated component of metabolic syndrome on PD outcome.

2.1 Cholesterol abnormalities in PD

Some studies do not demonstrate a low if any significant association between 
dyslipidemia with PD [13, 33, 35]. Even so, it was possible to demonstrate that plas-
matic cholesterol was lower in older patients with amnestic dementia, compared with 
those without cognitive dysfunctions [14]. Relevant to remember that the analyzed 
sample in that study was older, compared with PD patients without cognitive impair-
ment. Others, still, point to an apparent protective effect of hypercholesterolemia 
in PD [36, 37]. One aspect that drew attention was that findings, cholesterol level 
related, was restricted to younger females and the follow-up time was twice as long as 
that of manns and younger. Corroborating the studies showing the apparent protector 
effect of cholesterol, there is a report demonstrating that increased seric cholesterol 
levels are associated with low levels of iron in substantia nigra and pallidus in PD 
patients [38]. The use of total cholesterol as a biomarker for malnourishment is also 
well demonstrated [39]. The question about maintenance of body mass in PD patients 
is still an open issue. The role of adequate nutritional advice is not questionable. 
Although some studies limit the importance of eggs and meat as nutritional source 
of cholesterol, pointing out saturated fatty acids as the highest source of cholesterol 
[40], it is possible to assume that that the aim is not only increase body mass, but 
also maintain a minimum supply of diet cholesterol, preserving striatal tissue in PD 
patients. A question that needs to be answered is if the “cholesterol paradox”, as part 
of reverse epidemiology in the geriatric population, is a cause or consequence of 
changes observed among PD or PDD.

Abnormalities in both synthesis and absorption of cholesterol has an influence 
on the plasmatic cholesterol levels [41, 42]. It is also important to note that weight 
reduction is related with reduction in plasma cholesterol levels [43] and as it can also 
be artificially enhanced by increased insulin resistance observed in diabetes mellitus 
treated with insulin [44]. The concurrent action of cholesterol metabolic distur-
bances, glycemic fluctuations [45], especially hypoglycemia and concomitant insulin 
resistance activity must be considered as risk factors to poor outcome of PD. Is not 
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well understood all possible interlinking between the distinct components of isolated 
metabolic disturbances. It seems plausible to suppose that the PD brain is sensitive to 
abrupt hypoglycemic variations, added to disturbances in cholesterol metabolism and 
the concurrent action or lack of response of insulin resistance. The presence of mal-
nourishment or visceral fat deposition, could be considered as adjuvant risk factors in 
the same way as type II diabetes. The recent demonstration that cholesterol metabolic 
disruptions are associated with an inherited form of PD [46] open new avenues to the 
understanding of the apparent unsolved question of the relationship of cholesterol 
metabolism dysfunctions and PD.

2.2 Glycemia, insulin resistance and Parkinson’s disease

The potential implications and correlation between glucose metabolism and 
insulin resistance, were demonstrated both in evaluation of dopamine response 
[47] with evidence that insulin resistance is even lower in older demented patients 
[14, 48]. On this topic there was demonstrated insulin immunoreactivity disturbances 
in PD patients compared to controls [49]. The evidence that insulin low levels lead to 
a reduction in lipogenesis more than food digestion and absorption [50], reinforce the 
relationship of loss of fat mass, insulin resistance and DP [14, 51, 52].

There is some evidence showing that higher glycaemic load and index [53] as well 
as total fat intake [27, 31] are not associated with PD. Increased food intake, includ-
ing glycaemic load and índex, was found to be strongly correlated with aging and 
decreased tendency to lose weight [54]. Prospective studies were not able to confirm 
the association of high caloric intake and increased risk of PD [55], as well as between 
high caloric values or lower caloric intake and increased risk of PD [56, 57]. But a 
newly released study demonstrated that both low HbA1c (HR 2.7; 95% CI 1.3–6; P = 
0.01) as well as high HbA1c (HR 3.6; 95% CI 1.5–8.9; P = 0.005) were independent 
predictors of unfavorable motor outcome in PD. In this regard euglycemia seems to be 
associated with a better prognosis in PD [22]. The relationship between energy and 
caloric consumption could explain some of the body composition changes observed in 
PD outcome. The fact that carbohydrates are easily chewed and digested may repre-
sent a facilitator aspect for the preference. Some epidemiological data reinforces the 
association between enhanced ingestion of carbohydrates and increased risk of PD, 
which is correlated to consumption level [15, 58].

A confounding factor could be the possible intercurrence of hypoglycemia trig-
gered by the prescription of statins to control dyslipidemia, so common in diabetes 
mellitus. Despite the beneficial reduction in low-density cholesterol as well as 
apolipoprotein B, atorvastatin treatment results in a significant increase in baseline, 
fasting insulin and glycated hemoglobin levels [59]. This is consistent with insulin 
resistance and elevated blood glucose in hypercholesterolaemic patients.

However, the use of statins in patients with low serum albumin is associated with 
risk for hyperglycaemic events, independent of diabetes [60]. On the other hand 
the prescription of atorvastatin may inhibit glucose utilization by muscle [61], with 
inhibition of translocation of the transporter, GLUT4, cholesterol-dependent glucose, 
which may lead to the inference that such effect may also occur in the striatum. Even 
considering that the use and availability of glucose in the brain, mediated by GLUT 1, 
2 and 3 [62] and is not directly insulin-dependent, but may be affected by elevation 
of insulin in the periphery, it is possible to assume that the impairment of peripheral 
glucose metabolism also produces effects in a striatum already compromised by PD.
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Regarding this aspect, as early as 1996, when attempts to implant striatal tissue 
fetal cells in Parkinson’s disease patients were still being made, there was a demon-
stration of the presence of GLUT 1 in the striatum [63]. It was demonstrated that 
paraquat, a recognised toxic agent for brain tissue, promotes an increase in glucose 
transport to the cell, displacing GLUT 4 and Na+-dependent glucose transporters 
(SGLT), to the cell membrane, in patients with Parkinson’s disease [64], thus con-
tributing to the death of dopaminergic cells. In any case the effect of hypoglycemia 
on striatal glucose transporters in the presence of hypoglycaemia has not yet been 
demonstrated.

It is possible to assume that both hyperglycemia, induced by toxic agents (para-
quat) or even antidyslipidemic drugs (atorvastatin), and hypoglycaemia, caused by 
hypoglycemic drugs (insulin, oral hypoglycemic agents), have a deleterious effect on 
brain tissue. Evidence from studies point to a less relevant role of hyperglycaemia. Yet, 
even accepting the premise that we should control glycemic levels more carefully in 
Parkinson’s patients, we have no definition or even indications of the spectrum to be 
achieved. As an example, the levels proposed for stroke 80–130 mg/dL may not be the 
most recommendable for diabetics with Parkinson’s disease.

On the other hand, glucose reduction, also induced by hypoglycemic drugs, may 
reduce cerebral glucose availability, downregulating GLTi expression in astrocytes. 
The result is a deficit in lactate and pyruvate synthesis. Glial astrocytes lactate appear 
to play a crucial role in maintaining cellular function, especially during periods of 
elevated metabolic demand or hypoglycaemia [11]. In this regard, there are stud-
ies, correlating functional impairment of mitochondria with insulin resistance and 
abdominal fat accumulation in obese subjects [21].

The demonstration that convencional hypoglycemiant drugs are associated 
with increase in the incidence of PD [9, 10] is also a point of interest. An apparent 
inverse association of insulin use and Parkinson’s incidence was found in one study. 
But the small sample of insulin users limits the analysis [4, 9]. The demonstration 
that exenatide may improve motor symptoms in PD [65], confirm the importance 
of adequate blood glucose control in patients with PD and prone to developing the 
disease, offering promising data to control the deleterious effects of commonly used 
oral hypoglycemic drugs. Again, the interest of cholesterol and insulin resistance gain 
importance in dietary intervention.

3. Nutritional habits and Parkinson’s disease incidence and severity

The studies on the impact of dietary habit, Dietary Components and 
Supplementation effects on PD incidence and outcome are fairly recent and point 
to the same conclusions. Among the quoted articles, all, without exception, show a 
correlation between malnourishment and poor PD prognosis [66], both in relation 
to cognitive dysfunction [67] as to motor impairment, fatigue, anxiety and depres-
sion [68]. However, others do not find any association between motor symptoms 
and dietary habits [69]. Likewise, the weight gain and increased central obesity 
observed in newly Parkinson’s diagnosed patients were not associated with cognitive 
 impairment [70].

Still in reference to dietary components and supplementation, there are some 
authors showing the influence of housing and untreated waters with PD features [71]. 
Several mechanisms may contribute to a possible association between nutritional 
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habits and PD, with or without metabolic impairment. The so-called brain-intestinal 
axis can be pointed out as one of the related factors [72]. Some medications, like 
pramipexole, used in the treatment of PD as a dopamine agonist, can cause hyperpha-
gia, but they are not considered as a major factor for weight gain. [73].

The supremacy of some bacteria in the bowel, with consequent gut dysbiosis, 
was found to be more prevalent in patients with PD. This condition promotes a 
pro-inflammatory bowel offering a competitive advantage for some bacterial strains 
over others [74]. There is evidence that enteric α-synuclein and phosphorylated 
α-synuclein (αSyn) abnormalities are more common among patients with PD, and 
could affect both the extra-nigral structures and vagus dorsal motor region [75]. 

Figure 1. 
Parkinson’s disease patients with diabetes reported more dyslipidemia and obesity than patients without diabetes.
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The bowel permeability dysfunction facilitates the entry of lipopolysaccharides 
into the body circulation, increasing systemic and brain inflammation [74, 76]. The 
findings, observed in older patients, could be associated with a greater preference for 
processed foods, in line with the energetic demands. The data correlate also with poor 
ingestion of fat, fiber-rich food, antioxidants contents and others.

Maintenance and delay of muscle mass loss may also be associated with low calorie 
diets, preventing sarcopenia. On the other hand, we observed in the dietary survey of 
our patients (unpublished results), a preference for diets rich in carbohydrates, which 
may lead to worsening of the sarcopenic pattern. Thus, the increase in body mass, 
associated with physical exercise, fatty or hypocaloric diet and even increased amino-
acid supplementation, could be recommended for patients with Parkinson’s disease.

In a complete record of dietary habits and diet components, including body mass 
determination, it was demonstrated no significant differences between diabetics 
(n = 19) and non diabetics (N = 53). Some data call attention, that is, a self-reporting 
for the presence of dyslipidemia points to dyslipidemia among diabetic patients 
(Figure 1), but the data from the medical records does not confirm it (Figure 2). It is 
still under analysis, but one hypothesis is the use of statins. Another result that draws 
attention is total fat analysis and percentage of fat of diabetic PD patients showing 
that diabetes are something fattest (Figure 3). The self-reported presence of obesity 
does not differ from recorded data of weight and BMI, with no significant differ-
ences between the two groups. Noting that both groups have comparable degrees of 
disease progression, as measured by the UPDRS. It could be possible to infer that the 
maintenance of a relative overweight was a protective factor in this group of evaluated 
patients.

Figure 2. 
Similar cholesterol laboratory tests in Parkinson’s disease patients with and without diabetes but slightly lower 
HDL-c in patients with diabetes.
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4. Considerations about nutraceutical intervention in Parkinson’s disease

The much evidence in the literature of the associations of malnutrition and low 
weight with poor prognosis of PD, together with the evidence that high cholesterol 
levels are unrelated to PD, and that low cholesterol and lack of resistance to insulin in 
older patients are correlated with dementia and poor outcome, enable the assistants 
to propose some nutritional intervention, especially in those affected by diabetes. 
A negative correlation between fat android mass composition and severity of par-
kinsonism has been evidenced [77], but the demonstration of this association is not 
yet well established in diabetics with Parkinson’s disease, especially regarding lipid 
metabolism and its interactions with glucose. Again, we must keep in mind that the 
malnutrition observed in many PD patients may be the consequence not only of 
dysphagia, loss of appetite, bradykinesia and hyperkinesia, but also of abnormalities 
in lipid and glucose metabolism. This situation in the presence of diabetes can be an 
aggravating factor. As many as 90% of individuals with type 2 diabetes are overweight 
or obese [78], which was demonstrated, with some accumulation of fatty tissue, 
in our population of diabetics with PD. Although there are indications of potential 
therapeutic effect of ketogenic diets with different degrees of carbohydrate restriction 
to PD patients [79], this alternative is not viable for application in patients with PD, 
since it would interfere directly in the control of glycaemic levels in patients with PD 
and diabetes. The initial purpose should be to avoid malnourishment and, if neces-
sary, to achieve a moderate and stable overweight status. The prescription of statins 
should be judicious. There is insufficient data to assume that high cholesterol levels 
would be worse for Parkinson’s patients. In this case a mild obesity could be accepted 
on PD, mainly at the cost of fat accumulation. The possibility of lack of adequate insu-
lin response in PD can also be discussed. Amid so many open questions it is feasible to 
affirm that obesity can be seen not as a disease but as a physiological adaptive factor to 
face PD, especially when associated with diabetes. The role of obesity as a functional 
adaptation and not as an aggravating factor in certain circumstances has been well 
discussed by Robert Eckel in his book [80], and should be considered. That author 

Figure 3. 
Higher percentage of body fat in Parkinson’s patients with diabetes did not provide an increase in disease severity.
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draws attention and exposes a revision of the role of secreted fatty tissue proteins in 
insulin resistance and inflammation regulation in humans. A final consideration is 
that the nutritional approach for PD patients with diabetes should include concern of 
more aggressive intervention on body fat reduction, parsimony in statin indication 
and therapeutic options for diabetes control. Alternative measures to control dyslipid-
emia in the face of cardiovascular disease should include regular physical activity.
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PD Parkinson’s disease
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Chapter 8

Ethical and Safety Considerations
in Stem Cell-Based Therapy for
Parkinson’s Disease
Fangzhou Li, Jiahao Ji, Jun Xue, Jeffrey Schweitzer and Bin Song

Abstract

Stem cell-based therapy for Parkinson’s Disease (PD) is entering an exciting era
with many groups competing to reach the goal of safe and practical clinical applica-
tion. However, the road to this goal is long and beset by challenging obstacles, among
which are Good Manufacturing Practice (GMP) standards, scalability, and regulatory
requirements for the final cell product. Of paramount importance is the patient safety
of the stem cell-derived dopaminergic neurons, such that each stage of the cell therapy
implementation process must be scrutinized for potential safety concerns before
introduction to the clinic can be contemplated. In this chapter, we will critically
consider the safety regulations and safety strategies of stem cell-based therapy for PD,
emphasizing the principal requirements necessary for this new therapeutic approach
to benefit PD patients. We will introduce the current safety challenges and the con-
nections between these safety issues and the special characteristics of neural stem
cells. In addition, we will summarize the safety standards for stem cell-based therapy
currently adopted by leading cell therapy groups and international regulations. Both
in vitro and in vivo safety assessment methods will be discussed as they relate to the
implementation of these standards. Finally, we will speculate on strategies for further
enhancing the safety of stem cell-based therapy for PD.

Keywords: Parkinson’s disease, clinical trials, stem cell-based therapy, safety
consideration, tumorgenicity

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder
after Alzheimer’s disease. Characterized by the loss of midbrain dopaminergic neurons
(mDANs) in the substantia nigra pars compacta (SNpc), the condition impairs motor
function with bradykinesia, tremor, and rigidity being pathognomonic symptoms [1].
Currently, treatment strategies for Parkinson’s Disease, including dopamine replace-
ment therapy and deep brain stimulation, are symptomatic and not curative inter-
ventions. They do not stop or even slow the progress of the disease. With the
development of technology to create and manipulate different types of stem cells,
stem cell-based therapies have become one of the most promising potential remedies
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for degenerative diseases, among which PD has gained particular attention due to its
characteristic predominant loss of a single cell type.

Over the decades since this concept emerged, many efforts have been made to test
the feasibility of using cell-based therapy to treat PD. In 1987, for the first time,
researchers succeeded in transplanting human fetal midbrain tissue into the brains of
PD patients in an open-label trial [2]. The apparent positive results encouraged further
development of this approach. In the 2000s, double-blind multi-center clinical trials
for fetal transplantation were performed in the US [3, 4]. Though these trials overall
did not have positive outcomes, there were subsets of patients with clinical improve-
ment that thus encouraged further research. This process was accelerated with the
appearance of stem cell sources including both human embryonic stem cells (hESCs)
and human-induced pluripotent stem cells (hiPSCs) as a source to replace fetal tissue.
For example, an autologous iPSC-derived DA neuron transplantation surgery was
performed by investigators at Harvard University in 2019 [5] and that same year, a
clinical trial using HLA-matched hiPSC-derived DA neurons to treat PD patients was
initiated at Kyoto University Hospital by researchers from the Center for iPS Cell
Research and Application (CiRA) [6].

However, not all news about stem cell treatment is encouraging. The relative ease
of access or production of stem cells of various types, the popularization of the stem
cell idea in the public mind, and the opportunity to profit from the hopes of desperate
patients can be a toxic combination. This has resulted in ill-advised and unscrupulous
activity that has brought real harm to patients. A famous incident concerns a stroke
patient who traveled across several countries to receive stem cell therapy in the hope
that this would restore function to his left arm and leg. But in fact, the unlicensed stem
cell treatments allowed the stem cells injected into his body to grow into a tumor that
left him nearly paralyzed [7]. Also, in 2022, an Italian surgeon was convicted of one
count of “causing bodily harm” in a Swedish court for his stem cell-embedded artifi-
cial trachea implantation surgery performed on three patients at Karolinska Institute
in 2011 and 2012, all of whom died of severe complication [8]. These incidents are
reminders that there are some biosafety issues unique to stem cell therapy that are not
well publicized and that should receive special attention if the promise of this field is
not to be cut short by such incidents.

Also, in 2022, the U.S. Supreme Court overturned Roe v. Wade, reflecting the great
controversy over the right to life of embryos. It is difficult to predict where ethical and
legal concerns over the capabilities of modern medicine and science will lead. Though
initially an appealing alternative to the destruction of human embryos, as they have at
least the theoretical ability to develop into full human bodies, stem cells, especially the
hESCs, may ultimately also encounter serious ethical issues and cause conflict
between people holding different beliefs.

Here we will touch upon some of the prominent ethical and safety issues of stem
cell-based therapy for Parkinson’s disease, and introduce some of the measures cur-
rently used or proposed to surpass the safety threshold for clinical application.

2. Ethical history of stem cells and cell therapy

With respect to PD specifically, various sources have been applied to acquire
dopaminergic cells—adrenal medulla [9], carotid body [10], fetal tissue [11], fetal pig
neuronal cells [12], hESCs, hiPSCs, parthenogenetic human ova [13], etc. Different
types of stem cell therapy raise different levels of ethical controversy. Here, we
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introduce the ethical considerations for 3 major active resources for treating PD: fetal
tissue, hESCs, and hiPSCs.

2.1 Fetal tissue

Fetal tissue transplantation, the first ever successful proof of the concept in cell
therapy, is in a paradoxical sense the least controversial one in an ethical sense. This is
because the materials used in fetal transplantation are derived from fetuses that at the
point of abortion become nonviable and thus more analogous to a cadaver organ
donor.

However, abortion itself is hugely controversial in many societies as already
discussed, and the application of fetal transplantation may provide an incentive to
increase the rate of intentional induced abortions. The economical or medical benefits
behind fetal transplantation technology may thus give rise to a black market for fetal
tissue, which may affect pregnant women’s decisions on the fate of their babies in the
womb.

Moreover, despite the nonviable status of an aborted fetus, fetal tissue transplan-
tation is under a variety of restrictions that change over different periods. In 2019, US
President Trump forbade NIH funding for research projects involving the usage of
fetal tissue [14], a restriction that was then overturned 2 years later by the Biden
administration [15].

2.2 Human embryonic stem cells

hESCs are derived from the pluripotent inner cell mass of 5- to 7-day-old embryos.
The use of these cells for either research or medical applications, which involves the
destruction of human embryos, renders this the most ethically controversial approach
to stem cell therapy. Therefore, a major debate continues, as it has for decades, about
whether to consider human embryos as human life.

The opponents of the application of hESCs, many of whom represent religious
viewpoints, believe that human life begins at conception. For example, there is a
passage in the Bible saying: “Before I formed you in the womb I knew you, before you
were born, I dedicated you, a prophet to the nations I appointed you” (NAB) (Jere-
miah 1:5 (calling of Jeremiah narrative)), that illustrates the basis of this thought. If we
endow the embryo with all the rights of a human being, then damaging or destroying
an embryo to do scientific research is assault or murder.

The proponents, on the other hand, posit that a person is defined by properties
such as viable independence from the mother and that this occurs at a much later stage
of development than fertilization. Ethical, moral, and religious viewpoints vary on the
importance of such factors as self-awareness, further complicating the issue. Even
among these proponents, few people believe that the embryo or blastocyst is just a
clump of cells that can be used for research without restriction [16], and further issues
arise when considering embryos that are otherwise discarded by-products of in vitro
fertilization efforts, those produced expressly for the purpose of research or medical
use, and those that derive from long term propagated cell lines; in many such scenar-
ios no option for further development exists even if the embryo is not used for
medical research.

Such contradictory views make the use of embryonic stem cells much like abortion
itself, which is constantly being debated in various settings. Countries around the
world have also set different restrictions on the use of embryonic stem cells according
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to their own religions and customs, and these restrictions are also constantly changing
over time, like those for fetal tissue transplantation, due to innumerable cultural and
political factors.

For instance, in the US, on August 9, 2001, U.S. President George W. Bush intro-
duced a ban on federal funding for research on newly created hESC lines. Scientists
using funding from NIH could only use cell lines created prior to that date. This policy
greatly hindered research on hESCs and on stem cell therapy using such lines, since
only 21 hESC lines were generally available. Hence, on March 9, 2009, President
Barack Obama reversed this policy, giving researchers access to hundreds of new cell
lines. However, so long as the Dickey-Wicker Amendment remains in effect, scientists
are still unable to create new lines using tax dollars [17]. Moreover, actual enforce-
ment of such laws varies between different states in ways that may also be
unpredictable, and the threat of further policy reversals is underscored by the
Supreme Court decision mentioned above.

The situation in the European Union is similar to that in the US. Stem cell research
using human embryos is permitted in Sweden, Spain, Finland, Belgium, Greece,
Britain, Denmark, and the Netherlands; however, it is illegal in Germany, Austria,
Ireland, Italy, and Portugal [18].

2.3 Human induced pluripotent stem cells

hiPSCs are derived from somatic cells in mature individuals using Nobel prize-
winning technology developed by Yamanaka [19]. Since no embryos are involved,
it is possible to avoid many ethical problems haunting hESCs and fetal tissue
transplantation.

The major “ethical” issue for hiPSC therapy is its cost. hiPSCs transplantation is
more expensive and resource intensive than other forms of cell therapy as well as
traditional medical or surgical therapies. How to ensure equitable access in the field of
hiPSC treatment and establish a sound insurance system remains a challenge for cell
therapy in PD just as it does for CAR-T and other emerging therapeutic innovations.

Even with hiPSCs there is the possibility of opinions holding that hiPSCs, with the
ability to differentiate similar to ESCs, should be subject to the same regulations
despite their very different origin. Furthermore, with the use of hiPSCs, the human
cloning controversy would also enter the mix. Such concerns cannot be discounted as
a source of ethical conflicts in the future that must be considered in clinical imple-
mentation of PD cell therapy.

3. Safety standards for stem cell-based therapy

As noted above, the core enabling feature of stem cell-based cell therapy, either
ESCs or iPSCs, is that the pluripotency of the stem cell enables it to differentiate into
virtually any desired cell type, thus potentially providing a stable and sustainable cell
resource. With the establishment of hESCs in 1998 [20] and the advent of iPSCs from
somatic cells in 2006 [19], hESCs and hiPSCs, with the ability to produce any cell type
from all three germ layers, gradually became the major resource for PD cell therapy
research by virtue of their pluripotency, availability in theoretically unlimited quanti-
ties, and superior logistical and ethical position compared to fetal tissue.

However, this pluripotency is also a source of significant safety concerns compared
to fetal tissues. Early phase clinical trials are expressly intended to establish the safety
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of a novel therapy. But even in clinical trials, the safety of trial subjects must be
prioritized, and early phase human studies must be preceded by a rigorous demon-
stration of safety in preclinical studies, here aimed largely at reducing the risk of
generating tumors or uncontrolled proliferation. Ideally, under specific protocols,
stem cells will lose their pluripotency and differentiate into specific normal mature cell
type, which for PD is the SNpc mature dopaminergic A9 neuron [21]. However, stem
cells exist in the tissues of mature animals—they are capable of following pathways
other than differentiation and maturation, as well as of following various branches on
the tree of terminal differentiation. In practice, cells may remain at various stages,
from undifferentiated, to partially, to fully differentiated during the process of differ-
entiation, and this may be affected when the cues and signals of normal embryonic
differentiation are not present. This gives rise to safety concerns of potential
tumorgenicity. Table 1 illustrates two successive stages along the differentiation
pathway from ESCs or iPSCs to dopaminergic neurons, either of which has unwanted
proliferative potential: undifferentiated stem cells and a representative partially dif-
ferentiated cell type—neural stem cells, and summarizes the distinctions between
them. The identification and elimination of such cells in vitro is a key component of
preclinical safety testing, and can guide the optimization of differentiation protocols.

4. Safety assessment methods for stem cell-based therapy for PD

To create cell therapy products that meet clinical safety criteria, various methods
have been used or proposed to regulate cell quality. There has historically been no
consensus on methods or thresholds to meet these criteria. To promote the develop-
ment of stem cell-based cell therapy as a widely available clinical option, the estab-
lishment of uniform quality standards and acceptable methods to achieve them will be

Undifferentiated cell Neural stem cell

Cell types
generated

Pluripotent/3 germ layers Multipotent/only neuroectodermal cells

Tumor risk Teratoma Neuroblastoma, medulloblastoma, primitive
neuroectodermal tumor

Biological
marker

OCT4, SSEA4, POU5F1 Ki67, SOX1, PAX6

Invasiveness High Relatively lower

H-E staining
[22]

Table 1.
Differences between undifferentiated cell and neural stem cell.
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an important step. ISSCR, The International Society for Stem Cell Research,
established in 2002, is a leading organization of professional stem cell scientists all
around the world, and its guideline for safety studies is one proposed scheme for
doing this [23]. Government regulatory bodies such as the US Food and Drug Admin-
istration (FDA) also have established standards that must be met for cell therapy
products [24].

In general, cell products must be produced under Good Manufacturing Practice
(GMP) conditions, with meticulous recording and complete characterization of stan-
dard operating procedures in place. Products must be fully tested for authentic target
cell characteristics, microbial contamination, tumorgenicity, biodistribution, toxicol-
ogy, genetic alterations, safety of ancillary therapeutic components, and in long-term
animal model safety studies. In most situations, in vitro and in vivo testing should be
combined for both safety and efficacy testing, but animal welfare regulations dictate
that animal data should be supplied only where appropriate and informative, and that
nonhuman primates should be used only if they are specifically required models [25].
Both male and female animals should be assessed in preclinical safety tests unless
there is a scientifically valid reason not to do so.

4.1 Cell characterization

Transplanted cells to be used in clinical trials must first be rigorously characterized
to confirm their authenticity, purity, and potential risks. Furthermore, when products
fail to meet these specifications, the reasons must be understood and the production
process should be refined and improved. Such reasons may include persistent epigenetic
memory in iPSC lines leading to anomalous gene expression or off-target gene expres-
sion during the differentiation process. Among the characteristics used to confirm the
authenticity of cell products are morphology, molecular biology, and cytogenetics.

Morphological characterization generally involves light microscopic examination
and comparison to the target cell types. Molecular biological studies are used to define
characteristic markers expected to be present on cells and may include analysis of
expression or RNA sequencing of single or multiple cell types. Cytogenetics looks
specifically at any alterations in the genetic material from karyotype to single-point
mutations. Such characterization protocols should be conducted repeatedly at each
stage from ESCs or parent cell type for iPSCs, through reprogramming for iPSCs, and
at each step of the induced differentiation process, to monitor progress toward the
desired final product.

4.2 Toxicity and microbial contamination tests

These tests are conducted on the cells, laboratory processing equipment, and
reagents at every stage in accordance with GMP requirements to determine whether
the product is contaminated by microorganisms or endotoxins produced by such
organisms and to trace their origin if found.

4.3 Tumorgenicity studies

Because of the intrinsic nature of stem cells and the genetic manipulation required
for reprogramming, (such risks for tumorigenicity would not apply so strongly to fetal
tissue), these risks must be rigorously assessed for any stem cell-based products, as
tumorgenicity is the most significant safety concern that needs to be addressed.
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Moreover, the final product of iPSC-derived differentiated cells themselves may be
tumorigenic, as there is a risk due to somatic mutations in the parent cells or later
expression of any mutations acquired during reprogramming.

In vitro studies include examining rates of proliferation, with special attention to
whether rapidly dividing subclones tend to take over the cultures, and looking for
expression of oncogenes or loss of tumor suppressor gene activity. Although these
tests may supplement in vivo studies, they cannot substitute for them. In vivo animal
experiments often include histological examination of the morphology and composi-
tion of cell grafts at various stages (percentage of undifferentiated cells versus the
percentage of desired cell product). Positive tumor-generating controls and negative
controls are needed. It is necessary to pay attention to differences in timing and
developmental patterns between animal and human species and to the special tumor
risk factors in immunodeficient animal model systems. The combination of interspe-
cies differences in tumor development between rodents and humans and the immu-
nodeficient status of mice used for xenograft models compromises the translatability
of some tumorigenic risks from animals to man. Spiking experiments using the largest
feasible animal dose of the therapeutic product mixed with undifferentiated iPSCs in
different quantities are usually required.

4.4 Biodistribution studies

Biodistribution studies determine the distribution, persistence, and clearance of a
cell therapy product in vivo from the site of injection to target and nontarget tissues
and biofluids. For all stem cell-based products, whether injected locally or systemi-
cally, researchers should perform detailed and sensitive biodistribution studies of cells
to prevent potential risks related to abnormal migration of grafts [26]. Biodistribution
studies both within the CNS and between CNS and periphery are important. In this
context, the differences between autologous, allogeneic, and immunosuppressed host
environments may be important and should be considered.

4.5 Ancillary therapeutic components

Cell-based interventions frequently involve materials other than cells per se, such
as biomaterials, engineered scaffolds, and injection devices, as well as the carrier
vehicle in which cells are prepared and suspended for transplantation. These materials
or surgical instruments must also be tested for safety and effectiveness. Safety and
efficacy studies should include an assessment of possible interactions between the cell
products and these materials, in vitro and in vivo.

4.6 Long-term safety studies

Long-term safety studies are done after the transplantation surgery is conducted in
animals. Given the intended persistence of cells and the irreversibility of some cell-
based interventions, testing of the long-term fate and effect of transplanted cells in
animal models is vital. As non-human animal models may not replicate the full range
of human toxicities associated with stem cell-based interventions, particular care must
be applied in preclinical analysis. Health conditions and mortality rates of treated
animals should be carefully recorded in an unbiased fashion so that sensitive detection
of unexpected adverse effects can be achieved. Beyond this, toxicities and other
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emerging side effects that are likely to be unique to stem cells or their progeny can also
be observed.

4.7 Application of genetic alteration and genome editing technologies to stem cell
products

Genetic alteration or genome editing technologies can be coupled to stem cell
therapies or applied directly in vivo to resident tissue cells for a variety of
therapeutic purposes. If gene editing technology and stem cell-based therapy are
combined, researchers should comprehensively investigate the type and genomic
distribution of introduced genetic alterations as well as their potential adverse
effects on the genome and the biological properties of the treated cells at short and
long-term time points. Special attention must be given to the effects of off-target
changes in the genome and to the distribution of genetic alterations to unintended cell
types in grafts.

5. Methods and technologies in stem cell-based therapy for PD

In stem cell-based therapy for Parkinson’s disease, a variety of approaches have
been applied to test the safety of cell products. Here, we provide examples of such
approaches and some of the release criteria used by three representative teams that
have obtained regulatory approval for PD cell therapy trials, including the laboratories
of Kim [5], Studer [27], and Takahashi [28] (Table 2).

5.1 Cell characterization and counting

The composition and purity of a cell product is perhaps the most important char-
acteristic to be measured. Differentiation protocols applied to either ESC or iPSC do
not generally result in monotypic cell cultures, but rather in a mix of cell types related
to the embryology of the target region [29]. Immunostaining, flow cytometry, and
quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) are three
commonly used methods to count cells by identifying their specific genes or down-
stream proteins. Each method has its advantages:

• Immunostaining includes immunohistochemistry (IHC), immunocytochemistry
(ICC), and immunofluorescence (IF). In vivo immunostaining in particular
enables researchers to observe cells without damaging brain structure, thus
providing more information about the relationship between graft and host.

• Flow cytometry, compared to immunostaining, is faster and more quantitative
and is more often used for in vitro cell counting.

• PCR is a method widely used to rapidly make millions to billions of copies of a
specific DNA or RNA samples, and qRT-PCR is a PCR technique used to count
the amount of sample, which enables researchers to detect contrasts between
samples and note specific cell type signatures.

In developing strategies for stem cell-based therapy for Parkinson’s disease,
biological markers for undifferentiated cells and for the end therapeutic product
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dopaminergic cells (dopaminergic progenitors or dopaminergic neurons) are always
measured. Among such markers, OCT4 and SSEA4 are representative markers for
undifferentiated cells, FOXA2, and LMX1A are representative markers for
dopaminergic progenitors, and TH, TUJ1 are representative markers for dopaminergic
neuronal maturity.

A list of marker-based safety criteria from three major laboratories active in the
field of PD cell therapy is shown in Table 2. A combined evaluation of biological

Cell type Biological marker Release criteria (Lab)

Kim KS Studer L Takahashi J

hiPSCs/hESCs OCT4 >90% ≥90% N/A

SSEA4 >90% ≥90% N/A

Nanog N/A ≥90% N/A

TRA-1-60 & TRA-1-81 N/A ≥90% N/A

DAPs TRA-1-60 N/A N/A <1% (presort)

CORIN N/A N/A >10% (presort)
>90% (postsort)

FOXA2 >55%;
>500-fold than D0

>85% >80%

LMX1A >55%;
>500-fold than D0

N/A N/A

FOXA2 & LMX1A >50% N/A N/A

TUJ1 N/A N/A >80%

TH >10%;
>500-fold than D0

N/A N/A

OCT3 N/A <0.1% <0.1%

OCT4 None detected <0.1% <0.1%

SSEA4 None detected N/A N/A

TRA-2-49/6E N/A N/A <0.1%

SOX1 N/A N/A <0.1%

PAX6 N/A <5% <0.1%

Nanog N/A <0.2% N/A

POU5F1 N/A N/A <1% compared to
undifferentiated cells

LIN28 N/A N/A <1% compared to
undifferentiated cells

TPH2 <1% N/A N/A

5-HT <1% N/A N/A

DBH2 <1% N/A N/A

Method: red: immunostaining; green: flow cytometry; blue: qRT-PCR.
N/A: not available.

Table 2.
An overview of cell characterization release criteria.
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markers with immunostaining, flow cytometry, and q-RT PCR can provide more
detailed information about the composition of the culture.

5.2 Viability

Viability is a significant issue in the production process and during the transplan-
tation of the final products. Many cells are lost during culture for reasons ranging
from mechanical disruption during media changes to normal developmental apopto-
sis. In particular, the viability of the final cell suspension used for transplantation is a
critical issue for determining how many cells are actually placed, i.e., the dose, Trypan
Blue staining (criteria>70% by Kim Lab), flow cytometry (criteria>90% by Takahashi
Lab), and AO/PI staining (criteria≥70% by Studer Lab) have been used for such
viability testing.

5.3 Tumorgenicity, biodistribution, and toxicity studies

5.3.1 Tumorgenicity

Although cell characterization can predict the tumorgenicity of cell products
through biological markers to some degree, an independent teratoma formation study
is indispensable for a thorough tumorgenicity assessment. Such studies require both
positive and negative controls. In positive control teratoma formation studies, the
parent stem cells (ESCs or iPSCs) are usually injected into the peritoneal cavity or
testes of mice to confirm their capability of forming teratomas, and similar analysis
may be done with injection at the intended therapeutic target site in the brain. Here,
vehicle-only injection serves as the negative control. The final proposed therapeutic
product should not result in any tumor formation at the target site. For mice, a
sufficient period of time (generally 6–9 months) is allowed to look for more indolent
tumor formation. The number of animals used is determined by statistical consider-
ation of the desired threshold for tumor risk which in general should be lower than the
background incidence of spontaneous tumor development (Table 3).

5.3.2 Biodistribution

Biodistribution studies track the anatomical fate of therapeutic cell products after
they are transplanted at the desired dose into the intended location in animal models.
As the products are of human origin, they can be distinguished from the host using
qPCR or other sensitive techniques. Tissues from different organs or, for PD cell
therapy, from multiple brain regions, are collected and assessed for the presence of
human genetic material. In PD cell therapy, cell products should be confined to the
injection site in the brain or in a particular circuit from the substantia nigra to the
striatum, but should not appear inappropriately in other organs or other regions in the
brain (Table 3).

5.3.3 Toxicity studies

Phase I clinical trials usually include a dose escalation component designed to look
for dose limitations related to toleration of side effects. This is obviously not a practi-
cal approach in cell therapy trials where the product is irretrievably implanted into the
brain, and thus animal toxicity studies are critical. It is important to bear in mind that
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extrapolation to humans of certain forms of toxicity such as subtle effects on cognitive
function may not be readily assessed in animal models so that conservative interpre-
tations are used. Toxicity studies in animals, therefore, involve transplantation of
doses of cell products into the target location, with comprehensive long-term analysis
of the health of the animals, recording local and systemic physical and behavioral side
effects and cause of death. Wide latitude is applied in drawing conclusions as to
whether pathology and cause of death may be related to the cell products or trans-
plantation procedure, with attention again paid to the autologous, allogeneic, or
immunosuppressed state of the host (Table 3).

5.4 Contamination

Contamination tests include sensitive detection of viral, bacterial, and mycoplasma
presence in the final product or in any of the reagents used to produce it, and may
utilize PCR, microbial detection systems for sterility, gram staining for bacteria,
endotoxin tests, and adventitious virus testing (Table 4).

5.5 Karyotype analysis and genetic analysis

Karyotype analysis methods include G-band analysis and standard metaphase
chromosome analysis, and genetic analysis methods include DNA fingerprinting,
whole-genome sequencing, whole-exome sequencing, array comparative genomic
hybridization (aCGH), and single-nucleotide polymorphism array (SNP array). Such

Group Host, administration route Duration Number of animals

Tumorigenicity

Takahashi
J

NOG, unlesioned, Striatum;
NOG, unlesioned,
Subcutaneous with Matrigel

12 months;
6 months

N = 80 (DAPs) N = 50 (Saline); N = 20
(DAPs) N = 10 (100% iPSCs) N = 50 spiked
with 10% � 0.001% iPSCs

Studer L NSG, unlesioned, Striatum 9 months N = 44 (DAPs) N = 44 (with 0.01% & 0.1%
hESC) N = 24 (hESCs); N = 24 (vehicle) Male
and female

Kim KS NSG, unlesioned, Striatum 9 months N = 23 (DAPs)

Biodistribution

Takahashi
J

NOG, unlesioned, Striatum 12 months N = 80 (DAPs) N = 50 (Saline)

Kim KS NSG, unlesioned, Striatum 9 months Not mentioned

Studer L NSG, unlesioned, Striatum 1 month/
6 months

N = 10 (High/low dose); N = 10 (Vehicle)
Male and female

Toxicology

Takahashi
J

NOG, unlesioned, Striatum 12 months N = 80 (DAPs) N = 50 (Saline)

Studer L NSG, unlesioned, Striatum 1 month/
6 months

N = 20 (High/low dose) N = 20 (Vehicle) Male
and female

Table 3.
Summary of preclinical in vivo safety studies.
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careful analyses are required to test genomic integrity and to uncover genetic changes,
chromosomal aberrations, and karyotype changes in cell products that may relate both
to tumorigenicity and to residual epigenetic memory in the final product or aberrant
off-target effects of the reprogramming and differentiation process.

6. Strategies to enhance the safety of stem cell-based therapy for PD

6.1 Removal of unwanted cell types

To minimize the potential risks of stem cell therapy for PD, the transplanted
products should differentiate to sufficiently pure ventral midbrain dopaminergic
(vmDA) neurons, or at a minimum into tissue closely resembling the normal cellular
composition of SNpc. To reach this goal, the first step is to remove unwanted cells
from the samples.

A major potential risk of stem cell therapy is the possibility that the clinical product
may still contain stem cells that are not fully differentiated. These cells have a
strong capacity to divide and expand and have a high probability of developing
into potentially aggressive tumors. Therefore, before further sorting of the
induced mDAPs, candidate products must be treated with inhibitors of cell stemness
genes such as c-Myc for the purpose of reducing the number of undifferentiated
stem cells.

At the same time, however, care must be taken that the inhibitor system used is
not toxic to mDAPs to ensure the survival and growth of mDAPs after transplantation.
A good example is the use of the flavonoid quercetin (3,30,40,5,7-pentahydrox-
yflavone), an inhibitor of the gene BIRC5, which shows 99.99% efficiency in remov-
ing the undifferentiated hiPSCs but leaves the mDAPs intact [22].

6.2 Target cells purification

Simply removing undifferentiated cells is not sufficient to create an efficacious
therapeutic product. mDAPs with specific molecular profiles indicating their
commitment to vmDA neuronal fate should be further identified and purified as a
second step.

The major techniques currently used to purify target cells from samples can be
divided into two main categories:

Target Method Release criteria (Lab)

Kim KS Takahashi J Studer L

Mycoplasma PCR Negative Negative Negative

Sterility test BacT/Alert®
system

No organism Detected No organism
Detected

No organism
Detected

Bacteria Gram staining Negative Negative Negative

Endotoxin LAL® <0.2EU/kg body
weight/hr

≤10 EU/mL ≤1 EU/mL

Table 4.
Criteria for contamination test.
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• Bulk cell sorting methods like filtration, centrifugation, selective cultivation, and
magnetic cell sorting (MCS);

• Single-cell sorting methods like fluorescence-activated cytometry sorting (FACS).

In proposed protocols for stem cell therapy, researchers use specific sequences of
transcription factors and other manipulations to selectively cultivate a population
enriched in the desired target cells. Then either MCS or SACS methods may be applied
to further purify the products:

• FACS: This is essentially an extended version of flow cytometry, in which a
nozzle creates droplets containing single cells, electrodes apply a charge to those
droplets containing cells with target markers, and charged plates create electric
fields in order to change the falling trajectory of the droplets so that they sort into
different collecting tubes. In FACS, antibodies carrying fluorescent markers bind
to specific cell surface markers to label the cells.

• MCS: This method uses magnetic beads encapsulated with antibodies that bind
specifically to the target cell surface markers. The target cells with specifically
bound magnetic beads are then placed in a magnetic field to separate them out of
the suspension. The remaining solutions would be removed, and targeted cells are
resuspended for collection.

Table 5 presents a comparison of the two methods:
Because FACS involves less manipulation of the cells and is somewhat more ver-

satile in most respects, most published protocols using surface marker-based sorting
have employed FACS to purify the cells.

The basis of sorting for both these methods is the diversity of cell surface markers
and the presumed presence of specific markers or specific combinations of such
markers at critical stages of differentiation to uniquely identify the desired cell types.
Therefore, they depend on the ability to find such unique markers and design the
corresponding antibodies for FACS. For the cell type ideally suited to our clinical
requirements, e.g., dopaminergic neuronal progenitors, the goal is to search for
molecular characteristics distinguishing these from other cells, with attention to
unique surface markers. This may be accomplished by using single-cell RNA
sequencing to look for genes specifically expressed in target cells and then to look for
potential surface markers among these genes.

7. Conclusions

Despite decades of recognition of the potential benefits of cell replacement therapy
for Parkinson’s disease, progress in this area has been slow. This is related to both

Criteria methods Price Time cost Versatility Accuracy

MCS Lower Lower Lower Lower

FACS Higher Higher Higher Higher

Table 5.
The comparison between MCS and FACS.

167

Ethical and Safety Considerations in Stem Cell-Based Therapy for Parkinson’s Disease
DOI: http://dx.doi.org/10.5772/intechopen.107917



ethical and logistical issues in using human fetuses as a tissue source, and to underes-
timation of the complexities of the disease itself and of the ability to use embryonic
tissue to restore function in the adult allogeneic brain. Nonetheless, enough evidence
of the potential power of this approach emerged from these efforts that the advent of
human ESC and in particular iPSC technology encouraged a renewed enthusiasm and
reappraisal of the field that is currently underway. In this chapter, we have discussed
some of the differences between the use of fetal tissue that was the proof of principle
for these efforts and the use of human ESC or iPSC; the differences between ESC and
iPSC; the shared and different risks and goals in using each; and a variety of
approaches in use as of this writing to attempt to realize their potential benefits safely
and efficaciously. We are optimistic that future editions of this chapter will be able to
report significant continued progress toward this important goal.
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Chapter 9

Effect of Motor Learning Feedback
on Cognitive Functions in
Parkinsonism
Lama Saad El-Din Mahmoud

Abstract

Parkinson’s disease is characterized by cognitive impairments that impair motor
control. The major goal was to see how motor learning feedback with enhanced motor
learning cues affected cognitive skills in Parkinson’s patients. This study engaged the
participation of 30 patients of both genders. The patients were split into two equal
groups at random: The participants in the study were given motor learning feedback
along with augmented motor learning cues and the selected cognitive therapy pro-
gram, while the control group received only the selected cognitive therapy program.
The patients were assessed by the computer-based cognitive assessment device (Reha-
Com) and the Mini-Mental State Examination (MMSE) scale. The study’s findings
revealed a significant difference between the study and control groups (p = 0.0001),
The study group exhibited a larger improvement in cognitive functioning than the
control group. In Parkinson’s patients, motor learning feedback with enhanced cues
has a significant beneficial effect on cognitive skills.

Keywords: parkinsonism, cognition, motor learning, feedback, augmented cues

1. Introduction

Parkinson’s disease (PD) is characterized by deficits in cognitive functions and
motor control, such as difficulties in movement initiation, scaling movement ampli-
tudes, or modulating muscle activity. The basal ganglia, particularly those involved
for “automatic execution of learnt motor plans,” play an important role in the gener-
ation and monitoring of motor programmes. The basal ganglia signal the end of a
preparatory activation or a previous sub-movement in the supplementary motor area
(SMA) to allow a new component of a movement sequence to be initiated. However, a
compensatory cortical reorganization can be achieved by modulating cortical plastic-
ity through peripheral feedback and sensorimotor integration [1].

Motor learning is a set of processes associated with practice or experience, leading
to relatively permanent changes in the capability for movement. Motor learning
involves three main stages, during the first or cognitive stage of learning, the per-
former engages in receiving instructions and feedback from the instructor, figuring
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out what to do and how to do it. The second, or associative, stage of learning is
indicated by linking certain environmental cues with the actions necessary to attain
the goal or skill, since this is a refining stage in which the person makes fewer errors
and displays more task consistency. The third stage is called the autonomous stage as
the automaticity is reached, where the performers no longer think about the specific
movement characteristics and can often do another task at the same time [2].

“The mental action or process of obtaining information and understanding via
thinking, experience, and the senses” is what cognition is defined as. Knowledge,
attention, memory, and working memory, judgment and assessment, reasoning and
“computation,” problem-solving, and decision-making are all included [3].

The executive functions are the most damaged by PD, resulting in a phenomenol-
ogy similar to that of frontal lobe patients, with attention, planning, idea generation,
and working memory deficits. Memory loss affects both spatial and non-spatial work-
ing memory domains, implicit memory, episodic memory, and procedural learning in
particular, whereas the ability to construct new episodic memories is intact [4].

Visual perception and object identification problems are typically described as one
of the first symptoms in people with Parkinson’s disease, and they appear to be
unrelated to the degree of motor dysfunctions, neuropsychiatric comorbidities, and
general cognitive decline. Cognitive symptoms may be connected to the subsequent
involvement of other brain areas, such as the prefrontal cortex, hippocampus, and
amygdala, in addition to the loss of dopaminergic neurons in the substantia nigra [5].

Executive dysfunction is the most frequent cognitive deficit in Parkinson’s disease,
and it can affect planning, cognitive flexibility, abstract thinking, rule acquisition,
working memory, and sensory input selection [6].

Feedback is a significant factor in motor skill acquisition. There are two forms of
feedback in general. One type is sensory-perceptual information known as “task-
intrinsic” (or inherent) feedback. The second type of feedback is known as “aug-
mented” feedback, and it consists of (information, extrinsic, visual display of move-
ment kinematics or kinetics or artificial feedback) [7].

The cueing methods such as (auditory and visual) cues are commonly applied
to evoke a more goal-directed type of motor learning and reduce cognitive
dysfunction severity in PD. When motor learning is coupled with external stimuli,
which may become entrenched in or part of the central motor representation, at
least in the near term, motor learning may be stronger (or performance increases
may be greater) in people with Parkinson’s disease. As a result, cue-augmented
learning may only be demonstrated in situations where cues are available and
allowed to the learned motor abilities. This learning’s specificity has clear clinical
consequences [8].

Some individuals with mental and perceptual deficits are unable to direct their
performance via internal feedback. Additionally, they may be more dependent on
augmented input since neurological sensory abnormalities may decrease their capacity
to provide intrinsic feedback [8]. Improving task-intrinsic feedback with external
cues to replace necessary internal inputs from the basal ganglia to enhance cognition
and postural control during movement onset, completion, and boost task execution is
known as using augmented cues [1]. It facilitates the accomplishment of the objective
more rapidly, enhances one’s belief in one’s own expertise (motivation), and increases
the likelihood that the activities will be repeated (reinforcement) [9].

So, this study was done to investigate the effect of motor learning stages
combined with augmented cued of motor learning on cognitive functions in
Parkinson’s patients.
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2. Materials and methods

2.1 Assessment methods

All the patients were evaluated pre and post-treatment program, as the assessment
methods were:

2.2 Assessment of cognitive function by Reha-com device

The computerized Reha-Com device including the (reaction behavior) program
was used as the patient was instructed to deal and reacted with the different items
shown on the computer screen in front of him. The Reaction Behavior program
included a task in which the patient was asked to press the corresponding reaction
button as fast as possible whenever a relevant stimulus - a traffic sign - was shown on
the screen, in addition, there were also irrelevant signs which the patient must not
react to. The task contains different (16) levels of difficulty.

2.3 Mini: mental state examination (MMSE) scale

It is a series of questions and tests, each ofwhich scores points if answered correctly. If
every answer is correct, amaximum score of (30) points is possible. TheMMSE a number
of differentmental abilities, including a person’smemory, attention and language.

It is the most commonly used instrument for screening cognitive function, and can
be used to indicate the presence of cognitive impairment, such as in a patient with
Parkinsonism.

It includes questions that measured cognitive function including orientation, reg-
istration, attention and calculation, recall, and language. The maximum score is (30)
points [10].

2.4 Intervention methods

The study group of the present study received both the functional task training
using augmented cues of motor learning and a selected cognitive therapy program.

The Parkinson’s patients performed a functional task training program inform of
Sit to stand task, which was divided into the following subtasks: sit-to-stand initiation
(leaning forward); push up off the chair, and stand up fully. This program was
performed according to the three- stages motor learning strategy as the first cognitive
stage at the beginning of the session where the therapist provides the patients with
illustrated details on subtasks performance via verbal instructions and visual feedback
cues through observing the therapist’s performance, then the second associative stage
which started as the patient performed the subtasks while receiving both tactile and
verbal feedback cues from the therapist to detect error and correct it, finally, the third
autonomous stage started as the therapist allowed the patient to perform the subtasks
without the external feedback cues to be able to detect error and correct it by himself.

The control group received only the selected cognitive therapy program including
the Compensatory complex task training through the step Square-Stepping Exercise
(SSE): which is a simple foot placement pattern that involves forward, backward,
lateral, and diagonal steps using a gridded floor squares, SSE is a physical exercise
which also requires cognitive function by including intellectual activities such as
attention, concentration, memory and imitation [11].
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As the therapist demonstrated and performed a stepping pattern for the patient by
stepping the feet on certain squares from a standing position, then the patient was
asked to step on the floor squares in the same pattern that the therapist performed.
Every patient in both groups received (three sessions) per week, for six weeks every
other day for 60 minutes/session.

3. Results

3.1 Comparison between the results of both groups of cognitive reaction behavior
level (RB) of the Reha com pre and post-intervention

• Pre-treatment: The mean � SD level RB of the study group was 7 � 1.73 and that
of the control group was 7.33 � 1.54. The mean difference between both groups
was �0.33. There was no significant difference in the level of RB between the
study and control groups (p = 0.58).

• Post-treatment: The mean � SD level RB of the study group was 13 � 2.2 and
that of the control group was 9 � 1.92. The mean difference between both groups
was 4. There was a significant increase in the level RB of in the study group
compared with that of the control groups (p = 0.0001) (Table 1).

3.2 Comparison between mean values of both groups pre & post-treatment of
mini-mental state examination (MMSE) scale of cognitive functions

• Pre-treatment: The mean � SD MMSE of the study group was 11.8 � 1.69 points
and that of the control group was 11.93 � 2.54 points. The mean difference
between both groups was �0.13 points. There was no significant difference in the
MMSE between both groups pre-treatment (p = 0.86).

• Post-treatment: The mean � SD MMSE post-treatment of the study group was
23.06 � 0.96 points and that of the control group was 17.26 � 2.15 points. The
mean difference between both groups was 5.8 points. There was a significant
increase in the MMSE of the study group compared with that of the control
groups post-treatment (p = 0.0001) (Table 2).

RB Level Pre-treatment Post-treatment

Study group Control group Study group Control group

Χ 7 7.33 13 9

SD 1.73 1.54 2.2 1.92

MD �0.33 4

t-value �0.55 5.29

p-value 0.58 0.0001***

Level of significance NS S

Χ: Mean; MD: Mean difference; p-value: Probability value; S: Significant; SD: Standard deviation; t value: Unpaired t
value; NS: Non-significant; ***: High Significance.

Table 1.
Pre and post-treatment mean values of RB level between both groups.
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4. Discussion

This study showed that the augmented cues of motor learning were more effective
for improving cognitive dysfunction in Parkinson’s patients in the study group than
only the selected cognitive therapy program. The findings of the present study were
supported by Heremans et al., [12] who found that Visual-motor learning cues dramat-
ically improved the cognitive and bradykinesia symptoms of Parkinson’s patients while
reducing their bradykinesia. Heremans et al. [12] also showed that The participants’
mental state was greatly enhanced by the visual signals, and the PD patients, who
consistently performed more slowly than controls, had a greater temporal isochrony
with physical execution. The precision and timing of imagined motor activities were
shown to be greatly improved by the addition of enhanced external stimuli.

Cued motor development Cueing has historically been thought of as a compensa-
tory rehabilitation technique to increase motor output by evading the PD internal
motor generating system’s deficiencies. Studies supporting the presence of an unique
medial and lateral system with varied anatomical connections and functional rele-
vance provide the basis of this bypassing idea. The basal ganglia and the supplemen-
tary motor area (SMA) in the medial system, along with intention and an individual’s
internal reference frame, would assist the creation of actions [9].

The findings of the present study were also in agreement with Price and Shin [13]
who reported that Parkinson’s patients with moderate cognitive impairment and those
who demonstrate learning in the cognitive training program benefitted greatly from
the use of enhanced feedback cues in these programs. Four weeks later, the experi-
mental group’s MMSE scores greatly outperformed those of the control group (p
< 0.05). Especially, the improvement was significant in the moderate cognitive
impairment group (MMSE = 11 � 21) (p < 0.05). In learned patients of the experi-
mental group, the score of the MMSE was significantly more improved than the
control group (p < 0.05).

Internal cueing processes are compromised in PD, resulting in symptoms like
hypokinesia. However, by utilizing cerebral resources, external signals can enhance
movement execution. Feedback signals sent by cerebro-cerebellar-cerebral neural
networks can bypass damaged BG, improving the ability to move in response to the
stimuli and raising cortical activity [12].

MMSE (points) Pre-treatment Post-treatment

Study group Control group Study group Control group

Χ 11.8 11.93 23.06 17.26

SD 1.69 2.54 0.96 2.15

MD �0.13 5.8

t-value �0.16 9.52

p-value 0.86 0.0001***

Level of significance NS S

Χ: Mean; MD: Mean difference; p-value: Probability value; SD: Standard deviation; t value: Unpaired t value; NS: Non-
significant; S: Significant.

Table 2.
Pre and post-treatment mean values of MMSE between both groups.
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Several treatments for Parkinson’s physiotherapy therapies try to instruct patients
on compensating attentional/cognitive techniques that may rely on the activation of
alternate motor pathways. Indeed, it has been shown that both attentional strategies,
such as instructions that rely on cognitive mechanisms of motor control and are
internally generated, and augmented feedback cueing strategies (based on the use of
external stimuli associated with the initiation and facilitation of a motor activity), can
improve performance by using alternative pathways unaffected by Parkinson disease
(PD) [14].

Bypassing the ineffective medial motor system, which includes the BG, cuing
activates the lateral cortical system. In order to fix their internal image of the training
action, patients can learn to use signals to “Consciously focus to faulty features of the
imagined movement.” External cuing enhances the quality of motor imagery in PD. If
this is the case, then cueing patients while they are using mental images can help them
learn the task more quickly, enhancing function of that object [12].

Cueing training involves compensatory mechanisms since it is believed that
externally induced movements bypass the compromised basal ganglia circuitry and
instead stimulate the premotor cortex, cerebellum, and parietal cortex; and cueing
training’s learning-related increases in motor performance are expected to be accom-
panied by neural changes. Cueing training in (PD) may have rapid impacts on com-
pensatory neural pathways that are not directly used during routine activity. The
conditions for goal-based exercise training are made easier by external cueing [15].

Doyon et al. [8] stated that Improvement in motor learning may be more pro-
nounced in Parkinson’s disease (PD) (or performance gains may be stronger) when it
gets coupled with external cues, which may also contribute to improvement in cogni-
tive functioning, which, at least temporarily, may be incorporated into or made a part
of the core motor image. As a result, cue-augmented learning may only be demon-
strated in situations where cues are available and allow for online access to the learned
motor abilities. In Parkinson’s patients who also have cognitive impairment, this
specificity of learning has clear clinical consequences. The explanation provided by
the author backs up the findings of the current investigation.

5. Conclusion

Based on the scope and findings of this study, which concluded that the rehabili-
tation program that depends on the motor learning stages and included the augmented
cues of motor learning showed a significant improvement in Parkinson’s cognitive
dysfunction, compared to the control group who received only the selected cognitive
therapy program. Therefore, motor learning with augmented cues should be consid-
ered a potential rehabilitation program and must be indicated as an effective, reliable,
noninvasive modality at physical therapy clinics for Parkinson’s patients with cogni-
tive dysfunctions.

Conflict of interest

The authors declare no conflict of interest.

178

Parkinson’s Disease – Animal Models, Current Therapies and Clinical Trials



Author details

Lama Saad El-Din Mahmoud
Faculty of Physical Therapy, Department of Neurology and Neurosurgery, October 6
University, Giza, Egypt

*Address all correspondence to: lamaelsedawyy@hotmail.com;
lama.elsedawy.pt@o6u.edu.eg

©2022TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms of
theCreative CommonsAttribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in anymedium, provided
the originalwork is properly cited.

179

Effect of Motor Learning Feedback on Cognitive Functions in Parkinsonism
DOI: http://dx.doi.org/10.5772/intechopen.107239



References

[1] Peterson DS, Pickett KA, Earhart GM.
Effects of levodopa on vividness of
motor imagery in Parkinson disease.
Journal of Parkinson's Disease. 2012;2:
127-133

[2] Flavia M, Stampatori C, Zanotti D,
Parrinello G, Capra R. Efficacy and
specificity of intensive cognitive
rehabilitation of attention and executive
functions in multiple sclerosis. Journal of
the Neurological Sciences. 2010;288:
101-105

[3] van Wegen EEH, Hirsch MA,
Huiskamp M, Kwakkel G. Harnessing
cueing training for neuroplasticity in
Parkinson disease. Top Geriatr Rehabil.
2014;30:46-57

[4] Robbins TW, Cools R. Cognitive
deficits in Parkinson’s disease: A
cognitive neuroscience perspective.
Movement Disorders. 2014;29:597-607

[5] Ray NJ, Strafella AP. The
neurobiology and neural circuitry of
cognitive changes in Parkinson’s disease
revealed by functional neuroimaging.
Movement Disorders. 2012;27:
1484-1492

[6] Cools R, Miyakawa A, Sheridan M,
D’Esposito M. Enhanced frontal function
in Parkinson’s disease. Brain. 2010;133:
225-233

[7] Lim I, van Wegen E, Jones D,
Rochester L, Nieuwboer A, Willems A-
M, et al. Does cueing training improve
physical activity in patients with
Parkinson’s disease? Neurorehabilitation
and Neural Repair. 2010;24:469-477

[8] Doyon J, Bellec P, Amsel R,
Penhune V, Monchi O, Carrier J, et al.
Contributions of the basal ganglia and
functionally related brain structures to

motor learning. Behavioural Brain
Research. 2009;199:61-75

[9] Avanzino L, Gueugneau N, Bisio A,
Ruggeri P, Papaxanthis C, Bove M.
Motor cortical plasticity induced by
motor learning through mental practice.
Frontiers in Behavioral Neuroscience.
2015;9:105

[10] Arevalo-Rodriguez I, Smailagic NI,
Figuls MR, Ciapponi A, Sanchez-Perez
E, Giannakou A, et al. Mini-mental state
examination (MMSE) for the detection
of Alzheimer’s disease and other
dementias in people with mild cognitive
impairment (MCI). Cochrane Database
of Systematic Reviews. 2015;2015:
CD010783

[11] Shigematsu R, Okura T, Sakai T,
Rantanen T. Square-stepping exercise
versus strength and balance training
for fall risk factors. Aging Clinical and
Experimental Research. 2008;20:
19-24

[12] Heremans E, Nieuwboer A, Feys P,
Vercruysse S, Vandenberghe W,
Sharma N, et al. External cueing
improves motor imagery quality in
patients with Parkinson disease.
Neurorehabilitation and Neural Repair.
2012;26:27-35

[13] Price A, Shin JC. The impact of
Parkinson’s disease on sequence learning:
Perceptual pattern learning and
executive function. Brain and Cognition.
2009;69:252-261

[14] Zhang X, de Beukelaar TT, Possel J,
Olaerts M, Swinnen SP, Woolley DG,
et al. Movement observation improves
early consolidation of motor memory.
The Journal of Neuroscience. 2011;31:
11515-11520

180

Parkinson’s Disease – Animal Models, Current Therapies and Clinical Trials



[15] Spaulding SJ, Barber B, Colby M,
Cormack B, Mick T, Jenkins ME. Cueing
and gait improvement among people
with Parkinson’s disease: A meta-
analysis. Archives of Physical Medicine
and Rehabilitation. 2013;94:562-570

181

Effect of Motor Learning Feedback on Cognitive Functions in Parkinsonism
DOI: http://dx.doi.org/10.5772/intechopen.107239





183

Chapter 10

Perspective Chapter: The Role 
of Dopamine Receptors in 
Neuropsychiatric Diseases
Burak Yaman

Abstract

Dopamine is a key regulator neurotransmitter in the important cognitive and 
intellectual functions of the brain. This neurotransmitter in a structure of cat-
echolamine is responsible for motivation, movement, reward-punishment, mood, 
memory, attention and more functions in central nervous system. This large effect 
area gives dopamine high importance in the pathophysiology of neuropsychiatric 
diseases. Dopamine shows its effects through dopamine receptors that are G protein-
coupled receptors ranging from D1 to D5. Changes in the activity of these receptors 
are associated with diseases like schizophrenia, Parkinson’s disease and addiction. 
This relationship between dopamine receptors and neuropsychiatric diseases has 
made these receptors main target in the strategy of clinic researches. Cognitive physi-
ological functions of dopamine and the role of dopamine receptors in the common 
neuropsychiatric diseases are focused in this chapter.

Keywords: addiction, dopamine, dopamine receptors, G protein, Parkinson’s disease, 
schizophrenia

1. Introduction

1.1 General cognitive functions of dopamine

Dopamine is a monoamine neurotransmitter synthesized from tyrosine and is 
precursor for epinephrine and norepinephrine. Dopamine is responsible for plenty of 
different body functions from visual physiology in retina to motor activity controlled 
by basal ganglia and a lot of emotional and cognitive functions controlled by limbic 
system and prefrontal cortex. Among functions of dopamine in the Central Nervous 
System (CNS), there are voluntary movement, reward, formation of conditioned 
reflexes, sleep regulation, feeding, affect, attention, olfaction, vision, hormonal 
regulation, sympathetic regulation, penile erection and more [1]. Even in other body 
regions except for brain, dopamine has important effects on immune, cardiovascular, 
gastrointestinal and urinary system, as well [2].

Dopamine decreases signal transduction of gap junctions between retina neurons 
after increase in light intensity. This change provides cone receptors to be more active 
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than rod receptors during daylight. The release of dopamine from interplexiform cells 
increases and stimulates the D2-like receptors on cone and rods. Intracellular Cyclic 
Adenosine Monophosphate (cAMP) and Protein Kinase A (PKA) activity reduces, 
resulting in the reduction in the conductance of gap junctions between cones and 
rods. This regulatory mechanism provides cones to be more active than rods during 
high amount of light during the daytime [3].

Dopaminergic system follows the stages of ingestion from seconds to minutes and 
this provides learning about the consequences of ingestion, as well [4]. According to 
the taste of food or drink, neurons in Ventral Tegmental Area (VTA) secrete dopa-
mine, providing cues for next preferences of food [5]. Dopaminergic release activity 
in VTA is pivotal for post-ingestion-related food seeking [6].

Dopaminergic substantia nigra neurons secrete dopamine in CNS. These neu-
rons project into the striatal region of the basal ganglia and other brain regions like 
prefrontal cortex. Dopamine has both inhibitory and excitatory effects on different 
neurons in the brain. These different effects emerge through different dopamine 
receptors and their different intracellular secondary messenger systems.

1.2 Dopaminergic pathways in the brain

There are four major dopaminergic pathways in the CNS. Dopaminergic neurons 
from A9 region supply dopamine into the nigrostriatal pathway, neurons from A10 
supply dopamine into the mesolimbic and mesocortical pathways and neurons from 
A8 supply dopamine into the tuberoinfundibular pathway [7].

Dopaminergic pathways come from substantia nigra, VTA and arcuate nucleus 
of medial hypothalamus. Nigrostriatal system comes from substantia nigra to dorsal 
striatum. Sensorial-motor coordination, cognitive integration and habituation are 
related to dopaminergic neurotransmission in the nigrostriatal system. The mesolim-
bic pathway between the VTA and the ventral striatum and between the hippocampus 
and the amygdala is associated with feelings of pleasure, reward and desire. Sense 
originated from this pathway provides existence of the emotion. Mesocortical path-
way is projected from VTA and into the prefrontal dorsolateral, temporal, parietal and 
anterior cingulate cortex regions. This pathway is related to addiction and memory. 
Tuberoinfundibular pathway is composed of dopaminergic neurons projected from 
arcuate nucleus of hypothalamus and into the eminentia media. Dopamine synthe-
sized from the tuberoinfundibular pathway regulates the secretion of the prolactin 
from the adenohypophysis.

1.3 G protein-coupled receptors

G Protein-Coupled Receptors (GPCR) are found only in eukaryotic cells. They are 
also called “7 transmembrane receptors” because their protein structure folds the cell 
membrane seven times. This is a feature unique to G protein-coupled receptors. While 
ligand binds to the outer surface of the cell in the transmembrane protein, there is a 
G protein on the inner surface of the cell, and this protein consists of three subunits, 
alpha, beta and gamma. G protein alpha and gamma subunits are attached to the 
cell membrane by the lipid anchor (lipid raft). Dopamine receptors are among the 
G protein-coupled receptors. These receptors exist in the vertebrate CNS. Abnormal 
changes in the dopaminergic neurotransmission in the brain are related to some 
neuropsychiatric diseases like schizophrenia, PD and addiction.
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1.3.1 Dopamine receptors

There have been detected five dopamine receptor subtypes, ranging from D1 to 
D5. Effects of dopamine emerge through these five GPCR [8]. D1-like receptors and 
D2-like receptors are two main groups in the classification of the dopamine receptors. 
They are grouped according to their similar intracellular mechanisms. D1 and D5 
belong to D1-like receptor family. D2, D3 and D4 belong to D2-like receptor family 
(Table 1).

Effects of the same type of dopamine receptors may vary between different brain 
regions. This phenomenon occurs thanks to the different intracellular signal trans-
duction pathways [9]. Gs related increase in cAMP and Gi related decrease in cAMP in 
the cytoplasm of the neuron, phospholipase C pathway, regulation of the arachidonic 
acid secretion, regulation of Na-H exchanger and Na-K ATPase activity are among 
these different pathways.

Neurotransmission of dopamine is regulated by autoreceptors on the dopami-
nergic neurons, enzymatic degradation in the neurosynaptic space, presynaptic 
Dopamine Transporters (DAT) and other neurotransmitters like γ-Aminobutyric 
Acid (GABA), glutamate and serotonin. Besides, activity of dopamine receptors is 
regulated by Dopamine Receptor Interacting Proteins (DRIPs).

1.3.1.1 D1 receptors

It was firstly that dopamine was shown in brain as a neurotransmitter in 1957 [10]. 
Besides it was found that dopamine was concentrated in basal ganglion region in the 
CNS thanks to spectrofluorometry technique and D1 receptor activity increased the 
cAMP and PKA level in the cytoplasm of target cells [9].

There are D1 receptors in different regions of the brain like limbic system, 
hypothalamus, thalamus, olfactory tubercle, nucleus accumbens and striatum. D1 
receptors are responsible for neurotransmission in the striato-thalamo-cortical cir-
cuit. D1 receptors provide the activation of adenylate cyclase and thus increase the 
cAMP in the cytoplasm of the target neuron. Increase in the cAMP level stimulates 

Receptor Gene Structure Intracellular 
signal 
transduction

Mechanism of 
action

Synaptic 
location

D1 DRD1 D1-like Gs/activation of 
adenylate cyclase

Increase in 
cAMP

Postsynaptic

D2 DRD2 D2-like Gi/inhibition of 
adenylate cyclase

Decrease in 
cAMP

Presynaptic and 
postsynaptic

D3 DRD3 D2-like Gi/inhibition of 
adenylate cyclase

Decrease in 
cAMP

Presynaptic and 
postsynaptic

D4 DRD4 D2-like Gi/inhibition of 
adenylate cyclase

Decrease in 
cAMP

Presynaptic and 
postsynaptic

D5 DRD5 D1-like Gs/activation of 
adenylate cyclase

Increase in 
cAMP

Postsynaptic

Table 1. 
General properties of dopamine receptors.
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the phosphorylation of the cAMP-related protein kinase and cAMP-regulated 
phosphoprotein (DARPP-32), (Figure 1). DARPP-32 amplifies the intracellular 
effects of PKA and regulates the synaptic plasticity in prefrontal cortex projected by 
dopaminergic neurons [11]. Some D1 and D2 receptor subtypes regulate the activ-
ity of the Ca+2, K+ and Na+ ion currents in cell membrane through the different G 
protein subunits [12].

Effort-based decision-making is mostly related to dopaminergic system through 
D1 receptors. Neuropsychiatric disorders like schizophrenia and Major Depression 
(MD) continue with low desire to exert effort and psychomotor retardation [13]. 
Changes in the effort-based decision-making is seen in schizophrenia, MD, bipolar 
disorder, eating disorders and autism [14]. Unwillingness to effort for rewards is a 
specific characteristic of some neuropsychiatric diseases related to dopaminergic 
system like schizophrenia [15] and PD [16]. However, willingness to effort for food 
rewards is increased in some eating disorders and obesity [17].

1.3.1.2 D2 receptors

D2-like receptors, couple with Gi protein, inhibit adenylate cyclase and activate 
K+ channels. D2 receptors have roles on survival of dopaminergic neurons [1] and 
neuronal growth [18, 19]. D2 receptors are found in the dorsal striatum, nucleus 
accumbens, ventral tegmental region and substantia nigra, which are areas of intense 
dopaminergic innervation.

D2 receptor activity provides the inhibition of the adenylate cyclase, the regula-
tion of the activity of the ion channels like Ca+2 and K+ and production of the phos-
phoinositide. Type of activity of the D2 receptor in the neuron depends on the type 
of neuron that synthesizes the receptor thanks to the different intracellular signal 
transducing mechanisms.

Contrary to D1 receptors, D2 receptors show both presynaptic autoreceptor and 
postsynaptic activity. D2 receptors are in the dopaminergic axonal terminals, soma 
and dendrites. D2 receptor modulator drugs are useful against schizophrenia and PD. 
An important amount of the highest global sales of medicines in 2017 were anti-
psychotic drugs like aripiprazole, olanzapine and quetiapine that target GPCR like 
dopamine receptors [20]. D2 receptors in the adenohypophysis regulate the inhibition 
of the secretion of the prolactin and alpha-MSH.

Figure 1. 
Schematic representation of the intracellular signal transduction mechanism of the D1-like receptors. ECF, 
Extracellular Fluid; ICF, Intracellular Fluid; ER, Endoplasmic Reticulum; PLC, Phospholipase C; PKA, Protein 
Kinase A; DARPP-32, Dopamine and cAMP Regulated Phosphoprotein; IP3, Inositol Triphosphate; mTOR, 
Mammalian Target of Rapamycin; ERK, Extracellular Signal-Regulated Kinase; green arrow, activator pathway; 
blue arrow, inhibitor pathway.
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Catalepsy in patients with schizophrenia because of the antipsychotics like halo-
peridol may result from its effects on long form of D2 receptors [21].

There is an increase in the amount of postsynaptic D2 receptors in patients with 
schizophrenia. This condition leads to dopamine supersensitivity and psychotic 
reactions in these patients [22, 23]. While D2 receptor density is increased, D1 is not 
changed in the basal ganglia of patients with schizophrenia compared with control 
subjects [7].

Anhedonia, basic symptom of MD, is associated with the decrease in the sensi-
tivity of the D2 and D3 receptors in the limbic system related to reward [7]. While 
D1 receptor density is decreased, D2 is not changed or increase in basal ganglia of 
patients with MD compared with control subjects [7]. In drug abusers, D2 receptor 
level is decreased in striatum [24]. D2 dopamine receptor density is altered, while D1 
is not changed in PD. In earlier stages of PD, D2 receptor level is increased, however in 
the later stages level of D2 receptor is decreased [7, 25].

In some genetic studies, it has been reported that variations in D2, D3 and D4 
dopamine receptor genes are related to schizophrenia and response to antipsychotic 
drugs [26–28]. Abnormalities in the D2 dopamine receptor gene are related to sub-
stance abuse [29].

In the clinical psychopharmacology experiments, it has been reported that D2 
receptor is the main target of both typical and atypical antipsychotic drugs and drugs 
to treat PD [30]. However, many drugs targeting D2 are non-specific and affect 
unrelated receptors in therapy strategy. This condition results in some serious life 
threatening adverse effects in patients [31].

Aripiprazole is a partial agonist of the D2 dopamine receptors and affects the 
inhibition exerted by Gi on cAMP accumulation. Aripiprazole antagonizes the D2 
receptor activity on the postsynaptic D2 receptors, while it activates D2 autoreceptors 
on the presynaptic D2 receptors and hence, antipsychotic effect occurs in a biased 
pharmacodynamics mechanism [7].

PKC regulates the D2 [32] and D3 [33] dopamine receptors through functional 
desensitization, receptor internalization and intracellular trafficking. Because of the 
different location of their phosphorylation and pseudosubstrate sites, D2S and D2L 
isoforms have different levels of sensitivity for desensitization by PKC [34]. Ethanol 
potentiates the D1 dopamine receptors through the phosphorylation by PKC [35].

A synonym mutation of human D2 receptor gene (C957T) is reported that results 
in the reduction in the dopamine induced up-regulation of the D2 receptors by chang-
ing mRNA stability [36]. C957T in a European American population is associated 
with schizophrenia and alcoholism [37].

In a recent animal study where male adult mice were used, it was reported that 
alterations in D2 receptor levels in purkinje cells in the cerebellum change sociability 
and preference for social novelty without affecting motor functions. In this study, it 
has been implied that although the regulation of reward, emotion and social interac-
tion is largely related to monoaminergic system in limbic regions, the contribution 
of dopaminergic neurotransmission targeting D2 receptors on the purkinje cells in 
cerebellum cannot be ignored [38].

1.3.1.3 D3 and D4 receptors

D3 and D4 receptors belong to the group of D2-like receptors. Dopamine has 
10–30 times more affinity to D3 and D4 receptors than D2. D3 receptors are found in 
the limbic system and nucleus accumbens.
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D3 receptors are related to locomotor activity. Because it has important role 
on apathy in PD, D3 receptor may be targeted to treat motivational deficits [39]. 
Levodopa induced dyskinesia and psychosis in patients with PD may be prevented by 
antagonizing D3 receptors through new therapy strategies [40]. Activation of nico-
tinic acetylcholine receptors on dopaminergic neurons shows neurotrophic effects 
on these neurons together with D3 receptors. This functional complex composed of 
nicotinic acetylcholine receptors and D3 receptors is a heterodimeric modulator on 
dopaminergic neuronal growth [41]. This heterodimeric mechanism of action may be 
new target for anti-Parkinson drug design studies.

D4 receptors are found in frontal cortex, mesencephalon, amygdala, hippocam-
pus and medulla oblongata. D4 receptors are found in the external of the CNS like 
heart and kidney, as well. D4 has important roles in the formation of novelty seeking 
behavior. Similar to D2, the amount of the D4 receptors are in a high level in the 
postmortem brain of the schizophrenia patients. Clozapine, an atypical antipsychotic, 
has high affinity to D4 receptors.

1.3.1.4 D5 receptors

D5 receptors are D1-like receptors and exist in the hippocampus, hypothalamus, 
prefrontal cortex and striatum in CNS. D5 receptors are responsible for the inhibition 
of locomotor activity [42].

1.4 Intracellular signal pathways of dopamine receptors

While Gsα increases the activity of adenylate cyclase, Gi decreases. D1-like 
receptors increase cAMP activity and D2-like receptors decrease it [43]. One of the 
most important consequences of the stimulation or suppression of cAMP formation 
is the activation or suppression of protein kinase A. Hence, some differences related 
to receptor type emerge in the cellular metabolic reactions like phosphorylation or 
dephosphorylation, synthesis of different cytoplasmic and nuclear proteins, activa-
tion of the different membrane channels and different G protein-coupled receptor 
sensitization.

Signal transduction of the dopamine receptors may result in phospholipase C 
activity or regulation of the arachidonic acid secretion, as well. Besides, dopamine 
receptors regulate Na-K ATPase and Na/H exchanger activity.

Activation of D2S isoform of D2 receptors coupling with Rho family of the G 
proteins results in stimulation of phospholipase D. Phospholipase D catalyzes the 
hydrolysis of the phosphatidylcholine to phosphatidic acid. Phosphatidic acid is an 
active signal molecule that plays pivotal role in cell growth, cell differentiation and 
regulation of cell metabolism.

Gβγ subunits of both D2S and D2L receptor isoforms are effective in the activity 
of protein kinase C, Mitogen-Activated Protein Kinase (MAPK), extracellular signal 
regulated kinase pathway (ERK) related cell growth, differentiation and apoptosis. 
Activation of MAPK and ERK pathways by dopamine agonists through D2 receptors 
provides apoptosis and cell death in tumor cells in the hypophysis.

Dopamine receptors are regulated by DRIPs [44]. Dopamine receptor interacting 
proteins provide movement of the receptors, emerging of the dopaminergic signals in 
the neurons and regulation of the receptor signals. Neurons having D1 and D2 recep-
tors are controlled by different DRIPs.
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1.5 Regulation of dopaminergic secretion

There are two basic transmission types called as intrasynaptic and extrasynaptic 
for dopamine in the CNS. In striatum, intrasynaptic dopamine secretion stimulates 
the postsynaptic dopamine receptors and extrasynaptic dopamine stimulates pre-
synaptic D2-like autoreceptors. In extrastriatal regions, such as the prefrontal cortex, 
dopamine shows its extrasynaptic effect by diffusion through the gap junctions and 
by activating D1 receptors [45].

Dopamine regulates its self-dynamic activity through D2/D3 receptors through a (-) 
feedback mechanism of action. In addition, diffusion, intrasynaptic enzyme degrada-
tion through Monoamine Oxidase (MAO) and Catechol O-Methyltransferase (COMT) 
and transportation through presynaptic DAT all play a role in regulating dopamine 
levels in neurosynaptic junctions. DAT is a protein in the dopaminergic neurons and 
a specific marker showing dopaminergic neurons in immunohistochemically experi-
ments [45]. There is the highest amount of DAT in the putamen, nucleus caudate and 
ventral striatum, meaning highest density of the dopaminergic neurons [46].

There are two types of secretion of dopamine from dopaminergic neurons. After 
an action potential from a presynaptic neuron, a dopamine secretion called as burst 
or phasic dopamine response with fast and high amplitude occurs in the first type of 
secretion. Mostly this type of response is associated with the dopaminergic behavior. 
Low-level extrasynaptic dopamine concentration called as tonic dopamine response 
occurs in the second type of secretion. In this response, dopamine level is too low to 
activate intrasynaptic dopamine receptors, but at a level to activate extrasynaptic 
autoreceptors. This response provides the (-) feedback suppression of high amount of 
phasic dopamine secretion.

Synthesize of dopamine is also regulated by other neurotransmitters. Afferent 
neurons synthesizing GABA from striatonigral and local circuits regulate secretion of 
dopaminergic neurons. N-methyl-D-aspartate (NMDA) receptor activity induced by 
glutamate administration results in slow Excitatory Postsynaptic Potentials (EPSP) in 
dopaminergic neurons in substantia nigra and VTA [45, 47].

Abnormalities in the dopaminergic system in the brain are related to diseases 
such as schizophrenia, Parkinson's disease (PD), addiction, depression and attention 
deficit hyperactivity disorder.

1.6  Cognitive effects of changes in dopaminergic neurotransmission on dopamine 
receptors

1.6.1 Importance of the nigrostriatal dopaminergic system on motor functions

Bilateral lesions primarily affecting the substantia nigra can result in slowness of 
movement and are correlated with bradykinesia in PD. The movement time in mon-
keys after 6-OHDA-induced lesion of the dopaminergic neurons and reaction time in a 
conditioned motor task in the rat administered to 6-OHDA were reported to increase. 
Such deficit has led to assume the importance of dopaminergic nerve terminals of 
dorsolateral part of the striatum on motor functions. Administration of D2 dopami-
nergic receptor antagonists were reported to cause similar results. However, DA and 
DA agonists were reported to decrease the reaction time. In Parkinsonian patients 
and Parkinsonian rodents constituted by lesion of the nigrostriatal dopaminergic 
system, increased reaction time has been reported. Besides, similar results also shown 
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in conditioned motor task experiments in primates where 6-OHDA administration in 
substantia nigra or the neurotoxin MPTP were used. These results show the pivotal 
role of the nigrostriatal projections on the early stages of the motor control [48].

Forward locomotion is mostly controlled by the D1–3 receptors in ventral stria-
tum. Activation of presynaptic D2 autoreceptors leads to a decrease in dopamine 
release, resulting in decreased locomotor activity. However, activation of postsynaptic 
D2 receptor activity slightly increases the locomotor activity. D3 receptors in nucleus 
accumbens have inhibitory role on locomotor activity. D3 agonists increase this effect 
while D3 antagonists decrease it [49].

1.6.2 Importance of mesocorticolimbic system on adaptation and memory

The administration of 6OHDA and lesioning of the different brain structures 
innervated by the mesocorticolimbic dopaminergic neurons are reported to show 
specific behavioral deficits. Lesions in VTA resulted in the inability to switch from 
one behavior to another, affecting the motivation and adaptation to behavior. Lesions 
of the dopaminergic terminals at septal level, the level of amygdala, hippocampus and 
habenula of the limbic system resulted in impaired performances in behavior tests like 
memory tests in maze paradigm [48].

Studies have reported that both D1 and D2 receptors are associated with intracra-
nial self-stimulation behavior in the prefrontal cortex and nucleus accumbens of rats. 
D1 and D2 agonists stimulate this behavior, while antagonists inhibit it. Furthermore, 
D2-like receptors are reported to increase to seek further cocaine reinforcement in 
an animal model for cocaine seeking behavior. However, D1-like receptors decrease 
this behavior and thus agonists of these receptors may be a partner in the therapy of 
cocaine addiction. Both D1 and D2 receptors in the hippocampus of rat and prefrontal 
cortex in monkey have roles on learning and memory in pharmacological behavior 
experiments like performance measurement in working memory tasks [49].

D3 and D4 receptors are expressed mostly in the limbic and cortical regions but 
lesser amount in the dorsal striatum and may be useful in new antipsychotic drug 
discovery thanks to the lower incidence of extrapyramidal side effects [49].

2. Dopamine receptors and schizophrenia

The main reason of schizophrenia is the increase in dopaminergic neurotransmis-
sion in the brain. This increase may stem from either increased dopamine concentra-
tion in neurosynaptic junction between presynaptic and postsynaptic neurons or 
increased activity of the postsynaptic dopamine receptors like D2 [50]. Secretion of 
dopamine is changed abnormally and behavioral psychotic symptoms emerge in the 
patients with schizophrenia.

Schizophrenic patients are behaviorally more responsive to drugs such as amphet-
amine and methylphenidate increasing the amount of dopamine in neurosynaptic 
junction compared to healthy subjects. On used in these patients, these drugs trigger 
the psychotic symptoms. The main reason of this response is not only increased 
release of dopamine from presynaptic neuron, but also the increased amount of D2 
receptors in the postsynaptic neurons. Both of these two main factors increase the 
dopaminergic neurotransmission and this neurotransmission is a basic source of 
delusion and hallucinations in schizophrenia. Even if presynaptic dopamine release 
is normal, D2 receptors are increased by an average of 5.8% in antipsychotic-free 
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schizophrenia patients [50]. Increased psychotic response to psychostimulant drugs 
may stem from more D2 receptors in schizophrenia. It was reported that 75% of 
schizophrenia patients and 25% of healthy control subjects experienced new symp-
toms of psychosis after usage of the psychostimulants like amphetamine and methyl-
phenidate [50].

2.1 Development and progression of schizophrenia

The consistency between acts and results provides the learning. Learning accord-
ing to the amount of pleasure after act is an important way to learn. The mesolimbic 
dopaminergic pathways are related to motivation, providing a link between affect and 
action. These pathways provide connection between mood and act. Dopaminergic 
inputs to nucleus accumbens provide knowledge about importance and awareness 
of events occurring throughout the world. This knowledge contains rewarding and 
punisher stimuli and their foreseeability and novelty [51, 52].

The phasic firings in dopaminergic neurons, associated with the broad transient 
increase in synaptic dopamine release, stimulate postsynaptic signals encoding 
reward prediction or incentive awareness [53]. The abnormal functioning of this 
process in schizophrenia leads to abnormal perceptions of excessive novelty [54], 
awareness and thus to psychotic delusions [55].

In patients with schizophrenia, rate of habituation to the acoustic startle is 
decreased, and they exhibit higher scores of neuroticism compared to healthy control 
[56]. Attenuated acoustic startle response means to Prepulse Inhibition (PPI) is 
associated with central dopaminergic dysfunction. In PPI, startling stimulus is imme-
diately preceded by a weaker, non-startling tone. Prepulse inhibition correlates with 
some schizophreniform cognitive dysfunctions like prolong maternal separations and 
variations in maternal care [57].

Recent studies indicate a significant increase in the levels of tyrosine hydroxylase, 
rate limiting enzyme involved in DA synthesis, suggesting increased production of 
DA in the midbrain. Studies using Positron Emission Tomography imaging (PET) 
showed abnormally high subcortical synaptic DA release after using DA stimulants 
like amphetamine, which induced psychotic symptoms in healthy individuals indicat-
ing that there is a presynaptic hyperdopaminergic abnormality in schizophrenia, 
and the antipsychotic drugs used to treat the disorder act by blocking DA receptors. 
However, it is also reported that glutamate, g-aminobutyric acid (GABA), acetylcho-
line and serotonin alterations, related to cognitive behavioral and social dysfunction, 
are involved in the pathophysiology of schizophrenia [58].

2.2 Psychosis and dopaminergic neurotransmission

Dopaminergic neurons in VTA and substantia nigra secret excess amount of the 
dopamine in patients with schizophrenia. These neurons provide the mesolimbic 
dopaminergic activity. This system projects into the medial and anterior portions of 
the limbic system composed of hippocampus, amygdala, prefrontal cortex and ante-
rior caudate nucleus. These regions control the behavior. Increased phasic activity of 
subcortical dopaminergic neurotransmission on cortical regions results in behavioral 
impairments in patients with schizophrenia [59].

In the pathogenesis of schizophrenia, an abnormal dopaminergic neurotransmis-
sion occurs after genetic and environmental risk factors. Changes in the brain connec-
tions under the environmental effects like stress may lead to formation of psychosis, 
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loss of brain mass and neurodegeneration in the formation of schizophrenia [60, 61]. 
The volume of the hippocampus in dominant hemisphere is decreased in patients 
with schizophrenia. However, an in vivo imaging study showed that main abnormal-
ity of the dopamine function in schizophrenia is also in the dorsal striatum related 
to the nigrostriatal pathway as well as the ventral (limbic) striatum related to the 
mesolimbic pathway [62].

During physiological conditions, sensation and explication of the novelty is 
provided by dopaminergic system. However, high activity in some brain regions of 
dopaminergic system results in an abnormal novelty sensation [63] and awareness 
[64]. These symptoms of schizophrenia can be reversed by antipsychotic drugs [63].

Main signs of the psychosis are delusions and hallucinations. Before the open 
psychosis, patients experience a prodromal period. During this period, dopaminergic 
neurons fire in a context independent manner. That condition results in a new novelty 
perception in patients. At this moment, perception is clearer and patients notice the 
things that they are not interested in before. Patients experience changed perceptions 
in the prodromal period.

Changes in mood and behavior, confusion and wonder increase day by day and 
transform to meaningful delusions. Abnormality of the dopaminergic system is the 
main source of the delusions. Personal and cultural history of the patient determine 
the basis of the delusion [55]. Decreased ability to use context information occurs in 
this late period [65]. After these pathological processes, delusions change abnormally 
the behavior of the patient. Patients or relatives of the patients request psychiatric 
examination in this active period. Usage of antipsychotics starts at this time.

Antipsychotics block the effect of the dopamine in CNS and decrease the abnor-
mal perceptions. However, these drugs affect locomotor functions of the dopaminer-
gic systems, as well. This effect emerges as disruption of the locomotor activity and 
prevents continuity of antipsychotic treatment [55].

3. Dopamine receptors and Parkinson’s disease

PD is a common neurodegenerative disorder and affects 2–3% of the people, older 
than 65 years of age, throughout the world. Neuropathological markers of the PD 
are the aggregates of the α-synuclein as intracellular inclusion body and nigrostriatal 
dopaminergic neuronal loss [66].

Aging is an important risk factor for PD. While PD affects the 1% of the population 
older than 60 years, prevalence increases up to 5% in population older than 85 years [67].

The corticostriatal projections from the primary motor cortex, supplementary 
motor area, cingulate motor cortex and premotor cortex, which terminate on the 
dendrites of striatal medium spiny neurons, comprise the motor circuit of the dopa-
minergic system related to PD. Substantia nigra pars reticulata and globus pallidus 
internus are main dopaminergic output nuclei of the basal ganglia projecting into the 
ventrolateral thalamus and brainstem. Striatal projections on these output nuclei are 
composed of direct and indirect pathway. The direct pathway is between medium 
spiny neurons and GABAergic neurons in the globus pallidus internus and substantia 
nigra pars reticulata. This is a monosynaptic connection between these spiny neurons 
having D1 receptors and GABAergic neurons in these output nuclei. Projections from 
medium spiny neurons expressing D2 receptors to the globus pallidus externus consti-
tute the indirect pathway. In a form of glutamatergic relay in the subthalamic nucleus, 
these projections arrive at globus pallidus internus, as well. Together with these two 
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pathways, GABAergic output activity is regulated by dopaminergic projections from 
striatum. Changes in these relays result in PD.

Defect in the nigrostriatal dopaminergic activity results in different effects on 
direct and indirect pathways. In this condition, activity of direct pathway related 
to D1 receptor is reduced and activity of indirect pathway related to D2 receptor is 
increased. Hence firing rate of GABAergic neurons in basal ganglia strongly increases, 
inhibiting thalamocortical and brainstem areas [66].

3.1 Risk factors of Parkinson’s disease

The number of the dopaminergic neurons in the substantia nigra decreases at a 
rate of 9.8% every 10 years during the aging process. Besides, the volume of these 
neurons decreases at a rate of 4.4% every 10 years [68]. The cognitive impairment 
of normal aging decreases the stimulation of the dopaminergic transmission from 
substantia nigra to other brain regions.

Family history of PD, family history of tremor, preceding constipation, prior 
mood disorder, exposure to pesticides, previous head injury, rural living, beta-blocker 
use and agricultural occupation were strongly and positively associated with PD. 
However, interestingly, smoking, coffee drinking, prior hypertension, use of NSAIDs, 
use of calcium channel blocker and alcohol consumption were associated negatively 
with PD [69]. Negative correlation between PD and smoking may result from the 
neuroprotective effect of nicotine [70, 71].

3.2 Physiopathology of Parkinson’s disease

Dopaminergic dysfunction in basal ganglia is related to movement disorders such 
as PD, dystonia, chorea and tics [72]. PD is characterized with neurodegeneration in 
the dopamine producing neurons in the substantia nigra controlling motor functions 
of body. Dopaminergic degeneration mainly results from loss of the dopaminergic 
neurons in substantia nigra pars compacta. During neurodegeneration, some micro-
scopic changes such as Lewy body and intracytoplasmic inclusion bodies composed 
of fibrillary α-synuclein occur [73]. After loss of dopaminergic neurons at a rate of 
60–80%, symptoms can be detectable in patients with PD [74].

A part of the dopaminergic neuronal degeneration is the formation of the intracel-
lular alpha-synuclein (SNCA) aggregates [75]. Involvement of miRNA is related to 
SNCA accumulation [76]. miRNAs control SNCA expression. miR-7 and miR-153 
post-transcriptionally regulate SNCA and suppress SNCA expression. An advantage 
of the suppression of SNCA thanks to miR-7 and miR-153 is to protect cells from 
oxidative stress [77, 78].

Among pathologic reasons of the PD, there are mitochondrial dysfunction, oxida-
tive stress, disruption of ubiquitin-proteasome system, neuro inflammation induced 
by microglia, excitotoxicity by glutamate receptor activation, iron deposition and 
familial PD [79].

Dysfunction of mitochondrial complex I has high importance in the formation 
of PD [80]. It was reported that dopaminergic neurons in substantia nigra died and 
PD occurred in genetically engineered mice lacking a gene (NDUFS2) encoding 
complex I subunit [81]. Mitochondrial complex I activity is significantly decreased 
in substantia nigra of patients with PD and mitochondrial DNA damage occurs in a 
high level [79]. Besides, excess amount of Reactive Oxygen Species (ROS) produc-
tion, ATP consumption, mtDNA deletion, caspase secretion may occur in the table 
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of mitochondrial dysfunction [82]. In a recent electrophysiological study, it was 
reported that lack of gene for mitochondrial transcription factor A in a Mitopark 
mice model resulted in loss of dopaminergic neurons of SN and provided a genetic 
model of PD. These neurons in SN exhibited age-dependent declines in electro-
physiological parameters like disrupted pace maker firing regularity, decreased ion 
channel conductance and smaller D2 receptor-mediated outward currents [83]. 
These findings emphasize the importance of the mitochondrial dysfunction in the 
progression of PD.

Increased oxidative stress activates the Ubiquitin-Proteasome System (UPS). 
Hence, damaged and misfolded proteins are accumulated, leading to dopaminergic 
degeneration together with UPS [73]. Ubiquitin-proteasome system (UPS) is one 
of the degradation pathways for misfolded proteins in PD [79, 84]. Mutant Parkin, 
PINK1 and DJ-1 proteins disrupt the function of UPS and form an ubiquitin E3 ligase 
complex resulting in unfolded protein degradation [85]. The E3 ligase complex typi-
cally plays a vital role in controlling cell trafficking, DNA repair and signaling, which 
affect survival of dopaminergic neurons [86].

Neuroinflammation is among the specific compound of the PD [87]. Main actor of 
this inflammatory pattern is microglia [88]. After a genetic or environmental effect, 
α-synuclein protein is secreted from dying dopaminergic neurons and triggers the 
chemotaxis and activation of the microglia [89]. It was reported that the number of 
dopaminergic neurons of the substantia nigra is decreased in mice because of excess 
activation of the microglia in patients with PD [90]. Similarly, it was also reported 
that anti-inflammatory drugs decrease the loss of the dopaminergic neurons and 
symptoms of the disease in a mouse model of PD [91].

Excess stimulation of the ionotropic receptors of the glutamate results in the 
damage and death of the dopaminergic cells [92], resulted from the increase in the 
intracellular Ca+2 concentration, change in the mitochondrial membrane potential 
[93] and disorder of the production of the ROS and reactive nitrogen species [94]. 
After the hyperactivation of NMDA receptors, Ca+2 influx as a secondary messenger 
triggers dopaminergic neurodegeneration [95]. Effects of NMDA receptor activity 
in a dopaminergic neuron spread into other neighbor neurons by diffusion of Ca+2 
through the gap junctions between dopaminergic neurons. If there are no gap junc-
tions between cells, neurodegeneration is limited [96].

Iron accumulation is seen in patients with PD [97]. During aging, the concen-
tration of the iron increases in the substantia nigra, putamen, globus pallidus and 
caudate nucleus that are basic dopamine synthesizing regions in the brain [79]. 
Accumulation of iron in the brain results from the increase in the permeability in 
Blood Brain Barrier (BBB) [98], increase in pro-inflammation [99] and gene muta-
tions of the proteins related to iron transport, bind and metabolism [100].

Accumulation of α-synuclein is common in familial PD [101]. Parkin gene muta-
tion is seen in familial autosomal recessive PD [102]. While prevalence of this muta-
tion in all familial PD is 50%, it is seen at a rate of 20% in idiopathic PD [103].

3.3 Treatment of Parkinson’s disease

In PD, dopamine synthesis is decreased in some specific brain regions like 
substantia nigra and striatum. DA receptor agonists are generally used to treat PD, 
which act by stimulating both presynaptic and postsynaptic dopaminergic receptors. 
DA deficiency in PD is substituted by a chemical precursor l-DOPA, which is the 
most effective drug to treat various symptoms. l-DOPA passes through the BBB and 



195

Perspective Chapter: The Role of Dopamine Receptors in Neuropsychiatric Diseases
DOI: http://dx.doi.org/10.5772/intechopen.112320

transforms to dopamine. l-DOPA has pivotal role in PD therapy strategy. However, 
changes in the concentration in body fluids of this drug result in some adverse effects 
like motor fluctuations. Intestinal gel infusions of l-DOPA provide continuous 
dopaminergic receptor stimulation thanks to more stable concentrations of drug and 
thus, prevents drug-induced dyskinesia [104].

The only drug used in the treatment of PD is not the l-DOPA. Dopaminomimetic 
drugs affect the striatal neurons via dopamine receptors. Dopaminomimetics directly 
activate the D2 receptor family. Ergot alkaloid bromocriptine and other dopaminomi-
metics have important role in PD therapy for motor symptoms [105, 106].

In terms of motor fluctuations and adverse effects of anti-Parkinson drugs, 
dopamine agonists are more attractive choices than l-DOPA [105, 107]. Dopamine 
agonists have less striatal dopamine receptor stimulation than l-DOPA and this 
provides reduced risk for motor complications during drug administration in initial 
PD monotherapy [106]. Besides, some dopaminomimetics like rotigotine are possible 
to be administrated as transdermal patch, providing constant drug concentration in 
cerebrospinal fluid [66].

However, dopamine agonists have some adverse effects including drowsiness and 
impulse dyscontrol resulted from D3 receptor activity in the ventral striatum causing 
to the stimulation of the brain reward system. Besides, dopamine agonists have more 
reduced effect size in PD compared to l-DOPA [108]. However, apomorphine has 
equal effect size to l-DOPA and affects both D1 and D2 receptors [109]. Continuous 
subcutaneous apomorphine administration prevents the motor response fluctuations 
and dyskinesia resulting from l-DOPA usage [110].

Current literature reports that metabolic stress could be the most important reason 
for the degeneration of DA neurons. A few selective voltage-gated ion channels, such 
as Ca+2 channels and ATP pumps under metabolic stress, fail to maintain membrane 
potential, thereby causing an imbalance in ion concentrations. These fluctuations in 
turn affect the neuronal network and cause dopaminergic neuron degeneration [111]. 
Because the symptoms cannot be identified at an earlier state of onset of disease, 
providing treatment on time is difficult for PD patients. To find early symptoms and 
protect dopaminergic neurons from degradation is the biggest challenge to date. Some 
studies show that supplementing PD patients with vitamin E or C at optimal doses 
is a potential treatment, because vitamin E and C produce large amounts of anti-
oxidants, which can relieve a cell from metabolic stress by inhibiting the production 
of free radicals and reactive oxygen [112].

Dopamine receptor agonists are generally used to treat PD, which act by stimulat-
ing both presynaptic and postsynaptic dopaminergic receptors. DA deficiency in PD 
is substituted by a chemical precursor l-DOPA, which is the most effective drug to 
treat various symptoms.

4. Dopamine receptors and addiction

Dopamine is responsible for reward and addiction as well as control of coordinated 
movement, metabolism and hormonal secretion in CNS [113]. Addictive drugs 
generally largely and rapidly increase the extracellular concentration of dopamine in 
the nucleus accumbens [114]. Besides, addictive drug-evoked neurosynaptic plasticity 
results in behavioral responses in addicted patients [115]. Plasticity in the mesolimbic 
system triggers the compulsive behavior for seeking addictive matters after enough 
usage of addictive drugs [116]. These drugs trigger long-lasting synaptic adaptations 
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in the mesolimbic reward system causing the additional pathological behaviors, as 
well [117].

Cannabinoids increase the dopamine levels in VTA through cannabinoid type 1 
receptors. Cues related to cannabis smoking elicit phasic dopamine secretions and 
induce drug seeking behaviors like craving [118].

Cocaine controls the movement, cognition, motivation and reward in the CNS 
by blocking the reuptake of dopamine and thereby extracellular concentration of 
dopamine increases especially in the nucleus accumbens [119]. While psychostimu-
lants like ecstasy, amphetamine and cocaine decrease dopamine reuptake, nicotine 
can directly increase the spike of dopaminergic neurons and thereby, the secretion of 
dopamine. Opioids, cannabinoids, γ-hydroxybutyrate and benzodiazepines inhibit 
the VTA GABAergic neurons [120]. This leads to a reduction in inhibition of dopami-
nergic neurons, resulting in increased dopamine secretion [120].

Cocaine shows its effects by phosphorylating ERK in the nucleus accumbens, pro-
viding D1 receptor-dependent synaptic potentiation [121] and behavioral adaptation 
[122] as well as increasing the mesolimbic dopamine level. ERK has important roles in 
gene regulation and drug addiction through chromatin remodeling and activation of 
gene transcription factors [121].

Addictive drugs elicit synaptic plasticity in dopaminergic neurons of VTA, leading 
to an increase in dopamine concentration in the mesolimbic reward system [122]. 
Cocaine provides insertion of GluA2-lacking AMPA receptors at glutamatergic 
synapse in dopaminergic neurons [122].

Addictive drugs cause a transient and significant increase in the extracellular 
concentration of dopamine in nucleus accumbens located in the ventral striatum in 
limbic system of the brain [123]. Increases in dopamine level in the ventral striatum 
triggered by addictive drugs like nicotine and alcohol provide euphoria during 
exposure [124].

After addicts notice the drug cues, mesolimbic projections on striatum are hyper-
responsive to these cues and addicted patients desire to take drugs causing incentive 
salience and motivation for compulsive behaviors to take drugs. Hence these condi-
tions result in relapse [125].

Reward and punishment stimuli bring search and avoidance responses, set by 
burst firing of dopaminergic neurons through long-term potentiation mechanism. 
Relationship between dopaminergic stimuli, glutamatergic inputs and GABAergic 
outputs enables learning and the ability to seek out rewarding behaviors and aversive 
ones [126]. Animals that lack of ability to synthesize dopamine cannot realize con-
ditional reflexes or appetitive behavior. These animals have only unconditional and 
unlearned reflexes. To learn reward and punishment stimuli is mostly associated with 
phasic firing of dopaminergic neurons in the brain, establishing long-term memories. 
Independent firing of dopaminergic neurons motivates responses to reward and 
punishment cues. Interest in habitual rewards decreases because of reduction in the 
dopamine receptors resulted from habitual chronic usage of addictive drugs [127].

Decreased dopamine release from striatum to other brain regions within the 
reward circuitry may be a part of the deprivation neurophysiology in addicted chronic 
drug users. An altered feedback regulation of the reward circuit by prefrontal and 
amygdala pathways may also be responsible for disruption mechanism. Prefrontal 
regions and amygdala are involved in some behaviors related to addiction and depri-
vation like impulsivity, relapse and craving in chronic drug abusers that dopaminergic 
dysfunction occurs [123].
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4.1 Treatment of addiction

Medications for addiction may be agonists, antagonists and anti-craving drugs. 
Methadone activates opiate receptors and prevents cravings for opiates and euphoria 
induced by usage of opiates [114, 128]. Naltrexone is a complete mu-receptor antago-
nist and it prevents relapse and euphoria resulted from abusing any opiate [129]. 
Buprenorphine is a partial mu-agonist and prevents cravings and euphoria because of 
usage of any opiate [114].

If D2 receptor activity in ventral striatum is increased in the reward system, 
self-administration of cocaine or alcohol can be reduced [130]. Similarly, impulsivity 
and compulsive pattern of self-administration in methamphetamine abuse is related 
to changed D2 receptor activity [131]. In addition, a potential strategy to address 
behavioral problems resulting from addiction and deprivation is to use transcranial 
magnetic stimulation or deep brain stimulation to eliminate cocaine-induced synaptic 
plasticity [132].

4.1.1 Dopamine and other neuropsychiatric diseases

Dopaminergic projections from VTA to hippocampus provide the formation of 
new memories. The ability to learn new information is lost when dopaminergic neu-
rotransmission in this pathway is decreased. Hence, risk of dementia related diseases 
like Alzheimer’s disease increases.

Pharmacological and imaging studies show that increase in dopamine neurotrans-
mission, elevations in D2 and D3 receptors level in striatum and activation of reward 
circuit result in mania. However increased dopamine transporter level in striatum 
results in the decrease in the dopaminergic transmission and depressive attacks in 
bipolar affective disorder [133].

Attention Deficit Hyperactivity Disorder (ADHD) is diagnosed by lack of con-
centration, short attention span and physical restlessness. Patients with ADHD were 
reported at least one gene defect such as DRD2, DRD4 or dopamine transporter 
genes, resulting in decrease in the dopaminergic neurotransmission in the brain [134].

4.1.2 Future treatment strategies on drug design for neurodegenerative disorders

With the advent of computer-based technology, it is possible to find a solution 
and bring better treatment procedures for complex disorders. Computer-Aided Drug 
Design (CADD) may be useful to provide more rapidly the discovery of the drugs, 
more effective for neurodegenerative disorders such as PD and Alzheimer’s disease 
[135]. CADD could emerge as an effective tool to minimize time and cost of the new 
lead molecules for extensively studying the DA receptors and other protein targets 
involved in dopaminergic signaling, and this gives a clear-cut idea of targets, which 
aids in designing New Chemical Entities (NCEs). After the discovery of NCE, it must 
be tested in terms of its safety and efficacy for humans as it is in the traditional drugs 
as well.

Dysfunctions of the dopamine neurotransmission in neuropsychiatric diseases are 
mostly related to presynaptic or postsynaptic dopamine receptors and can be reversed 
or stopped by targeting these receptors and their intracellular pathways. New 
researches must be focused on at this area to find more effective and cheaper solutions 
to treat these diseases.
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Chapter 11

Oxygen Tissue Levels as an 
Effectively Modifiable Factor in 
Alzheimer’s Disease Improvement
Arturo Solís Herrera

Abstract

Despite the advance in biochemistry, there are two substantial errors that have 
remained for at least two centuries. One is that oxygen from the atmosphere passes 
through the lungs and reaches the bloodstream, which distributes it throughout the 
body. Another major mistake is the belief that such oxygen is used by the cell to obtain 
energy, by combining it with glucose. Since the late nineteenth century, it began to be 
published that the gas exchange in the lungs cannot be explained by diffusion. Even 
Christian Bohr suggested that it looked like a cellular secretion. But despite experimen-
tal evidence to the contrary and based only on theoretical models, the dogma that our 
body takes the oxygen it contains inside from the air around it has been perpetuated to 
this day. The oxygen levels contained in the human body are high, close to 99%, and the 
atmosphere only contains between 19 and 21%. The hypothesis that there is a supposed 
oxygen concentrating mechanism has not been experimentally proven to date, after 
almost two centuries. The mistaken belief, even among neurologists, that our body 
takes oxygen from the atmosphere is widespread, even though there is no experimental 
basis to support it, just theoretical models. Our finding that the human body can take 
oxygen from the water it contains, not from the air around it, like plants, comes to 
mark a before and after in biology in general, and the CNS is no exception. Therefore, 
establishing the true origin of the oxygen present within our body and brain will allow 
us to better understand the physio pathogenesis of neurodegenerative diseases.

Keywords: oxygen, AD, water, ventricles, volume, CSF

1. Introduction

Current medicine is based in an important way on two wrong assumptions: (1) 
The oxygen present inside the body comes from the atmosphere because theoretically 
it can cross the thin alveolar membrane and reach the bloodstream, which distributes 
it to all the cells of the body [1]. (2) Oxygen from the atmosphere is used by cells to 
produce energy, by combining it with glucose or its intermediate metabolites, some-
thing like graduated combustion [2].

However, the passage from atmospheric oxygen to the blood circulation through 
the pulmonary alveoli has not been demonstrated so far in addition to going against 
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the behavior of gases. Therefore, the first error gives rise to a second mistake: the 
combination of oxygen with glucose to produce energy.

Both concepts are entirely theoretical, and concepts so far-fetched and tangled 
that it is not possible to contrast them experimentally. Thereby, we do not have defini-
tive and complete answers to important questions behind the simple picture that 
in mammals, oxygen is extracted from the atmospheric air in the lungs and carried 
by the bloodstream through the circulation to the tissue, where it is utilized mainly 
within the mitochondria [3].

The brain is an organ whose normal function depends critically on an uninter-
rupted delivery of oxygen. Unlike skeletal muscle that can survive for hours without 
oxygen, brain cells show irreversible damage within minutes from the onset of oxygen 
deficiency. Thus, theoretical studies (they cannot be otherwise) have special impor-
tance for understanding how oxygen is distributed in different structures of the brain 
under normal and hypoxic conditions [4].

Theoretical work on oxygen transport in the brain began with applications of the 
Krogh Equation [5] and the extension of the Krogh model to hexagonal space-filling 
tissue cylinders [6]. A systematic analysis of oxygen transport in the brain with the 
Krogh model was performed by Reneau and his coworkers [7]. Note that they all are 
theoretical in their entirety (Figure 1).

However, the architecture of the capillary network in the brain does not provide 
support for the Krogh model [8]. The oxygen consumption rate within the neuron 
is about ten times higher than in the glial cells, and that has a significant effect on 
oxygen distribution [9]. There is experimental evidence that significant precapillary 
loss of oxygen occurs in the cerebral circulation [10].

The problem of oxygen loading in the blood capillaries of the lung is, in a sense, 
inverse to the problem of oxygen unloading in other tissues. Therefore, for a better 
understanding of oxygen transport, simultaneous analysis of oxygen and carbon 
dioxide transport is necessary [11].

At present none of the models of oxygen transport (including Krogh’s model) has 
been carefully tested against experimental data. The main reason appears to be the lack 
of accurate measurements of oxygen tension and hemoglobin saturation in vivo with 
the spatial resolution necessary for the validation of distributed transport models [12].

The mathematical and statistical models that are used to try to explain biological 
processes, such as gas exchange, usually do not work because, in biology, the variables 

Figure 1. 
Krogh Cylinder (simplified). The concepts handled by Krogh’s models are so complex and far-fetched that they 
cannot even be experimentally contrasted. I quote few names: Anoxic lethal corner, O2 radial vectors, capillary 
radius, capillary X-section, cylinder radius, cylinder X-section, anoxic tissue, axial kick, augmented O2 radial 
vectors, OPF range, average ptO2, hypercapnic lethal corner, normal intracapillary blood flow velocity.
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are continuous random (nonlinear behavior). When the phenomena to be studied are 
discrete variables (linear behavior), mathematical models work better, as is the case 
of predicting the production of a factory, the possibility that manufacturing processes 
produce wrong parts, etc. But this is not the case in biology, because the values that 
variables can take change from one moment to the next, and it is not understood why.

Hence, Krogh’s equation of 1919, which is a mathematical (imaginary) model, has 
been added to other equations by different authors until reaching about 120 equations 
(Figure 2).

The result is a set of mathematical operations so far-fetched and tangled that it 
is impossible to contrast them in the laboratory. And we are talking about Krogh or 
Krogh–Erlang equation, which has been the basis of most physiological estimates for 
the last 70 years.

Some models assumed that tissue is spatially homogeneous. Tissue consists of cells 
and extracellular spaces. Further, there are intracellular heterogeneities, for example, 
those caused by discrete oxygen consumption by mitochondria. These heterogeneities 
may affect the distribution of oxygen in the tissue. Theoretically, inside the cell, 
oxygen is consumed almost exclusively within mitochondria [13].

It has been proposed that oxygen is transported from blood to mitochondria along 
channels of high solubility; the endoplasmic reticulum could serve to channel oxygen 
[14]. The cytosol is largely free of oxygen because of its low solubility. However, 
theoretical and experimental validation of this hypothesis (1980) remains to be done. 
It is frustrating that the bases of oxygen transport and gas exchange, which constitute 
the foundations of the clinic, cannot be experimentally contrasted because of how 
tangled they are.

2. Oxygen transportation (if any) and brain

Supposedly, the brain is an organ whose normal function depends critically on an 
uninterrupted delivery of oxygen. However, the element of real value for cell metabo-
lism is hydrogen and it is produced at the same time than oxygen; both come from 
water dissociation. It is relatively simple to show that melanin dissociates the molecule 
from water, generating both molecular hydrogen and oxygen (Figures 3 and 4). It is 
difficult to measure the levels of molecular hydrogen inside the cells; it is more practical 

Figure 2. 
A sample of the first 32 equations of already 120 described that have been implemented with the aim of building 
Krogh’s acceptable theoretical (imaginary) model about oxygen transportation theory.
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to determine molecular oxygen levels. Thereby, oxygen levels are indirect markers of 
hydrogen levels because both elements come from the dissociation of water that occurs 
inside the cell, thanks to melanin and other pigments. It can be said that both hydrogen 
and oxygen are produced at the same time and in the same place.

Unlike skeletal muscle that can survive for hours without oxygen, brain cells show 
irreversible damage within minutes from the onset of oxygen deficiency that reflects 
low level of hydrogen by impairment of water dissociation mechanisms.

Theoretical work on oxygen transport in the brain began with applications of 
the Krogh Equation [5] and the extension of the Krogh model to hexagonal space-
filling tissue cylinders [6]. A systematic analysis of oxygen transport in the brain 
with the Krogh model using the numerical finite-difference method to obtain 
solutions to steady and unsteady problems of physiological importance was per-
formed in 1967 [15]. As expected, the architecture of the capillary network in the 
brain does not provide support for the Krogh model. Thereby, other models have 

Figure 4. 
When the same specimen of Figure 3 is illuminated with monochromatic light in the ultraviolet light range 
(10–400 nm), a distinctive fluorescence appears. Due to the presence of hydrogen that comes from the dissociation 
of water by melanin, oxygen does not fluoresce.

Figure 3. 
The melanin in the banana peel, illuminated with polychromatic (white) light.
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been formulated trying to reflect the heterogeneity of capillary architecture and 
hemodynamics [8].

It is interesting that the oxygen consumption rate within the neuron is about ten 
times higher than in the glial cells [9], but this finding tells us that the intensity of 
water dissociation is 10 times more in glial cells than in neurons, because the neuron 
or any cells do not consume oxygen to produce energy, because the power require-
ments of the cells are based on the hydrogen that is released when water is dissoci-
ated, and molecular hydrogen (H2) is the element that carries energy, not only in cells 
but throughout the universe. In AD patients, there is chronic hypoxia that, in turn, 
indicates a chronic lack of hydrogen, and therefore a generalized lack of energy. The 
source of the problem is that the brain tissues are not able to dissociate the water at 
the necessary rate, and then the liquid water accumulates characteristically in the 
ventricles.

In most studies of oxygen transport, the governing differential equations are 
solved numerically by a discretization method, either finite difference or finite 
element, which is typical of imaginary models and that can hardly become a repre-
sentation of reality due, among other things, that biological processes are made up of 
continuous random variables.

There is experimental evidence that significant precapillary loss of oxygen occurs 
in the cerebral circulation [16], which for us means that water dissociation decreases 
in that region normally.

3. The role of oxygen in neurodegenerative diseases

So far, Alzheimer’s disease (AD) is considered an incurable neurodegenerative 
disease [17]. Recent studies suggest that the neurobiology of AD pathology could 
not be explained solely by an increase in beta-amyloid levels. In fact, success with 
potential therapeutic drugs that inhibit the generation of beta amyloid has been low. 
Therefore, due to therapeutic failure in recent years, scientists are looking for alterna-
tive hypotheses to explain the causes of the disease and the cognitive loss. These early 
changes affect several key metabolic processes related to glucose uptake and insulin 
signaling, cellular energy homeostasis, mitochondrial biogenesis, and increased Tau 
phosphorylation by kinase molecules, such as mTOR and Cdk5 [18].

The condition involves a progressive deterioration in memory, cognition, and 
mobility. Numerous studies have demonstrated a critical role of dysregulated glucose 
metabolism in its pathogenesis. The already described metabolic alterations in the 
aging brain and AD-related metabolic deficits are associated with glucose metabolism 
dysregulation, glycolysis dysfunction, tricarboxylic acid (TCA) cycle, oxidative 
phosphorylation (OXPHOS) deficits, and pentose phosphate pathway impairment. 
There are numerous biochemical alterations that occur simultaneously.

AD pathophysiology is extremely complex and heterogeneous, entailing accumula-
tion of senile plaques caused by abnormal amyloid β (Aβ) metabolism, and neurofibril-
lary tangles caused by tau hyperphosphorylation. The cerebrovascular system is seriously 
damaged, including the disturbance of the blood–brain barrier (BBB) and cerebral 
amyloid angiopathy [19]. Functional failures and anatomical changes are multiple and 
varied, as they do not follow a definite pattern, which is compatible with energy failure.

Supposedly, increased levels of reactive oxygen species (ROS) induce the tran-
scription of pro-inflammatory genes and the release of cytokines (e.g., interleukin-1β 
[IL-1β], IL-6, and tumor necrosis factor-alpha [TNF-α]) and chemokines that cause 
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neuroinflammation. Furthermore, reactive microglia and astrocytes and other 
pathological events also contribute to the dysfunction and deprivation of synapses 
and, ultimately, neuronal death [20]. It seems that the cells lose for some reason, the 
complex order that characterizes them even though neurons have done their job for 
millions of years, millions of times, every day.

It could be said that both functional and anatomical failure of the brain’s human 
body is widespread. And in any system, when the faults are so extensive, one must 
first think about energy [21].

4. Oxygen as a biomarker of energy levels

The brain consumes the greatest amount of energy of all the organs in the body, 
except the retina photoreceptor layer [22]. There is an age-related decrease in glucose 
utilization in most human brains [23].

However, it is conflicting that oxygen consumption is studied by determining the 
levels of mitochondrial nitric oxide synthase when synthases are enzymes that do not 
use ATP as an energy source to carry out their function [24].

The pathological metabolic alterations in aging (e.g., cerebral glucose hypome-
tabolism) are early and consistent events in the progression of AD. Glucose, the main 
transportation form of carbohydrate in our blood, is also the crucial and primary 
energy substrate for the brain under physiological conditions [25]. Glucose is the 
universal precursor of any organic molecule, but it cannot provide the energy that its 
own metabolism requires [26], thereby, the prevalent dogma about glucose as source 
of biomass and energy at the same time now is broken down into thousands of pieces 
after our discovery of the unexpected capacity of the human body to take oxygen 
from the water molecule, like plants.

Alternative substrates, such as glycogen, ketone bodies, and amino acids, are also 
important, but only as a source of carbon chains that our body uses to build up other 
organic molecules. Energy hypometabolism, particularly a decline in glucose metabo-
lism, is one of the earliest and most common anomalies observed in patients with 
AD [27], but glucose should not be considered an energy substrate, but a metabolic 
intermediate that requires energy from the dissociation of water.

Statistically, our body begins to lose its capacity to take oxygen from water at 
26 years old, at approximately 10% rate each decade; and after the fifties, goes into 
free fall. This is an important date because the decline in glucose use capacity by the 
cells observed with aging is congruous with the loss of capacity to take oxygen from 
water. Remember that glucose metabolism requires oxygen, this is: energy.

Despite those, the main intracellular energy metabolism pathways, (theoretical all 
of them) occurring in our brains are necessarily complicated and include anaerobic 
glycolysis and the pentose phosphate pathway (PPP) in the cytoplasm, as well as 
oxidative phosphorylation (OXPHOS) in mitochondria and the tricarboxylic acid 
(TCA) cycle (also known as the citric acid cycle and Krebs cycle) [28], these neuronal 
metabolic pathways are controversial in circa 98% like in other cells and tissues [29]. 
CNS biology is no exception to collective mistakes in regards to the wrong double role 
of glucose as a source of biomass and energy at the same time. No way.

Metabolic processes are regulated by a series of key enzymes. Indeed, a growing 
body of evidence suggests the presence of organic impairment of mitochondria [30] 
and damage to related metabolic enzymes [31]. In addition, oxygen and glucose 
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metabolic rates are drastically changed in many neurodegenerative diseases, including 
AD due to marked alterations in the glycolytic pathway and TCA cycle [32]. Again, it 
seems like a generalized failure.

The picture is a metabolic dysregulation in many senses, it is a typical generalized 
fault. Traditionally, glucose is metabolized to ATP, an unstable high-energy com-
pound. An entirely theoretical dogma. If we analyze the energy required by all the 
components that are described for glucose to end up in ATP, there would be nothing 
left for the cell.

Researchers are determined to explain the flow of energy where there is none, 
because it is not possible to obtain more energy than the molecule as is the case of 
glucose. They forget that the energy needs of the cell are constant, day and night. So, 
our discovery erases everything theoretically, because when the cell obtains oxygen 
from water, at the same time it obtains energy, which is transported by hydrogen, the 
main carrier of energy in the entire universe.

So, oxygen is important for life, it is fundamental; but not in the role that had 
been assigned to it —combustion of glucose—but to form the cellular scaffolding, of 
tissues, organs, and systems, which optimizes the use of energy that comes from the 
sun, but not through food as had been believed to date, but our body is able to capture 
it directly, like plants.

5.  The oxygen inside our body (and brain) does not come from the 
atmosphere

There is a deeply rooted dogma that oxygen from the atmosphere passes through 
lung tissues by simple diffusion and reaches the bloodstream, which distributes them 
to all cells of the body. But from the mid-nineteenth and early twentieth centuries, 
intense controversy was generated due to the works of Carl Ludwig, Christian Bohr, 
Haldane, and others, who sought experimentally, both in man and other lung ani-
mals, the mechanism by which the %SpO2 rises to more than 95%. And not only did 
they not find it, but they realized that diffusion alone (the theory in vogue) could not 
explain the gas exchange in the lungs [33].

So, if the source of oxygen in the body is the water it contains, then the water of 
the cerebral-spinal fluid (CSF) acquires unusual importance. Well, it is the source of 
oxygen and hydrogen in the CNS.

Our finding that the human body has several molecules capable of transforming 
light power into chemical energy, through the dissociation of water [34], like plants, 
is a disruptive discovery.

6. Conclusion

It is not known if oxygen is transported in blood mainly by pure convection. The 
roles of diffusion and chemical kinetics are not defined yet. The importance of the 
resistances to oxygen transport by various membranes is unknown. It is uncertain 
that oxygen cross cell membranes (red blood cells, endothelial cell, and parenchy-
mal cell) by pure diffusion or if it is facilitated by a carrier. The mechanisms of 
oxygen transport inside the cells are not known. It is not possible, so far, to identify 
active transport in oxygen delivery. It is unknown the supposed main site of oxygen 
exchange between the blood and tissue (arterioles, capillaries, or venules). Sadly, we 
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do not have definitive and conclusive answers to these fundamental questions due 
to the experiments that are required to do so, in regards to Krogh’s model technically 
are not possible to date. A clear understanding of the physical mechanisms of oxygen 
transport throughout the pathway is a way beyond, starting because oxygen does not 
come from the atmosphere, and therefore is not transported.

Krogh laid the wrong foundation for the theory of oxygen transport to the tissue 
[35]. He proposed, without experimental foundations and based only on theoretical 
(imaginary) models, that oxygen is transported in the tissue by passive diffusion 
driven by gradients of oxygen tension (PO2). Krogh tissue cylinder or simply Krogh’s 
model is a simple geometrical model of the elementary tissue unit supplied by a single 
capillary. Krogh formulated a differential equation governing oxygen diffusion and 
uptake in the tissue cylinder assisted by Erlang, a mathematician.

The solution to this equation theoretically expresses oxygen tension in the tissue 
as a function of spatial position within the tissue cylinder. This simple assumption 
so-called Krogh equation, known as the Krogh or Krogh–Erlang equation, has been 
the basis of most physiological estimates for the last 70 years, but now it breaks into a 
thousand pieces thanks to the discovery of the unsuspected ability of the human body 
to take oxygen from the water it contains [36], just as plants do.

Only a decade ago, the picture of oxygen delivery from cells to the sites of oxy-
gen consumption, even though it became unnecessarily complex, had not differed 
qualitatively from that described by Krogh in 1919. In the past 10 years, theoretical 
Krogh’s concept of radial PO2 gradients in the tissue from the capillary has undergone 
drastic changes and has all but reversed. Indeed, it is now proposed, in yet another 
attempt to explain to exploit with mathematical models a theory that cannot be tested 
experimentally, that the dominant PO2 gradients on the pathway from hemoglobin to 
mitochondria occur not in the tissue but inside the vessels. These new concepts, also 
entirely theoretical; require further and highly complex experimental validation and 
new theoretical developments. However, if they are valid, then much of our under-
standing of oxygen transport to tissue will have to be reassessed.

In any case, the models based on the Krogh theorems and the recent trend of non-
Krogh models will continue to be futile, as they try to explain how oxygen from the 
atmosphere passes through the lungs and reaches the bloodstream to be distributed 
throughout the body.

The discovery of the human body’s unsuspected ability to take oxygen from the 
water contained within cells, such as plants, constitutes the beginning of a new era in 
the study and treatment of neurodegenerative diseases such as Alzheimer’s.
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Chapter 12

Diffusion Magnetic Resonance
Imaging (MRI)-Biomarkers for
Diagnosis of Parkinson’s Disease
Gloria Cruz, Shengdong Nie and Juan Ramírez

Abstract

Parkinson’s disease (PD) is a degenerative neurological disorder, the origin of
which remains unclear. The efficacy of treatments is limited due to the small number
of remaining neurons. Diffusion magnetic resonance imaging (MRI) has revolution-
ized clinical neuroimaging. This noninvasive and quantitative method gathers in vivo
microstructural information to characterize pathological processes that modify ner-
vous tissue integrity. The changes in signal intensity result from the motion of the
water molecules; they can be quantified by diffusivity measures. Diffusion MRI has
revealed “biomarkers” in several brain regions that could be useful for PD diagnosis.
These regions include the olfactory tracts, putamen, white matter, superior cerebellar
peduncles, middle cerebellar peduncle, pons, cerebellum, and substantia nigra. There
are encouraging preliminary data that differentiate PD from atypical parkinsonian
diseases based on these microstructural changes.

Keywords: brain imaging, Parkinson’s disease, diffusion MRI, atypical parkinsonian
diseases, neuroimaging

1. Introduction

Parkinson’s disease (PD) was first described in 1817 by James Parkinson and is
characterized by the selective loss of dopaminergic neurons in the substantia nigra
pars compacta (SNpc) [1–3]. Although PD has been known for more than two centu-
ries, its origin remains unclear. The motor symptoms in patients with PD appear when
at least 50–80% of dopaminergic neurons have been lost in the substantia nigra (SN).
For this reason the quantity of remaining neurons limits the efficacy of treatments. PD
begins with a reduction in dopamine signaling from the SN to the basal ganglia, which
causes a decrease in the neuronal excitation localized in the thalamus. This abnormal
condition is reflected by the symptoms of bradykinesia (slow or difficult movements),
rigidity, postural instability, resting tremor, and non-motor symptoms in conjunction
with fatigue, reduced facial expressions, sleep and smell disturbances, depression, and
cognitive decline [4].

Conventional magnetic resonance imaging (MRI) does not provide adequate
contrast to study changes in the brain of patients with PD. Indeed, conventional
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1.5 T T1- and T2-weighted sequences do not collect information for the SNpc. Hence,
conventional MRI cannot detect structural lesions that cause PD and cannot differen-
tiate PD from characteristic alterations of atypical parkinsonism diseases (APD), such
as multiple system atrophy (MSA) and progressive supranuclear palsy (PSP). Con-
ventional MRI neuroimaging is not specifically recommended for routine diagnosis in
clinical practice of the difficulty in PD [5].

Diffusion MRI is an evolution of conventional MRI and has the potential to differ-
entiate between PD and APD. This ability includes identifying the principal changes in
the SN and the lower part of the putamen/caudate complex, the location of most
nigrostriatal dopaminergic neurons. Changes in these areas in patients with PD could
provide valuable information to aid in the diagnosis and assess disease progression.
Diffusion MRI involves two techniques: (1) diffusion-weighted imaging (DWI) shows
the change in a particular water molecule diffusing from one location to another over
a given period of time estimated by the apparent diffusion coefficient (ADC). (2)
Diffusion tensor imaging (DTI) is a useful method to measure the directionality of
water inside living systems, which is estimated by fractional anisotropy (FA). The
fundamental aims of the use of diffusion MRI in PD are: (1) to contribute to the
differential clinical diagnosis between PD and APD; (2) to determine biomarkers of
disease progression and, therefore, to demonstrate the usefulness of potential thera-
pies that delay or improve disease progression; (3) to allow presymptomatic diagnosis
in people with PD; and (4) to identify in advance the motor and non-motor
complications.

This chapter reviews the available data on the use of diffusion MRI to determine the
pathophysiological mechanisms responsible for PD and APD. This technique could be
used to identify microstructural changes earlier and thus initiate treatment more
quickly after PD onset. It also offers the potential to differentiate between PD and APD.

2. Basic of diffusion

Diffusion is the physical property that describes the Brownian (random) move-
ment of water molecules in biological tissue in response to thermal energy [5]. The
human body is composed of 75% water, which is located in three compartments:
intravascular, intracellular, and extracellular (Figure 1). The movement of water
molecules at the microscopic level of these compartments is sensitive to the diffusion
sequence. Of note, it is the movement of water molecules in the extracellular space
that is most useful to identify quantifiable markers that reflect tissue alterations.
Microscopic displacement of water molecules occurs within brain tissue by following
diffusion [7, 8]. Identifying these alterations in these movements could be useful to
characterize neurodegenerative diseases, such as PD.

In 1965, Stejskal and Tanner [9] were the first to apply the property of diffusion to
MR sequences. In 1980, researchers reported the first biological tissues imaged based
on the principles of nuclear magnetic resonance established by Carr et al. [10]. In
1986, Le Bihan et al. developed the first diffusion image from a brain MRI [11]. In
1992, Warach et al. [12] first applied this technique to study cerebral infarction. An
advantage of this technique is its noninvasive nature and it does not require ionizing
radiation and paramagnetic contrast. There is a great interest in MRI use to measure
water diffusion. This application could provide maps of the diffusion coefficients in
tissues, particularly in vivo [7]. Identifying areas of interest could be useful in defining
biomarkers that could improve the diagnosis or traceability of a specific pathology.
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2.1 Brief background of diffusion MRI

Diffusion MRI, also known as DWI, is a procedure of MRI based upon measuring
the motion of water molecules within a voxel of biological tissue. Diffusion MRI
detected the Brownian motion that is observed in the random or uncontrolled move-
ment of particles in a fluid as they constantly collide with other molecules [13]. The
pulsed gradient spin echo sequence, shown in Figure 2, is the most used acquisition
scheme to generate diffusion weighting in an MRI image. It is also widely used to
measure the displacement of water molecules in tissue. It consists of two radio-
frequency (RF) pulses, one at 90° and the second at 180°, and two magnetic gradients
with intensity G and pulse duration δ, before and after the 180° RF pulse.

In the MRI literature, the sequence parameters (see Figure 2) are commonly
represented by a single diffusion parameter, b. It can be calculated according to Eq. (1):

b ¼ γ2G2δ2 Δ� δ
3

� �
: (1)

Figure 1.
A model of biological tissue described by three compartments: extravascular, intravascular, and intracellular. In
healthy brain, water (H2O, which forms the basis for the magnetic resonance signal) is present and exchanged
among all three compartments. This figure is based on the model from Anderson et al. [6].

Figure 2.
The Stejskal-Tanner pulsed-gradient spin echo (PGSE) sequence [9]. δ is the pulse duration, G is the pulse
gradient, Δ is the diffusion time and echo time (TE) is the time to echo [14, 15].
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Diffusion MRI quantifies the motion of water molecules (see Table 1). Microstruc-
tural changes in neuronal tissue are determined by quantifying the diffusion coeffi-
cients, measured by applying a diffusion-sensitizing gradient using the isotropic signal
decay formulated by Stejskal-Tanner, which is called the apparent diffusion coefficient
(ADC). This measure allows for evaluating the average diffusion in the area of interest
of a tissue. Isotropic diffusion refers to the lack of a preferred direction for diffusion. An
example is cerebrospinal fluid in which the diffusion rate of molecules is equal in all
directions [16, 17]. The ADC map is created with the mono-exponential model by
applying a square noise filter to define the intensity scale based on b-values (Figure 3).

DTI was first described by Basser et al. [18]. It provides information about the local
tissue when diffusion depends on the direction and is restricted by the normal architec-
ture of the brain and the neuronal tracts, a condition known as anisotropy. Hence, DTI
allows for calculating fractional anisotropy (FA) [19]. Anisotropic diffusion is not equal
in all directions. An example is diffusion in neural tracts, where water molecules diffuse
more longitudinally along the tract than to the sides. This directionality is largely
determined by the cellularity and cell integrity in the tissues [16, 17]. FA is an important
measure to detect any structural change with respect to a direction defined by the
neuronal tissue. DTI is a sensitive, noninvasive method to detect the early stages of PD
[20]. It even differentiates microstructural changes in PD (Figures 4 and 5) [21].

Diffusion imaging Measures Details

Diffusion-weighted
imaging

Apparent diffusion coefficient (ADC), or
trace (D) diffusion coefficient is a measure
of the strength (velocity) of diffusion in
tissue.

Isotropic diffusion are called the
distance to travel by the water
molecules in the tissue, without
barriers that restrictand the move
nor the direction.

Diffusion tensor
imaging

Fractional anisotropy The molecules are limited to a
determined direction of the tissue,
generating a tensor that has three
diffusion components on each axis
(x, y, and z).

Table 1.
Diffusion MRI techniques.

Figure 3.
PD-DWI images use two different b-values, 43-year-old patient PD, male. Apparent diffusion coefficient
(ADC) maps created from the linear representation of the mono-exponential model in patients with Parkinson’s
disease. The signal obtained with the b-value provides information about the diffusion constant (made by the
authors).
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3. Diagnosis of PD and APD

PD and APD are characterized by progressive dopaminergic dysfunction. Diagno-
sis and treatment of diseases in their early stages can be complicated [20]. While
conventional MRI has provided information on these diseases (Table 2), diffusion
MRI can help to provide additional information and specific biomarkers to help
distinguish among them (Figures 6–8) [29].

3.1 Diffusional MRI findings in PD

DWI and DTI provide quantifiable information to detect microstructural changes
in PD. Neuronal loss alters the structural architecture of the central nervous system,
producing potential biomarkers that could be assessed with imaging to diagnose PD
(Table 3) (Figures 9–20) [28, 29, 32, 51–53].

Figure 4.
Random barriers are present. Information on the microscopic motion of water protons (made by the authors).

Figure 5.
Coherent axonal bundle. Information on diffusion directionality, for example, it is possible to reconstruct axonal
or muscle fiber images (made by the authors).
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Definition Affected areas Typical
imaging
findings

MSA including MSA-P and MSA-C [22] The putamen and cerebellum are both affected in
MSA, and nigral dopaminergic neuronal loss is
observed in both MSA and PD [23].
Increased putaminal diffusivity in a patients with
MSA. ADC is increased in the area of the lenticular
nucleus in the patient with MSA [24].

PSP is characterized by postural
instability and supranuclear gaze palsy;
it is sometimes called Richardson’s
syndrome [25]

Pathological changes in the SCP and dentate
nucleus.
Extensive atrophy in the brain stem, particularly in
the midbrain, and also in the basal ganglia and
cortex [24]

CBS includes apraxia, the alien-limb
phenomenon, and disturbed epicritic
sensitivity [26]

The most common motor feature in CBS is
asymmetrical parkinsonism affecting a limb,
typically an arm.

Abbreviations: ADC: apparent diffusion coefficient; CBS: corticobasal syndrome; FLAIR: fluid-attenuated inversion
recovery; MSA: multiple system atrophy; MSA-C: multiple system atrophy with predominant cerebellar dysfunction;
MSA-P: multiple system atrophy with predominant parkinsonian features; PD: Parkinson’s disease; PSP: Progressive
supranuclear palsy; SCP: superior cerebellar peduncle.

Table 2.
The main diagnosis of parkinsonian diseases.

Figure 6.
The area of the lenticular nucleus 43-year-old patient PD, male (made by the authors).

Figure 7.
DWI images of a patient with PSP. (A) Enlargement of the third ventricle (B). Internal-1 and external-2
interpeduncular angles show midbrain atrophy. (C) Quadrigeminal thickness showing atrophy. (D)
Periaqueductal hypersignal. Adapted from Barsottini et al. [27].
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Figure 8.
Corticobasal degeneration. T2-weighted spin echo (b) demonstrates thinning of the sulci in the parietal cortex
combined with subtle hyperintensity of the subcortical white matter. Adapted from Mascalchi et al. [28].

Technique and
region

Diffusion MRI findings Key diffusion measures Reference

DWI in olfactory
tracts

Patients with PD showed
significant increases in trace
of diffusion (D) values in
both olfactory tracts in a
cohort of patients with PD
versus healthy controls.
Adapted from Ref. [30].

Patients with PD
Trace (D) >0.78 � 10�3 mm2/s
Healthy controls
Trace (D) <0.78 � 10�3 mm2/s

[30]

DTI to show
olfactory
dysfunction

Understanding the
neurological substrates of
olfactory dysfunction in
early PD could be used in
combination with clinical
markers.
Identify evidence of white
matter areas with increased/
decreased connectivity in
patients with PD with
complete or severe loss of
olfaction.

[31]

DWI of the
putamen

PD, MSA-P, and healthy
controls marked differences
in putaminal ADC maps
among patients. Putaminal
ROIs denote descending
regional ADC values.
Adapted from Ref. [32].

Putaminal regional ADC
Patients with MSA-P
ADC median = 0.791 � 10�3 mm2/s
Patients with PD
ADC median = 0.698 � 10�3 mm2/s
Healthy controls
ADC median = 0.727 � 10�3 mm2/s

[32]

DTI of the
putamen

Schocke et al. [33] provided
trace (D) imaging, which
appears to be more accurate
to separate patients with
MSA-P from patients with
PD, as rADC values in one
direction are dependent on
the slice orientation relative
to the directions of fiber
tracts.
The ADC maps in the y-
direction and z-direction
clearly show the bilateral
putaminal hyperintensity in

Putamen
Increased putaminal diffusivity: rADC in
the y- and z-direction as well as trace
(D) clearly show bilateral putaminal
hyperintensity.
Patients with MSA-P
rADC in the y-
direction = 1.011 � 0.196 � 10�3 mm2/s
rADC in the x-
direction = 0.750 � 0.180 � 10�3 mm2/s
Trace (D) = 0.926� 0.208� 10�3 mm2/s
Patients with PD
rADC in the y-
direction = 0.766 � 0.036 � 10�3 mm2/s

[33]
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Technique and
region

Diffusion MRI findings Key diffusion measures Reference

a patient with MSA,
indicating increased
putaminal rADCs and rTrace
(D) values. The putaminal
hyperintensity is poorly
demarcated on the ADC map
in the x-direction.

rADC in the x-
direction = 0.591 � 0.0058� 10�3 mm2/s
Trace (D) = 0.718 � 0.030 � 10�3 mm2/s
Healthy controls
rADC in the y-
direction = 0.769 � 0.025 � 10�3 mm2/s
rADC in the x-
direction = 0.637 � 0.071 � 10�3 mm2/s
Trace (D) = 0.745 � 0.024 � 10�3 mm2/s

DTI of white
matter

Significant differences
between patients with MSA-
P and patients with PD.

White matter
Patients with MSA-P
rADC in the y-
direction = 0.833 � 0.067 � 10�3 mm2/s
(P = 0.004)
Patients with PD
rADC in the y-
direction = 0.769 � 0.052 � 10�3 mm2/s
(P = 0.004)
Healthy controls
rADC in the y-
direction = 0.733 � 0.039 � 10�3 mm2/s
(P = 0.004)

[33]

DTI of the caudate
nucleus

Significant differences in
trace (D) of the caudate
nucleus between patients
with MSA-P and patients
with PD.
The caudate nucleus also
shows significant differences
in the rADC in the y-
direction between patients
with MSA-P or PD and
healthy controls.

Caudate nucleus
Patients with PD
Trace (D) = 0.725
� 0.035 � 10�3 mm2/s
Patients with MSA-P
Trace (D) = 0.802
� 0.125� 10�3 mm2/s
Patients with PD
rADC in y-direction = 0.808
� 0.043� 10�3 mm2/s
Patients with MSA-P
rADC in y-direction = 0.914
� 0.120� 10�3 mm2/s
Healthy controls
rADC in y-direction = 0.823
� 0.051� 10�3 mm2/s

[33]

DTI of the globus
pallidus

Significant differences:
1. rADC between patients
with MSA-P or PD
patients and healthy
controls for the z- and x-
directions.

2.Trace (D) between
patients with MSA-P or
PD and healthy controls.

Globus pallidus
Patients with MSA-P
rADC in the z-direction = 0.829
� 0.109� 10�3 mm2/s
Patients with PD
rADC in the z-direction = 0.737
� 0.049� 10�3 mm2/s
Healthy controls
rADC in the z-direction = 0.798
� 0.068� 10�3 mm2/s
Patients with MSA-P
rADC in the x-direction = 0.879
� 0.120� 10�3 mm2/s
Patients with PD
rADC in the x-direction = 0.736
� 0.108� 10�3 mm2/s

[33]

228

Parkinson’s Disease – Animal Models, Current Therapies and Clinical Trials



Technique and
region

Diffusion MRI findings Key diffusion measures Reference

Healthy controls
rADC in the x-direction = 0.721
� 0.092� 10�3 mm2/s
Patients with MSA-P
Trace (D) = 0.802
� 0.125� 10�3 mm2/s
Patients with PD
Trace (D) = 0.725
� 0.035� 10�3 mm2/s
Healthy controls
Trace (D) = 0.747
� 0.034� 10�3 mm2/s

DWI of the SCP
ADC differentiates
between patients
with PSP and
patients with PD

SCP
Patients with PSP
Median rADC = 0.98 � 10�3 mm2/s
Patients with MSA-P
Median rADC = 0.79 � 10�3 mm2/s
(P < 0.001)
Patients with PD
Median rADC = 0.79 � 10�3 mm2/s
(P < 0.001)
Healthy controls
Median rADC = 0.80 � 10�3 mm2/s
(P < 0.001)

[34, 35]

DTI of the
putamen in
patients with
MSA-P

Putaminal trace (D) in
patients with MSA-P has
been mapped at the level of
the mid-striatum. The
diffuse hyperintensity
corresponding to increased
trace (D) in the putaminal
region of the patient with
MSA [36].

The patient with MSA
Putamen
Trace (D) >0.80 � 10�3 mm2/s
Posterior putamen
Trace (D) >0.80 � 10�3 mm2/s

[37]

DWI of the middle
cerebellar peduncle
to differentiate
between patients
with MSA-P, PSP
or PD

Increased middle cerebellar
peduncle rADC. The images
show patients with MSA
without cruciform
hyperintensity and patients
with MSA with cruciform
hyperintensity [37].

Increased middle cerebellar peduncle
rADC differentiates patients with MSA-
P from patients with PSP and PD.
Patients with MSA-P
Median rADC = 0.93 � 10�3 mm2/s
(P < 0.001)
Patients with PSP
Median rADC = 0.82 � 10�3 mm2/s
Patients with PD
Median rADC = 0.79 � 10�3 mm2/s
(P < 0.001)
Healthy controls
Median rADC = 0.81 � 10�3 mm2/s
(P < 0.001)

[38]

DWI of the middle
cerebellar peduncle
and rostral pons to
differentiate
between patients
with MSA-P, PSP,

The optimal cut-off level to
discriminate patients with
MSA-P from patients with
PSP was a middle cerebellar
peduncle rADC of
≥0.733 � 10�3 mm2/s
(sensitivity = 91%,

Increased rADC in the middle cerebellar
peduncle and rostral pons in patients
with MSA-P compared with patients
with PSP or PD.
Pons (caudal):
Patients with PSP
rADC = 0.785 � 0.090 � 10�3 mm2/s

[39]
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Technique and
region

Diffusion MRI findings Key diffusion measures Reference

or PD (caudal and
rostral)

specificity = 84%).
ADC measurements may
have been utilized as
surrogate markers in trials of
disease-modifying
medications [38].

Patients with MSA
rADC = 0.845 � 0.133 � 10�3 mm2/s
Patients with PD
rADC = 0.771 � 0.101 � 10�3 mm2/s
Healthy controls
rADC = 0.763 � 0.079 � 10�3 mm2/s
Pons (rostral):
Patients with PSP
rADC = 0.745 � 0.110 � 10�3 mm2/s

DWI of the
putamen and SCP

Significantly higher SCP
ADC in patients with PSP
compared with patients with
CBS or PD and healthy
controls.
The median ADC in the
higher-valued hemisphere
was significantly increased
in patients with CBS.
The hemispheric symmetry
ratio in patients with CBS
was lower than in patients
with RS or PD and healthy
controls.

Putaminal ADC provides good
discrimination between patients with PD
and patients with APD (RS and CBS).
Patients with CBS
0.77 (0.75–0.79) � 10�3 mm2/s
Patients with RS
0.75 (0.74–0.79) � 10�3 mm2/s
Patients with PD
0.72 (0.71–0.73) � 10�3 mm2/s
Healthy controls
0.70 (0.69–0.71) � 10�3 mm2/s

[35]

DTI of the pons,
cerebellum, and
putamen to
differentiate
between patients
with MSA-P and
patients with PD.

FA and ADC detected early
pathological involvement
prior to magnetic resonance
signal changes in patients
with MSA-P. Early FA
reduction and ADC increase
are likely to be associated
with subtle early
degenerative processes in
patients with MSA-P.

Increased ADC in the pons, cerebellum,
and putamen, and reduced FA in
patients with MSA compared with
patients with PD and healthy controls.
FA
Pons = 0.38
Cerebellum = 0.30
Putamen = 0.35
ADC
Pons = 0.98 � 10�3 mm2/s
Cerebellum = 0.96 � 10�3 mm2/s
Putamen = 0.83 � 10�3 mm2/s
Sensitivity and specificity of FA:
70.0% and 100.0% in the pons; 70.0%
and 63.6% in the cerebellum; and 70.0%
and 87.5% in the putamen.

[40]

DTI in patients
with an implanted
deep brain
stimulation (DBS)
device.

DTI is safe and delineation
of the white matter pathway
is feasible for patients with
PD and an implanted DBS
device.

The FA of the left SN was significantly
lower than that of the right SN (P < 0.05
in both DBS-on and DBS-off states)

[41]

Dopamine
transporter
imaging

The neuromelanin value was
significantly lower and the
diffusion tensor values
except FA were significantly
higher in the RBD and PD
groups than in the healthy
group.
Diffusion MRI detects
nigrostriatal changes in RBD
and early PD.

Neuromelanin/mean diffusivity value.
Patients with RBD
SNpc = 0.76/0.82
Patients with PD
SNpc = 0.83/0.80

[42]
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Technique and
region

Diffusion MRI findings Key diffusion measures Reference

Conventional MRI
DTI of the SN

The reduced volume of the SN in the
patient with PD is attributable to iron
deposition.
FA was lower in the patient with PD
than in the patient without PD (0.425 vs.
0.581), indicating a loss of neuronal
integrity.

[43]

DTI of the SN and
middle cerebellar
peduncle.

FA was increased in all three
subareas of the SN.

FA was increased in the three nigral
subareas in patients with PD (P < 0.01).
The right SN had higher FA than the left
in all subareas (P < 0.01).
The left middle cerebellar peduncle had
increased FA (P < 0.001).

[44]

DWI of the
putamen.

Putaminal diffusivity
measurements to distinguish
MSA-P from PD.

Prominent neuronal loss in the putamen;
structural damage in the putamen would
lead to enhanced diffusivity.
Meta-analysis showed an overall
sensitivity of 90% and specificity of
93%.

[29]

DTI of the rostral,
middle and caudal
SN and cerebral
peduncle

Assessment of FA in the
rostral, middle, and caudal
regions of the SN.
SN distinguishes early-stage
de novo patients with PD
from healthy controls.

Decreased FA in the caudal part of the
substantial nigra with increased
sensitivity and specificity even between
individual subjects.
Rostral region
t = 1.5; P = 0.12
Middle region
t = 3.7; P = 0.001
Caudal region
t = 11.9; P = 0.00001

[20]

DTI of the SN The FA is decreased in the
nigrostriatal projection in
parkinsonian patients, even
during the early clinical
stages

Decreased FA in the ROI along a line
between the SN and the lower part of the
putamen/caudate complex in patients
with PD, even during the early clinical
stages of the disease.
FA in patients with PSP was decreased in
most of the ROIs except for those in the
neostriatum of parkinsonian patients
showed a significant decrease in FA of
the subthalamic ROI beside the SN.
FA in the white matter of the premotor
cortices was significantly smaller in
patients with PSP or advanced PD
compared with healthy controls.

[45]

DTI of the SN, red
nucleus, and
cerebral peduncle

FA was reduced in the rostral SN of
subjects with early-stage PD.

[46]

DWI of the SN
with increased iron
(R2)

Reduction of FA inside the SN in
patients with PD demonstrated a high
correlation with an increase in iron.

[47]

DTI of the SN with
increased iron (R2)

Differences between
patients with PD and
controls from voxel-based
analysis of R2, mean

Reduction of FA inside the SN
demonstrated a high correlation with an
increase in iron in patients with PD.

[48]
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Technique and
region

Diffusion MRI findings Key diffusion measures Reference

diffusivity, and FA maps
[48].

DTI of the SN FA in the SN based on DTI was lower in
patients with PD compared with healthy
controls.

[49]

DTI of the SN Decreased FA in the SN is associated
with the increased motor in patients
with PD.

[50]

DTI of the SN Decreased FA in the SN is associated
with the increase of motor symptoms in
patients with PD.

[21]

Abbreviations: ADC: apparent diffusion coefficient; APD: atypical parkinsonism diseases; CBS: corticobasal syndrome;
DBS: deep brain stimulation; DTI: diffusion tensor imaging; DWI: diffusion-weighted imaging; FA: fractional
anisotropy; MSA: multiple system atrophy; MSA-P: multiple system atrophy with predominant parkinsonian features;
PD: Parkinson’s disease; PSP: progressive supranuclear palsy; rADC: regional apparent diffusion coefficient; RBD: rapid
eye movement sleep behavior disorder; ROI: region of interest; RS: Richardson’s syndrome; rTrace (D): regional trace (D);
SCP: superior cerebellar peduncles; SN: substantial nigra; Unified Parkinson’s Disease Rating Scale (UPDRS). AC:
anterior commissure; CN: caudate nucleus; Ctr: age matched normal subjects as control; GP: globus pallidus; GPe: globus
pallidus lateral segment; GPi: globus pallidus medial segment; PC: posterior commissure; PD12: Parkinson’s disease in the
early-stage group; PD345: Parkinson’s disease in the advanced stage group. ROI: region of interest; SN: substantia nigra;
SNc: substantia nigra pars compacta; SNr: substantia nigra pars reticulate; STN: subthalamic nucleus; VL: nucleus
ventralis lateralis.

Table 3.
Biomarkers in the diagnosis of PD and APD.

Figure 9.
DWI, 43-year-old patient PD, male (made by the authors).

Figure 10.
Superior cerebellar peduncles (SCP) on the ROI map from 43-year-old patient PD, male. Adapted from results
with interesting ROI (made by the authors).

232

Parkinson’s Disease – Animal Models, Current Therapies and Clinical Trials



Figure 11.
Adapted from results with putaminal ROI from 43-year-old patient PD (made by the authors).

Figure 12.
ROIs in the pons (A), cerebellum (B), and putamen (C). Adapted from Ito et al. [40].

Figure 13.
DWI image in a 66-year-old-patient without PD (A), an axial slice of the midbrain shows a delineated SN (black
circle), showing well-defined cleavage with the red nucleus (white circle). In a 68-year-old patient with PD (B),
an axial slice of the midbrain on susceptibility-DWI shows a poorly delineated. Adapted from Oliveira et al. [43].

Figure 14.
Anterior, middle, and posterior SN in a 43-year-old patient PD (Adapted from results by the authors).
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Figure 15.
The overall specificity of putaminal diffusivity to discriminate MSA-P from PD. Adapted from Bajaj et al. [29].

Figure 16.
Anatomy of the extrapyramidal system in the paramedian sagittal view (A). Fibers of nigro-neostriatal projection,
which are selectively lost in PD, are illustrated by black lines originating from the SN. FA images are derived from
diffusion tensor images (B–D). FA in the extrapyramidal system of normal subjects and patients (E). Adapted
from Ref. [45].

Figure 17.
Axial sequences depicting the SN and red nucleus (blue arrow) from a 43-year-old patient PD (adapted by the
authors).
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4. Conclusion

Diffusion MRI, including isotropic and anisotropic techniques, has become
increasingly important in the evaluation and diagnosis of patients with PD, and even

Figure 18.
Image illustrating the location of the SN in T2-weighted images (A) and the co-registered ROIs on the R2* (B) and
FA (C) maps on both axial (top row) and coronal (bottom row) sections. Adapted from Du et al. [47].

Figure 19.
ROIs of gray matter structures: (A) substantia nigra (sn), (B) caudate (c), putamen (p), globus pallidus (gp), and
(C) thalamus (t), drawn on axial diffusion tensor DTI images on the FA map. Adapted from Chan et al. [49].

Figure 20.
Significant voxel-wise correlations (P < 0.05, corrected) between decreased FA and increased total UPDRS scores
were detected in the white matter at the level of the SN. Adapted from Zhan et al. [21].
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in other neurodegenerative diseases. The most common quantitative biomarkers are
ADC and FA. Moreover, diffusion MRI has the advantages of being noninvasive,
repeatable, and quantifiable, and has the ability to localize damage. It is likely that
neuroimaging methods will become important research techniques in the area of bio-
markers in future. In conclusion, the parameters estimated with diffusion MRI in
patients with moderate-stage PD can distinguish between patients with PD or APD
and healthy controls.
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