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    FOREWORD


  




  

    Although neurosurgery is one of the youngest surgical specialties, it is also the one that has undergone the most dramatic progress in recent years. As neurosurgery interfaces with other surgical areas, in particular ear, nose, throat specialty (ENT), ophthalmology and orthopedic surgery, new subspecialties have aroused such as: otoneurosurgery, neuro-ophthalmology and neuro-orthopedic spinal surgery. More particularly, new surgical approaches have appeared thanks to the improvements made in the areas of medical devices, imaging and information technology.





    Nonetheless, surgery of the nervous system and the spine still has to face therapeutic challenges, including the incurability of most cerebral tumors, low back pain and its socioeconomic impact, as well as the neurodisability associated with the evolution of a large number of afflictions of the nervous system. These challenges can only be addressed through a new technological revolution.




    For instance, Huntington's disease (HD) is an incurable neurodegenerative genetic disorder manifesting in adulthood and causing motor, psychiatric and cognitive disturbances. It is caused by a mutation in the huntingtin gene (htt), which at first leads to the degeneration of striatal GABAergic neurons and then to other neuronal areas. This mutation (mhtt) is involved in repression of several neuronal genes, particularly brain-derived neurotrophic factor. The use of trophic factors, targeting particularly BDNF in a neuronal protection strategy, may be particularly relevant for the treatment of HD where genetic screening can identify individuals at risk, providing a unique opportunity to intervene early in the onset of striatal degeneration.




    The "NBIC convergence" (convergence between Nanotechnology, Biotechnology, Information technology and Cognitive sciences) is a concept that appeared in 2002, in a report from the National Science Foundation. This concept appeared following a reflection on the potential impact of this convergence in the improvement of human capabilities, both at the individual and societal level. While this new concept, in particular its potential applications, has generated a philosophical and ethical debate, it has already been a source of progress in health technologies.




    For the first time, this e-book aims to depict the state of the art using nanotechnologies as a promising tool for therapy and diagnosis of neurodegenerative diseases. It focuses on anatomy and pathology of the main related-diseases, and gives a clear overview of the last advances in the so-called nanomedicine as to target the blood brain barrier or to image the brain defects accurately. All main issues linked to the development of new nanomedicine platforms (liposomes, targeting molecules, nanoconjugates…) and their fate, in vivo, (biopharmaceutical performances, interaction with biological media, toxicity…) are clearly presented with a translational approach.




    This e-book gives the reader a perfect overview of this very exciting field of medical research. It is intended to help scientists, technologists, and students who may use or need to use some aspects of nanomedicine in their work or who wish to be trained in this emerging and promising area of investigation.




    

      Frank Boury & Philippe Menei


      INSERM U1066,


      University & University hospital, Angers, France

    


  




  




  




  

    PREFACE


  




  

    The era of nanomedicine is claimed to be effective now, in these years. But we experiment that is not true, in the field of medicine in particular. Obviously, there is a plethora of papers published in the major scientific and highly impacted journals, but it is not enough to claim clearly that medical application of nanotechnology is currently on the edge of technological approaches.




    Considering the brain, there are several pathological changes affecting the Central Nervous System (CNS): neurodegenerative (Alzheimer’s, Parkinson’s, retinal degeneration), neurological/neuropsychiatric (epilepsy, amyotrophic lateral sclerosis, autism), brain tumors (gliomas, astrocytomas, etc.) and rare neurometabolic disorders (i.e. inherited Lysosomal Storage Diseases), all considered major contributors to human death. Neurological disease management deeply impacts on patients health, care providers activity and represents a substantial socio-economic burden. Due to the absence of targeted and cost-effective therapies and limited diagnostic tools, the costs to the national health systems are high.




    For disease management, it is fundamental to achieve a deeper understanding of basic neurobiology underlying each distinct disorder and as an urgent unmet need, to develop novel targeted therapeutic strategies. Nanomedicine represents a powerful new approach providing novel carriers to deliver drugs to specific sites in the brain as well as to other organs (lung/liver/ breast/ tumor sites). Only a joint multidisciplinary research coordination effort can facilitate the full development of nanomedicine as valuable treatment and diagnosis strategy for these diseases.




    This book provides for the first step in order to “fill in the blanks” with a part of aspects which should be considered in order to produce and propose a real and applicable nanomedicine for the cure of neurodegenerative disorders and neurological diseases.




    With critical behavior and with deep knowledge, scientists of high experience and skills in their field of research or clinical settings analyzed different aspects of nanomedicine for brain delivery and targeting of drugs.




    From the bases of neurodegenerative diseases as anatomy and pathology of brain disorders, this book opens to wide overview of the applications of nanosystem to brain disorders, addressed by means of application of nanomedicines to neuronopathic lysosomal storage disorders, or by the application of nanoparticles to target mitochondria in neurodegenerative diseases. Drug delivery to the brain by liposomal systems along with nanotopography sensing are also approached, together with the targeting of nanomedicine in mucopolysaccharidoses and brain compromission, along with the validation of drug nanoconjugates in vivo. Finally, safety aspects and benefit/risk focus is given by means of analysis of protein corona affecting the in vivo efficiency of polymeric NPs and neuroendocrine aspects of nanoparticles into neurodegeneration.
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      Abstract




      Neurodegenerative diseases are debilitating conditions that result in progressive degeneration and death of neuronal cells. One of the hallmarks of neurodegenerative diseases is the formation of protein aggregates. Progressive accumulation of similar protein aggregates is recognized as a characteristic feature of many neurodegenerative diseases. Particularly in Parkinson’s Disease (PD), aggregated forms of the protein α-synuclein (α-syn); and in Alzheimer's Disease (AD) and cerebral amyloid angiopathy (CAA), aggregated Aβ amyloid fibrils form the basis of parenchymal plaques and of perivascular amyloid deposits, respectively. In Amyotrophic Lateral Sclerosis (ALS), the RNA-binding protein TDP-43 is prone to aggregation. The focal aggregates at early disease stages later on result in the spreading of deposits into other brain areas and many neurodegenerative diseases display a characteristic spreading pattern. Here, we will summarize the anatomy and pathology of the predominant neurodegenerative diseases focusing on AD and PD and review their clinical manifestation to highlight the urge of novel therapeutic strategies. Additionally, given that development of treatments requires suitable animal models, the most commonly used model systems are introduced and their pathology compared to the human situation is mentioned briefly. Finally, possible drug targets in neurodegenerative diseases are discussed.
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      INTRODUCTION




      The foundation for the definition of modern neurological disease entities was laid in the middle of the 19th century when Jean-Martin Charcot tried to relate - at this time mysterious - clinical phenotypes toneuro-anatomical findings. In post mortem studies, he demonstrated such a relation for Amyotrophic Lateral Sclerosis (ALS) and Multiple Sclerosis (MS). Subsequently, the increasing interest in therapeutic approaches, including disease modification and prevention, fueled the interest in longitudinally studies that formally assess disease pathology. To that end, the use of molecular markers for a specific pathology such as synuclein for Parkinson´s Disease (PD) and tau for Alzheimer´s Disease (AD) became a useful tool to describe the pre-symptomatic and symptomatic stages of a disorder. Findings from these studies led to the current understanding of the pathology of neurodegenerative diseases, which is characterized by an initiation- and propagation phase of the disease process.




      Today, the term “Neurodegenerative disease” is used for a wide range of conditions primarily affecting neurons in the brain and spinal cord. Given the inability of neurons to perform cell division and to replace themselves, progressive neuronal cell death is an irrevocable and, over time, cumulative process. The most prominent examples of neurodegenerative diseases include Parkinson’s, Alzheimer’s, Huntington’s Disease (HD) and Amyotrophic Lateral Sclerosis (ALS). Neurodegenerative diseases may be hereditary or sporadic conditions.




      Ongoing neuronal loss ultimately leads to problems with movement (called ataxias), or mental functioning (called dementias). With approximately 60-70% of cases, AD represents the greatest burden within the group of dementias. Other neurodegenerative diseases are Prion Disease, Multiple Sclerosis, Spino-cerebellarataxia (SCA) or Spinal Muscular Atrophy (SMA). However, hundreds of different disorders fulfill the criteria for a neurodegenerative disease.




      Currently, the life expectancies of the general populations in both developed and developing countries are increasing, which affect the prevalence of neurodegenerative disorders (Table. 1). This creates an enormous socio-economic burden with a total cost of hundreds of billion Euro per year in Europe alone [1].




      

        Table 1 Age and gender specific prevalence rates (%) of dementia and PD in Europe [2].




        

          

            

              	



              	Dementia



              	Parkinson

            




            

              	Age group (years)



              	♂



              	♀



              	♂



              	♀

            


          



          

            

              	65-69



              	1.8



              	1.4



              	0.7



              	0.6

            




            

              	70-74



              	3.2



              	3.8



              	1



              	1

            




            

              	75-79



              	7



              	7.6



              	2.7



              	2.8

            




            

              	80-84



              	14.5



              	16.4



              	4.3



              	3.1

            




            

              	85-89



              	20.9



              	28.5



              	3.8



              	3.4

            




            

              	>90



              	32.4



              	48.8



              	2.2



              	2.6

            


          

        




      




      Thus, research in the field of neurodegenerative disorders and the translation of the findings in this area to novel treatment strategies are an urgent and important goal. Fortunately, in recent years, our understanding of the anatomy and pathology of neurodegenerative diseases have made good progress.


    




    

      CLINICAL REPRESENTATIONS




      

        Alzheimer's Disease




        AD is a progressive neurodegenerative disorder, which is described as the most common form of dementia nowadays. It was first described in 1907 by the German psychiatrist and neuropathologist Dr. Alois Alzheimer after observing a 55 years old patient named Auguste Deter. In general, AD patients suffer from disturbances in cognitive function or information processing like reasoning, planning, language & perception; which lead to a significant decrease in the quality of life. Besides other factors, age is the main contributing factor (Table. 1) where 30% of individuals aged more than 85, develop the disease. A new case of AD is diagnosed worldwide every 7 seconds [3] and it is estimated that at least 34 million people will be suffering from AD by 2025, in both industrialized and developing countries [4].




        

          Core Features of AD




          AD can be divided into two groups based on the onset of the disease- early onset AD and late onset AD. In early onset, the disease occurs before the age of 65 and in late onset, the disease occurs after 65. Most of the patients are usually late onset as early onset accounts for only around 5% of the total disease occurrence. However, studies show that early onset AD is associated with high mortality and morbidity whereas late onset is much more common with less morbidity and mortality [5]. The disease progression of early onset AD is often predictable and it is possible to express the stage numerically using scales like Global Deterioration Scale [6] or Clinical Dementia Rating Scale [7]. The symptoms usually start around the age of 70. Patients show impairment in memory, problem solving, planning, judgment, language and visual perception. Some also suffer from hallucination and delusion. Eventually, the condition worsens and the patients are unable to carry out normal day-to-day functions and become bed-ridden. They need extensive palliative care and often die of other medical conditions [8-10].


        




        

          Symptoms & Diagnosis of AD




          The accuracy of diagnosis has increased many-fold since 1970. Today, it is possible to diagnose AD with more than 90% accuracy. However, except for brain autopsy, there is currently no definitive way to diagnose AD. To differentiate AD accurately from other forms of dementia, physicians rely on neuroimaging, psychiatric assessments, laboratory assessments and various other diagnostic tools.




          Since 1984, AD has been diagnosed according to the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) [11]. Such diagnosis can state the patient as probable, possible and definite case of AD. Probable AD is diagnosed based on clinical syndromes like progressive decline in memory for at least six months. Possible AD is diagnosed if memory disturbances are increased and most often, if a second disease contributes to the dementia syndrome. However, memory disturbances can be accompanied by other cognitive disturbances resulting in diverse types of clinical symptoms like aphasia, visuospatial disturbances, or posterior cortical atrophy. Often AD patients are diagnosed via reduced verbal fluency or difficulty in generative naming tasks like producing as many flower names as possible in one minute. They might have difficulty in performing normal daily or familiar tasks and often confuse time or passage. Sometimes patients show spatial disorientation, or do not recognize familiar places. Patients might also have trouble in understanding color and contrast, judging distances, making decisions, placing the right things in the right places etc. Such symptoms are often accompanied by alteration in the metabolism in different brain regions, which can be diagnosed by neuroimaging techniques like Positron Emission Tomography (PET) [12-15].




          Additionally, Computerized Tomography (CT) and Magnetic Resonance Imaging (MRI) are performed to show any abnormality in the structure of the brain. Structural MRI can be used to detect brain atrophy, whereas functional MRI can be used to detect normal neuronal activity or any task-induced activity [16]. Nowadays, PET is often performed to identify a change in the blood flow to the brain. Both PET and Single-Photon Emission Computed Tomography (SPECT) can be used to investigate neurotransmitters and metabolic changes in different brain regions [13].




          There are some other neuropsychiatric symptoms that accompany AD while the disease progresses like depression, disinhibition, delusion, hallucination, agitation, anxiety and aggression [13]. Such psychiatric symptoms may or may not correlate with cognitive impairments. However, studies have shown that the cognitive disturbances worsen rapidly in AD patients with psychosis compared to AD patients without psychosis [17-21]. Patients suffering from both AD and depression exhibit greater impairment in terms of memory, language, attention, and other functions than patients suffering from AD only. Post mortem brain tissue analysis often shows that AD patients suffering from mood changes have reduced norepinephirne and serotonin levels in cortical regions [22, 23].




          Currently, there are no reliable biomarkers available that can be used to diagnose the disease or predict the progression of the disease. However, there are a few molecules whose measurement can be useful to increase the specificity of the diagnosis. For example, several molecules such as amyloid β (Aβ), cholesterol, and homocysteine can be detected in plasma, although such detection might not be consistent between patients. Due to the relatively free transport between cerebrospinal fluid (CSF) and brain, biomarkers extracted from CSF can be assessed as a measurement of their brain levels. Therefore, Aβ, total tau and phosphorylated tau extracted from CSF can provide a valuable insight on pathological changes in the brain.




          In post mortem tissues, Aβ senile plaques and neurofibrillary tangles are observed in AD brain. Aβ plaques are historically named after the repetitive β-sheet pattern of the filamentous peptides. Upon staining with congo red or thioflavin, the Aβ plaques are doubly refractive and can be viewed under polarized light. However, plaques and tangles can also be found in normal individuals who have not been diagnosed with dementia. Typically, AD is diagnosed once the abundance of plaques and tangles has reached a certain threshold. An intermediate state between normal cognition and dementia has been termed Mild Cognitive Impairment (MCI). People suffering from MCI have a higher chance of developing AD in later stage of life.


        


      




      

        Parkinson’s Disease




        Parkinson's disease is one of the multi-factorial neurodegenerative disorders. James Parkinson first described the symptoms with involuntary tremor in his essay entitled “An Essay on the Shaking Palsy” in 1817 and later the disease was named after him by Jean Martin Charcot, the father of modern neurology [24]. The prevalence of PD depends on the age. Around 1% of the population is affected at the age of 65, which increases to 4-5% at the age of 85 years. PD prevalence is around 15-19 in per 100,000 people [25, 26]. The median onset of disease is 60 years and the mean duration from disease diagnosis to death is 15 years. The striatum, which is at the center of the regulation of movement control, is depleted of the neurotransmitter dopamine accompanied by progressive neuronal death in PD patients. Therefore, the most prominent and common features of PD are involuntary movement while resting, rigidity, bradykinesia, and postural instability. All these symptoms are collectively termed “parkinsonism”. Besides PD, the symptoms of parkinsonism have been associated with some other neurodegenerative disorders like dementia with Lewy bodies, Multiple System Atrophy, Frontotemporal Dementia with parkinsonism [27]. The hallmark of PD is the loss of dopaminergic neurons in the substantia nigra of the brain and the presence of Lewy bodies in the remaining intact neurons. However, recently it has been observed that degeneration of the substantia nigra can occur even without Lewy bodies.




        

          Symptoms & Core Features of PD




          Usually the first disease symptoms are impairment in dexterity and slowness in movement. Often such early motor symptoms are overlooked and the diagnosis occurs several years after the first appearance of such symptoms. Sometimes patients suffer from insomnia and hyposmia (the reduced ability to smell and to detect odors). In the later stages of disease progression, the face becomes expressionless, the speech becomes monotonous, and the posture becomes flexed. Freezing of the gait can occur occasionally. Patients might require assistance in dressing, eating, feeding or getting out of the bed. Constipation, chewing and swallowing, drooling of saliva and incontinence in urine are common complaints [24, 28-31].




          Besides these symptoms, there are many non-motor symptoms in patients suffering from PD such as cognitive decline, psychiatric disturbances, autonomic failure, sleep disturbances and pain syndrome [32]. Indeed, the non-motor symptoms are more associated with the decrease in quality of life and life expectancy as well as the desire for treatment and the cost of caretaker compared to the motor symptoms. Anxiety, depression, apathy and schizophrenia are the most common psychiatric symptoms of PD. Patients suffering from depressive disorders are more likely to develop PD than the healthy control group [33, 34]. In the late stages of PD, dementia is very common [35].


        




        

          Diagnosis of PD




          Around 80% of the patients suffering from parkinsonism develop PD later in life. However, a definite diagnosis requires post mortem tissue analysis. The brains from the patients suffering from PD show depigmentation of the substantia nigra as well as the presence of Lewy bodies [36]. When investigating a patient, certain movements are assessed such as the time required to undress, whether the face is expressionless, or whether it takes time to show any expression, the speech lacks rhythm and melody, or whether repetitive finger or foot tapping occurs. The most popular test is rapid repetitive finger tapping of the index finger on the thumb for 20 seconds. Furthermore, bradykinesia can be confirmed by reduction of speed and amplitude on sequential motor tasks. Another symptom of PD is slow, pill rolling tremor of the hands in resting state (4-6 cycles per second) [24]. The Queen Square brain bank (QSBB) has outlined the symptoms and diagnosis of PD (Table 2). These are the most commonly used symptoms for the diagnosis of PD.




          

            Table 2 QSBB clinical diagnosis criteria for PD.




            

              

                

                  	Step 1. Diagnosis of Parkinsonian Syndrome


                  • Bradykinesia


                  • At least one of the following


                  ▪ Muscular rigidity


                  ▪ 4-6 Hz rest tremor


                  ▪ postural instability not caused by primary visual, vestibular, cerebellar, or proprioceptive dysfunction

                




                

                  	Step 2. Exclusion criteria for Parkinson’s disease


                  • history of repeated strokes with stepwise progression of parkinsonian features


                  • history of repeated head injury


                  • history of definite encephalitis


                  • oculogyric crises


                  • neuroleptic treatment at onset of symptoms


                  • more than one affected relative


                  • sustained remission


                  • strictly unilateral features after 3 years


                  • supranuclear gaze palsy


                  • cerebellar signs


                  • early severe autonomic involvement


                  • early severe dementia with disturbances of memory, language, and praxis


                  • Babinski sign


                  • presence of cerebral tumor or communication hydrocephalus on imaging study


                  • negative response to large doses of levodopa in absence of malabsorption


                  • MPTP exposure

                




                

                  	Step 3. Supportive prospective positive criteria for Parkinson’s disease


                  Three or more required for diagnosis of definite PD in combination with step one


                  • Unilateral onset


                  • Rest tremor present


                  • Progressive disorder


                  • Persistent asymmetry affecting side of onset most


                  • Excellent response (70-100%) to levodopa


                  • Severe levodopa-induced chorea


                  • Levodopa response for 5 years or more


                  • Clinical course of ten years or more

                


              

            




          




          When any individual is diagnosed with PD, already a significant amount of neurons in the substantia nigra has degenerated. Therefore, there is an urge to develop biomarkers that can detect PD in early stages. For example, the levels of α-synuclein in CSF, blood, urine, saliva, and the gastrointestinal tract are increased in PD patients [37-39]. Several neuroimaging techniques can provide valuable information of the brain regions like Single Photon Emission Tomography (SPECT), Positron Emission Tomography (PET), Magnetic Resonance Imaging (MRI) and Transcranial Sonography (TCS) [40]. However, often, the information provided are not conclusive enough.


        


      




      

        Amytropohic Lateral Sclerosis




        Amylotropic Lateral Sclerosis (ALS) is the most common adult onset motor neuron disease. In USA, this disease is often referred to as Lou Gehrig's Disease, named after a famous baseball player suffering from the disease. In Europe, 2-3 individuals in every 100,000 persons are diagnosed with ALS. The typical phenotype is progressive paralysis with loss of bulbar and limb function, and eventually death by respiratory failure. Usually 60% of patients die within 2-3 years of disease onset [41]. Unlike other neurodegenerative disorders i.e. Alzheimer's Disease or Parkinson's Disease, the risk of developing ALS is high between the age of 50 and 75; after this age, the chances of developing ALS are low [42-44].




        

          Core Features of ALS




          The patients can be suffering from an array of motor symptoms like limb symptoms (majority of the patients manifest this), bulbar dysfunction or respiratory-onset disease [42]. Weight loss and impairment in emotional ability have also been reported. Features with the combination of upper and lower motor neurons are detected in neurological examinations like spasticity combined with wasting and fasciculations [45]. Usually the sensory abilities remain normal.




          Cognitive impairment and change in behavior are also very common in patients suffering from ALS. However, such changes also occur in other neurodegenerative disorders like Frontotemporal Dementia. Therefore, the identification of such changes is often inconclusive in terms of the diagnosis of ALS. Behavioral changes are sometimes observed by spouses or close relatives, which, however, is usually not reflected in formal diagnostic tests. Verbal fluency may be impaired and a simple 2 minute word generation test can identify a probable patient. These features should be studied in details in order to identify the disease conclusively [46-48].


        




        

          Symptoms & Diagnosis of ALS




          Some features of ALS overlap with those of other disorders like Frontotemporal Dementia (FTD), Kennedy Disease (Spinobulbar Muscular Atrophy), or Multifocal Motor Neuropathy. It is often hypothesized that a shared environmental and genetic susceptibility might be responsible for such neurodegenerative disorders. Diagnosis of ALS is made based on internationally recognized consensus criteria, which diagnose ALS after excluding conditions that can mimic ALS. An ALS Functional Rating Scale can predict the severity and estimate survival time of the patient. The phenotypes of ALS can be classified based on bulbar-onset and spinal-onset disease. These phenotypes can be further classified based on upper and lower motor neuron involvement such as Primary Lateral Sclerosis (PLS), Progressive Muscular Atrophy (PMA) and Progressive Bulbar Palsy. The diagnostic phenotypes for ALS include both upper and lower motor neuron degeneration whereas PLS patients only suffer from upper motor neurons symptoms, PMA patients suffers from lower motor neurons phenotypes, and progressive bulbar palsy is diagnosed as a lower motor neuron (more specifically cranial nerves) phenotype.




          The El Escorial criteria were developed to diagnose ALS for research and clinical trial purposes in 1994 by the World Federation of Neurology. Later, some modifications were done in order to be more specific [49, 50]. A definite diagnosis of ALS is based on the identification of lower motor neuron degeneration validated by clinical, electrophysiological or neuropathological examination; evidence of upper motor neuron degeneration by clinical examination and progression of motor syndrome within a regions or to other regions. However, these criteria are often criticized to be over-restrictive and inappropriate for the regular diagnosis.




          Thus, currently there is no definite test to diagnose ALS. Routine investigations include the measurement of erythrocyte sedimentation, liver functions, thyroid functions, serum and urine protein electrophoresis, and electrolytes. In some specific ethnic groups, some other tests are done i.e. beta hexoaminidase activity in Ashkenazi Jewish people [50]. Besides these tests, there are electrodiagnostic studies. Electromyography can be used to identify the loss of lower motor neurons, and unaffected brain regions [51]. It is possible to identify fasciculation, spontaneous denervation discharges (hallmark of ongoing motor neuron loss) and polyphasic units (indicative of re-innervation) [52]. At least 5% of the familiar cases of ALS follow a Mendelian pattern. Therefore, it is possible to identify a mutation in the responsible gene using genetic testing. The most useful neuroimaging technique for ALS is MRI. MRI of the brain and spinal cord can distinguish similar diseases from ALS [53]. Diffusion tensor imaging, voxel-based morphometry and resting functional MRI can be used for cross-sectional and longitudinal studies of ALS.


        


      


    




    

      Anatomy and Pathology




      

        Initiation and Progression




        The pathology of neurodegenerative diseases is characterized by an initiation- and propagation phase of the disease process. In line with the early ideas of Oskar and Cecilie Vogt on selective vulnerability (“Pathoklise”), initiation might be localized to a specific cell population and pathology propagated following higher order connectivity.




        Progressions of Aβ and tau deposition in Alzheimer's Disease as well as α-synuclein (α-syn) inclusion aggregation in Parkinson's Disease are reported to follow the so-called Braak stages. Using these molecular markers, symptomatic and pre-symptomatic stages can be described [54, 55], showing that neurodegenerative diseases are characterized by a continuous, systematic spreading of the pathology, which initiates at a disease-specific focus. In particular, the spreading pathology is characterized by the tracking of the specific pathological marker protein deposits and aggregates throughout the brain (Fig. 1). Several factors may contribute to the mechanisms underlying initiation and propagation of abnormal proteins that will be discussed below. However, clearly, processes regulating protein turnover and degradation of modified proteins are essential in preventing accumulation of toxic products.




        Once neurodegenerative processes are triggered, or even contributing to this process, activated microglia and astrocytes, together with other cells, cause a neuroinflammatory response at sites of protein-aggregate insults. Inflammation is a common feature in neurodegenerative diseases. It is the primary response of the innate immune system to damage and invasion.




        

          Alzheimer’s Disease




          The pathology of AD is characterized on histological level by the presence of cerebral Aβ deposits, neuritic plaques (NP), neurofibrillary tangles (NFT), and neuropil threads (NT) [56]. Considering the distribution of neurons presenting intracellular NFTs and the severity of neurofibrillary pathology, six stages (NFT stages) can be distinguished [54]. Additionally, the deposition of Aβ plaques seems to occur throughout the brain in a hierarchical pattern. This makes it possible to stage plaque expansion in five phases of disease propagation.




          In phase 1, Aβ deposits are found exclusively in the neocortex, while in phase 2, additional involvement of all cortical brain regions can be seen. In phase 3, Aβ accumulations can be found additionally in diencephalic nuclei, the striatum, and the cholinergic nuclei of the basal forebrain. In phase 4, several brainstem nuclei become involved. Finally, in phase 5, cerebellar Aβ deposit occur. Progression through the stages correlates with clinical features such as gradually developing intellectual decline [57].
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Fig. (1))


          Spreading of pathology detectable by molecular markers for AD (Tau, Aβ), PD (α-syn), and ALS (TDP-43) over time. Aβ aggregates (senile plaques) in patients with AD are found and their occurrence can be used to distinguish five stages of disease progression (see text). NFT pathology is similarly spreading in a specific pattern and thus categorized in six Braak stages (see text). α-syn inclusions in brains of patients with PD invade the vagal nerve dorsal nucleus and spread through the brain stem nuclei into the basal ganglia to finally affect the neocortex. TDP-43 inclusions in brains of patients with ALS initially appear in agranular motor cortex and might spread to the bulbar motor nuclei and anterior horn cells of the spinal cord. Later, precerebellar, striatal and hippocampal nuclei are affected. Arrows indicate the putative spread of pathological proteins (data based on [73]).



          Since many years it is known from studies in animal models that Aβ propagates within the brain and it has been shown that the formation of Aβ aggregates can be induced in Aβ-producing mice upon intracerebral injection of Aβ plaque-containing AD brain tissue [58-61]. This also holds true for the second hallmark of AD, the tau pathology. For example, it was shown that after injections of exogenous tau aggregates, a tauopathy can be induced in wild type animals [62]. Moreover, propagation of tau was observed in vivo after intracerebral injection of human aggregated tau protein into tau transgenic animals [63].




          The six stages of progression of NFTs (so-called Braak stages) can be distinguished by first NFTs appearing in the transentorhinal (perirhinal) region (stage 1) and subsequently in the entorhinal cortex proper, followed by the CA1 region of the hippocampus (stage 2). In stage 3, NFT pathology is found in limbic structures such as the subiculum of the hippocampal formation, progressing to the amygdala, thalamus, and claustrum (stage 4). Finally, NFTs develop in all isocortical areas, where associative areas are affected first (stage 5), followed by the primary sensory, motor, and visual areas (stage 6). In addition, NFTs may accumulate in the striatum and substantia nigra during the later stages [54, 64, 65].


        




        

          Parkinson’s Disease




          In PD, aggregates of α-synuclein (α-syn), the major component of Lewy bodies and Lewy neurites, are the basis of spreading patterns in the brain described during disease progression, although the pathology may start outside the central nervous system (CNS). A recent hypothesis points to the gastrointestinal (GI) tract and the enteric nervous system (ENS) as site of „initiation“. Spreading of the pathology then follows the structure of the vagal nerve, invades its dorsal nucleus, and propagates through the brain stem nuclei into the basal ganglia to finally affect the neocortex [66]. In parallel, α-synpathology also shows a pattern that hints towards an additional descend from the nucleus of the vagus into the spinal cord [66, 67].




          The hierarchical pattern of progression suggests a cell-to-cell transmission of α-syn as the basis for spreading. Thus, interconnected neuronal pathways may transmit pathological α-syn species. However, release of α-syn by extracellular vesicles has been additionally reported. Extracellular vesicles released from many cell types are capable of carrying mRNAs, miRNAs, noncoding RNAs, and proteins [68].




          Similar to AD, in PD patients, the intracerebral formation of Lewy bodies and Lewy neurites follows a specific pattern in the brain and thus specific stages, also termed Braak stages, have been proposed [55]. In PD, 6 stages are defined based on the presence of Lewy bodies and Lewy neurites. Stages 1, 2 and 3 are usually present in the pre-symptomatic phase of PD, while the symptomatic phase is characterized by stage 3, 4, 5 and 6. In particular, in stage 1, lesions occur in the dorsal glossopharyngeal/vagal motor nucleus and in the anterior olfactory nucleus. Along with this, a “Lewy pathology” can be found in the enteric nervous system. In stage 2, the pathology found in the anterior olfactory nucleus progresses to areas of the brain stem including the caudal raphe nuclei, gigantocellular reticular nucleus, and the coeruleus–subcoeruleus complex that might also already be affected in stage 1.




          In stage 3, additionally midbrain lesions, mostly in the substantia nigra pars compacta, can occur. In stage 4, the prosencephalon and the temporal mesocortex (transentorhinal region) and allocortex (CA2-plexus) are affected in addition but not the neocortex, which, however, is involved in stage 5 with pathology in sensory association areas and prefrontal neocortex. Finally, in stage 6, lesions in further sensory association areas, and pre-motor areas are found.




          The progressive accumulation of α-syn aggregates in individuals with PD correlates well with the decline in motor and/or cognitive function [69].


        




        

          Other Neurodegenerative Disorders




          The sequential and continuously progression of motor deficits and pareses over the body as clinical symptom of ALS patients hints already to a possible underlying pathology similarly spreading throughout the CNS. Although in ALS, the molecular marker that can be selected to describe this process is less clear compared to AD and PD, the continuous spreading of the protein TDP-43 in the CNS may mirror some of the stages observed in disease progression [70, 71]. Although it is currently not known where TDP-43 aggregation begins in very early stages of disease; the initiation of the CNS pathology might occur in the agranular motor cortex and rapid spreading via monosynaptic pathways into the bulbar motor nuclei and the anterior horn cells of the spinal cord can be seen. In later stages, again via monosynaptic pathways, precerebellar, striatal and hippocampal nuclei are affected. In parallel, the molecular neuropathology continuously spreads via cortical association fibers into the frontal cortex and the post-centralgyrus [72].


        




        

          Brain Morphology, Cellular Pathology and Neurobiology of the Disease




          The progressive involvement of different and distant brain structures in the progression of neurodegenerative diseases has been recently linked to the spreading of protein deposits within the CNS which is based on transport of a pathogenic protein from site to site and progressive invasion of specific neuronal networks. Aβ, α-syn and TDP-43 pathology in AD, PD and ALS, respectively, affect neuronal structures in the brain with a stereotyped pattern of progression.




          The regional focality of lesions might account for the distinctive characteristics in patients with neurodegenerative disorders. Although the attributes of focal distribution of lesions will initially lead to specific pathologies, a “pseudo-diffuse” pattern of lesions in the end stages of the diseases might lead to the characteristic global symptomatology.




          A number of cellular mechanisms underlying the observations of initiation and progression of the pathology in neurodegenerative disorders have been proposed [74, 75]. For example, an interaction of neuronal dysfunction and molecular pathology such as neurofibrillary tangles and senile plaques will ultimately lead to a loss of neurons and synapses.




          In addition to intrinsic properties of the characteristic proteins for the disorder aggregating (Fig. 2) and spreading throughout the CNS, disease progression (aggregation and propagation of the marker protein) is likely modulated by excitotoxicity, inflammation, alterations in trace metals or other mechanisms.
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Fig. (2))


          Examples for pathological protein aggregates found in neurodegenerative disorders. A) Amyloid beta immunostaining showing senile plaques (left) and fibrillary tangles (hyperphsophorylated tau) visible in Hematoxylin and Eosin staining (right). B) α-synuclein immunostaining counterstained with Mayer's Hematoxylin showing Lewy bodies. C) Immunostaining of spinal cord sections for total TDP-43 shows immunoreactivity of cytoplasmic aggregates additional to nuclear TDP-43.

        




        

          Alzheimer’s Disease




          The pathogenesis of AD is characterized by Aβ deposition in the form of senile plaques and by changes in the content of modified forms of Aβ (N-terminal-truncated and pyroglutamate modified (AβN3pE) and serine-8-phosphorylated (pAβ)) within these aggregates. Additionally, the presence of intracellular neurofibrillary tangles made up of hyperphosphorylated tau protein is a hallmark of AD (Table 3). Cerebral amyloid angiopathy is also a frequent feature in AD. Furthermore, so-called Hirano bodies can be found in the hippocampal formation. Regarding the gross anatomical features of AD, cortical atrophy affecting the medial temporal lobes but mostly sparing the primary motor, sensory, and visual cortices, can be observed. This thinning of cortical structures may lead to a dilated appearance of the lateral ventricles.




          A prominent feature in AD is neuronal loss and synapse loss that largely parallel tangle formation, although it is currently under debate whether tangles are causative factors in these processes. In AD, the characteristic loss of neurons, neuropil, and synaptic elements is the best molecular correlate for the observed cognitive decline of patients. The underlying pathological features, such as amyloid plaques can be found throughout the cortical mantle, while fibrillary tangles are found primarily in limbic and association cortices [76].




          The neurobiology of AD is not fully understood. Of the two kinds of abnormal, pathological structures observed in the post mortem brain from AD patients, one is intracellular (microtubule-associated hyper-phosphorylated tau protein) and the other one is mainly extracellular (amyloid based neuritic plaques). Amyloid plaques are composed of Aβ peptide, which is a product of cleaved Amyloid Precursor Protein (APP).




          

            Table 3 Pathological hallmarks of AD.




            

              

                

                  	Pathology



                  	Description

                


              



              

                

                  	Amyloid plaques



                  	Extracellular deposits of Aβ. Amyloid plaques are commonly found in the cortex of AD patients. Amyloid plaques can be subdivided into dense-core plaques and diffuse plaques. Dense-core plaques are typically surrounded by dystrophic neurites, reactive astrocytes and activated microglial cells. Diffuse plaques are usually nonneuritic.

                




                

                  	Cerebral amyloid angiopathy



                  	Aβ deposits in leptomeningeal arteries and cortical capillaries, as well as small arterioles and arteries. Severe can cerebral amyloid angiopathy can weaken the wall of blood vessels and lead to hemorrhages.

                




                

                  	Neurofibrillary tangles



                  	Intracellular aggregates of hyperphosphorylated tau. Extracellular tangles can occur as remainder of dead neurons.

                




                

                  	Neuropil threads



                  	Segments of neurons (axonal and dendritic) bearing hyperphosphorylated tau resulting from neurofibrillary tangles.

                


              

            




          




          

            Amyloid Precursor Protein (APP) Gene




            Aβ has been established at the center of the pathology in AD. However, the physiological role of APP and its association with AD is not conclusive. The coding region of APP consist of 18 exon spanning in 290 kbp region. Exon 16 and 17 code for Aβ [77]. Human APP is mainly expressed in the brain. However, there are other splice variants available with different protein length [78]. APP695, the most common form with 695 amino acids is mainly expressed in hippocampal neurons, whereas APP770 (with 770 amino acids) is mainly expressed in microglia, astrocytes and oligodendrocytes [79].




            Structurally, APP is a type 1 transmembrane protein, which can be structurally and functionally sub-divided into several domains (Fig. 3). The ectodomain can be subdivided into ectodomain 1 (E1) & ectodomain 2 (E2) which are linked via an acidic amino acid rich domain. E1 can be further subdivided into several sub-domains, including a growth factor domain that can bind heparin; as well as a tightly interacting copper binding domain and a zinc - binding domain. In the E2 domain, there is a growth-promoting factor binding domain, heparin binding domain as well as other glycosylation and carbohydrate attachment sites. In the vicinity of transmembrane region, the cleavage sites for three secretase - enzymes is found [80, 81].
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Fig. (3))


            Schematic representation of the domain architecture of APP. APP is a transmembrane protein. The extracellular part can be subdivided into ectodomain 1 and 2, linked by an acidic region. In the vicinity of the transmembrane domain the three cleavage sites of alpha, beta and gamma secretase are found. In addition, there are binding sites for copper and zinc in the ectodomain as well as in the Aβ peptide. There is also a heparin - binding domain in ectodomain 1 and other carbohydrate attachment sites in ectodomain 2 (not shown).

          




          

            APP Processing and Aβ Generation




            APP is synthesized in the endoplasmic reticulum, later glycosylated at the Golgi apparatus and exocytosed at the cell membrane. The processing of APP is mediated and controlled by several enzyme complexes and signaling molecules. When APP is cleaved by gamma and beta secretase, the resulting fragments are APP intracellular domain (AICD), soluble APP beta (sAPPβ) and Aβ with 39-42 amino acids. The AICD fragment can interact with transcription factors like Fe65 or Tip60 and thereby participate in gene regulation. The longer Aβ peptide has a higher tendency to form aggregates. On the other hand, when APP is processed via the non-amyloidogenic pathway, then gamma and alpha secretases cleave APP, resulting in AICD, soluble APP alpha (sAPPα) and P3 fragment for which the function is still unknown. Both sAPPα and sAPPβ play role in cell survival, neuronal excitability, synaptogenesis and synaptic plasticity, neurite outgrowth, and neuronal excitability (Fig. 4) [82].




            Under normal physiological condition, Aβ40 is generated which can be degraded easily. However, in the brain of the AD patient, most of the produced Aβ is Aβ42 which has a higher tendency to become fibrilized and insoluble, and therefore, resistant to degradation.




            The size of neurite plaques ranges between 10 and 120 µm in cross sectional diameter [83]. As a peptide, Aβ has an amphipathic nature. Amino acids 12-14 at the C-terminal are hydrophobic, therefore the cleavage site at the C-terminus is within the vicinity of the transmembrane region. In aqueous solution, Aβ40 can remain in random coil for longer periods than Aβ42. Aβ42 has a tendency to form β-sheets rapidly [84]. There are several levels of structural hierarchy in Aβ plaque formation starting from dimers, trimers, to small oligomers, protofibrils, fibrils, and finally plaques. Each intermediated structure is distinct in terms of neurotoxicity [85]. The minimal concentration for Aβ40 to form such a fibril is 10-40 µM, which is five times higher compared to the minimal concentration for Aβ42.
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Fig. (4))


            Generation of Aβ by APP processing. In the non-amyloidogenic pathway, APP is cleaved by alpha and gamma secretases resulting in P3 fragment, APP intracellular domain (AICD), and soluble APP alpha (sAPPα). In amyloidogenic pathway, APP is cleaved by beta and gamma secretases, thus yielding Aβ peptide with 39-42 amino acids, AICD and sAPPβ. AICD can interact with transcription factors, thus has a role in gene expression. Both sAPPα and sAPPβ have neuroprotective function. Aβ40 can easily be degraded, while Aβ42 is prone to form oligomers and fibrils.



            The Aβ peptide is thought to exhibit neurotoxicity via oxidative stress, membrane and ion channel disruption, alteration in cellular process like inflammation, and apoptosis [85]. There is debate over the cytotoxicity of soluble and aggregated Aβ. Recent studies have favored the soluble form of Aβ as the source of synaptotoxicity in AD [86], which might be mediated by changes in the balance between long-term potentiation (LTP) and long-term depression (LTD) in dendritic spines. In contrast, Aβ aggregates can act as a site for neuro-inflammation and such immunological reactions may contribute to synapse loss [87]. Astrocytes proliferate and microglial cells become activated as part of an inflammatory response in areas surrounding senile plaques [88]. However, while there is strong evidence that inflammation contributes to neuronal death in AD, the precise role of microglia in AD pathology is currently not well understood.


          




          

            Zinc Amyloid Hypothesis




            Upon synaptic activation, zinc stored in presynaptic glutamatergic (zincergic) terminals is released into the synaptic cleft where the concentration may reach as much as 300 µM. Due to N-Methyl-D-Aspartate receptor (NMDAR) mediated activation, postsynaptic copper transporter ATP7a also releases copper into the synaptic cleft where the concentration reaches around 15µM [89]. In addition, Aβ peptide is also released constitutively via the cleavage of APP in response to neuronal activity. Thus, the synapse is the major site, where Aβ can interact with zinc and copper ions (Fig. 5) [90].




            Aβ can bind a maximum of 2.5 mole metal ions. Zinc loaded Aβ is resistant to degradation. The amyloid plaques act as metal sink and the metal ions reach abnormal high concentrations (Cu: ~400 µM, Zn: ~1 mM, and Fe: ~1 mM) [91]. The zinc mediated Aβ aggregation is reversible using zinc chelators [92]. However, both loss of zinc by chelators or sequestration in amyloid plaques lead to a reduction in the pool of physiologically active zinc. In line with this, ZnT3 knock-out mice exhibit age-dependent learning and memory deficits thought to represent synaptic and memory deficits of AD [93].




            The zinc amyloid hypothesis can explain certain aspects of AD. Aβ peptides may aggregate only in cortical and neocortical regions in the brain despite being broadly expressed due to the fact that the zinc ion concentration is highest in these regions. Moreover, rats and mice have specific alterations in the zinc and copper binding amino acid sequence in Aβ, rendering the peptide insensitive to the metals. Therefore, they develop plaques only upon expression of human APP (see animal models below). Further, female mice have higher expression levels of ZnT3 which may be associated with increased zinc levels. Correlating with this, female transgenic mice expressing human APP show greater Aβ pathology. In addition, Lee et al. showed that preamyloid Aβ aggregates do not develop into congophilic plaques in the cerebellum of APP transgenic mice where synaptic vesicular zinc is not present [94].




            Histochemically reactive zinc is present in olfactory bulb, cerebral cortex and the limbic areas that correlate with the regional distribution of plaques. Plaque load is diminished and the ratio of soluble/insoluble Aβ increases in hAPP+:ZnT3-/- mice which further indicates that synaptic zinc has a pivotal role in shifting the equilibrium of plaque accumulation [95].
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Fig. (5))


            Zinc amyloid hypothesis. Zn is released with glutamate in high concentrations from presynaptic glutamatergic terminals into the synaptic cleft upon neuronal activation. The zinc transporter protein ZnT3 is primarily responsible for loading Zn into the synaptic vesicles. Copper also plays a role in regulating synaptic function as it is released from the post-synaptic side of the cleft following NMDAR activation, facilitated by trafficking by ATP7a. Under normal physiological condition, the concentrations of the free metals are kept low due to buffering by metallothioneins and uptake by astrocytes. Aβ is released in the synaptic cleft via APP cleavage. Because of the metal binding sites, Aβ binds copper and zinc. In AD brains, the high concentration of Aβ-Zn/Cu species leads to the formation of senile plaques.

          




          

            Tau




            In the damaged brain region of AD patients, abnormal neuronal function and death are promoted by the loss of synaptic proteins via dysregulation of cytoskeletal components. The most common cytoskeletal component associated with this is the microtubule associated protein tau. Hyperphosphorylated tau protein is very poorly soluble. Therefore, filamentous inclusions are observed in the diseased brain. Interestingly, the severity of dementia in AD patients correlates with the amount of tau tangles, rather than Aβ plaques [96]. The amyloid cascade hypothesis, proposed in 1991, attempts to explain the correlation between Aβ and tau [97]. In this hypothesis it is assumed that tau acts a mediator of Aβ plaques with leads to neuronal loss. Later the hypothesis was modified and intracellular calcium was added as a central element [98]. Imbalance in calcium homeostasis leads to hyperphosphorylation of tau and later neurodegeneration. Due to hyperphosphorylation, tau aggregates are transformed to a paired helical form, which disrupts microtubule dynamics [99].




            Tau as a protein plays important role in neuronal regulation via binding to microtubules which is essential for microtubule assembly and stability. The phosphorylation of tau protein is mediated by several kinases and phosphates such as glycogen synthase kinase 3β (GSK3β), cyclin dependent kinase (CDK5), and ERK [100, 101]. GSK3β is able to cause memory deficit via phosphorylating tau on multiple sites and inhibiting LTP [102]. Some other phosphatases can dephosphorylate hyperphosphorylated tau protein and thus can rescue the effect. One such phosphatase is PP2A [103, 104]. Thus activation of GSK3β and inhibition of PP2A create a vicious cycle that can rapidly induce the accumulation of hyperphosphorylated tau protein. Phosphorylation of tau can mislocalize it into dendritic spines and thus might cause synaptic deficit [105]. Moreover metal ions like Fe play a role in tau aggregation.




            The accumulation of hyperphosphorylated tau protein can also be found in some other neurodegenerative diseases like corticobasal degeneration (CBD), Niemann-Pick type C disease, Down syndrome, frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17) [106]. Besides Aβ and tau, further protein aggregates associated with neurodegenerative diseases other than AD are found sometimes in the AD brain. One such protein is prion protein. Prion protein might be required for Aβ induced inhibition of LTP.


          


        




        

          Parkinson’s Disease




          Aggregation of α-syn occurs as a nucleation-dependent process [107], meaning that the polymerization is greatly accelerated by the presence of even very small quantities of already aggregated or fibrillar α-syn that is able to serve as nucleation site. The pathological form of α-syn consists of oligomers and fibrils rich in β-sheets. The conversion of the original α-helical structure to the β-sheet rich fibril is a key step in the pathogenesis of PD. It has been speculated that α-syn might display prion-like activities, which might be involved in the conversion [108]. β-sheet rich α-syn was shown to be the major component of Lewy bodies and Lewy neurites both in sporadic PD, dementia with Lewy bodies. Under physiological conditions, α-syn is soluble but also forms filamentous aggregates that resemble the ultrastructural elements of Lewy bodies. However, α-syn mutations associated with familiar PD exhibit accelerated filament formation [109]. Further factors have been proposed mediating the conversion of α-syn into a β-sheet conformation followed by fibrillogenesis and aggregation. For example, post-translational modifications and oxidative stress seem to be promoting factors. Indeed, oxidative stress induced by iron overload seems to result in preferential aggregation of β-sheet rich α-syn. Furthermore, the concentrations of fatty acids, phospholipids, and metal ions were shown to induce and/or modulate α-syn oligomerization [110]. Thus, it is likely that in addition to genetic abnormalities, environmental factors might trigger α-syn pathology (see below).




          Abnormal degradation of α-syn can be caused by interference with the three mechanisms: chaperone-mediated autophagy, macroautophagy, and the ubiquitin-proteasome. Impairment of these pathways might lead to alternative clearance mechanism for α-syn that ultimately may result in a release of α-syn from the cell. Indeed, a number of studies suggest that a specific conformation of α-syn is released into the extracellular space [111, 112] and taken up and transported by neighboring cells. This increased release to the extracellular space could provide a basis for the spreading of the protein to different brain regions [113]. In addition, α-syn aggregates may display pathogenic actions also in the extracellular milieu.




          

            α-synuclein




            The α-syn protein plays important roles in cognitive function in the brain. It is expressed throughout the CNS and mostly localized to the presynapse. Although its exact function is currently not fully elucidated, it has been suggested that α-syn interacts with neurotransmitters, lipids, carbohydrates, membrane bound receptors, and other proteins in the brain in order to control synaptic membrane processes and to participate in the process of neurotransmitter release. The latter might be mediated by interactions with members of the SNARE family.




            α-syn consists of 140 amino acids (14.5 kDa) and is highly conserved in vertebrates. Two further family members, β- and γ-synuclein, have been described. The α-syn protein contains three distinct regions. The amino-terminal sequence (residues 1–60) harbors a highly conserved hexamer motif similar to that found in the amphipathic helices of apolipoproteins. Mutations associated with familiar forms of PD such as A30P, A53T, and E46K are found in this part of the protein. The central NAC (non-amyloid-β component) region (residues 61–95) contains two additional motifs and possesses high hydrophobicity. It is this region that is able to change the conformation to a β-sheet structure. The third, C-terminal region (residue 96–140) plays a role in the regulation of aggregation and fibril formation. Inappropriate cleavage of the C-terminal part of α-syn might affect dopamine homeostasis in PD given that the C-term interacts with dopamine [114] (Fig. 6).
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Fig. (6))


            Schematic representation of α-syn. The N-terminal region from amino acids (AA) 1–60 is responsible for α-syn interaction with membranes. Repeats of hexamer motifs can be found in this domain. Point mutations of α-syn associated with PD are indicted (A30P, E46K, and A53T). AA 61-95 represent the central region, termed NAC (non-β amyloid component). The hydrophobic portion of the protein is involved in aggregation processes by folding into a β-sheet secondary structure. The C-terminal domain (AA 96–140) contains acidic residues and several negative charges. Serine at position 129 in this region is phosphorylated in Lewy bodies.



            Once β-structures are formed, the α-syn protein is harder to degrade compared to the protein forming α-helixes. Thus, removal of α-syn by the proteasome system is impaired which might lead to the cellular accumulation of misfolded proteins. Misfolded proteins usually are exported from the endoplasmic reticulum (ER) to the cytosol. An accumulation in the ER may lead to chronic ER stress and trigger cell death cascades [115].




            In addition, α-syn might confer cellular toxicity through the permeabilization of membranes. Oligomers might be able to interfere with cellular membranes to form pore-like structures, resulting in abnormal ion influx with consequent neurodegeneration.


          




          

            Mitochondria in PD




            Besides ER stress, proteasome impairment, and/or the disruption of the plasma membrane, α-syn in its oligomeric state may cause mitochondrial dysfunction and oxidative stress [116, 117]. For example, wild-type as well as mutated α-syn (A53T) were shown to localize at mitochondria in vitro. There, overexpression of α-syn resulted in the release of cytochrome c. Indeed, the expression of α-syn (wild-type or A53T) leads to excess of mitochondrial Ca2+, which might initiate apoptotic pathways via activation of caspases [117].




            α-syn may regulate mitochondrial fission by directly interacting with the mitochondrial membranes. It has been speculated that this process might be accompanied by a decline in respiration. This decline may be underlying the selective vulnerability of neurons in the substantia nigra pars compacta given that they have been identified as very “energy-demanding”. This demand is based on an extended axonal field and number of synapses per axon that are high compared to that of other neurons.




            Additionally, the expression of mutated α-syn (A53T) increased the intracellular level of reactive oxygen species (ROS) and by that causes oxidative stress. Oxidative stress in general is caused by an imbalance of the levels of ROS produced in the cell and the ability of the system to detoxify the reactive intermediates. In neurons but also glial cells, ROS can be generated from several sources. For example, direct interactions between redox-active metals and oxygen species or indirect pathways involving the activation of enzymes such as nitric oxide synthase (NOS) or NADPH oxidases may generate ROS. The superoxide anion radical (O22-), the hydroxyl radical (*OH), and hydrogen peroxide (H2O2) are ROS abundantly found in organisms [118].




            The electron transport chain found at mitochondria is the major contributor. Thus mitochondrial dysfunction, but also the metabolism of dopamine, Neuromelanin, Glutathione, lipids, iron, neuroinflammation, and calcium are involved in mechanisms generating ROS. For example, dopamine itself is an unstable molecule that undergoes auto-oxidation forming free radicals. In addition, neuroinflammation leads to the activation of microglia. Microglia generate superoxide and nitric oxide, which in turn contribute to oxidative and nitrative stress in the brain.




            Special attention has been given to the role of iron in oxidative stress in PD. Iron ions (Fe2+/Fe3+) can generate ROS by reacting directly with superoxide and hydrogen peroxide, generating the highly reactive hydroxyl free radical. Intriguingly, abnormal, progressive deposition of iron and increased concentration of free iron have been reported in specific brain regions in PD (Fig. 7).
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Fig. (7))


            Mechanisms generating oxidative stress in PD. DA = dopamine; ROS = reactive oxygen species; UPS = ubiquitin-proteasome system; GSH = glutathione.



            However, oxidative stress is not specifically associated with PD only, but a common mechanism contributing to neuronal degeneration in several other neurodegenerative disorders such as AD, HD, and ALS.


          




          

            Brain Morphology in PD




            The loss of dopaminergic neurons in the substantia nigra pars compacta is one of the most prominent features of PD. This loss most likely is responsible for the characteristic motor symptoms seen in PD and results in the depletion of dopamine, which causes impairment in dopaminergic neurotransmission. The appearance of non-motor symptoms in turn is linked to the degeneration of non-dopaminergic systems following the propagation and accumulation of Lewy bodies in different brain regions.




            The main anatomical changes found in PD can be divided into three different areas: mesencephalic (loss of dopaminergic neurons), basal ganglia (dopaminergic depletion) and cortical (functional reorganization) [119]. Abnormalities in the substantia nigra can be detected using 7 Tesla MRI and diffusion tensor MRI. In addition, magnetisation transfer can visualize a loss of melanin in the substantia nigra. In advanced stages of PD, cortical atrophy of the frontal or temporal lobe can be seen. The medial temporal lobe atrophy may be responsible for memory dysfunction seen in PD. However, the first regions to be affected by atrophy in PD seem to be the parietal cortex, the putamen, and the inferior-posterior midbrain [120] based on imaging studies.


          


        




        

          Amyloid Lateral Sclerosis




          ALS mainly affects lower motor neurons in the brainstem and ventral horn of the spinal cord and upper motor neurons in the cortex. These neurons establish the corticospinal tract, which descends through the lateral spinal cord. The defining pathology in the majority of ALS patients is the presence of neuronal aggregates of TDP-43 (43-kDa TAR DNA-binding protein). Mutations in TDP-43 can cause rare forms of familial ALS, but also most sporadic cases of ALS show abnormalities in TDP-43 location and function such as nucleo-cytoplasmic redistribution, post-translational modification and cytoplasmic aggregation of TDP-43. Additionally, a small subgroup of ALS patients is characterized by the aggregation of other proteins, such as SOD [121].




          Mutations in the SOD1 gene are found in about 20% of the familiar cases of ALS. SOD1 is an ubiquitously expressed enzyme that catalyzes the conversion of superoxide free radicals to hydrogen peroxide. The latter is subsequently further detoxified to water and oxygen by other enzymes. Currently, the mechanism through which mutant SOD1 induces motor neuron degeneration is not well understood and several models have been proposed [122]. Given that SOD1 is an important enzyme in the defense against superoxide anions, increased protein damaged by oxidation that might lead to increased excitotoxicity is discussed as possible patho-mechanism. Alternatively, oxidative stress may be caused by mitochondrial dysfunction. An abnormal recruitment of mutant SOD1 to the mitochondrial compartment has been reported in a cell- and tissue-specific manner that may result in reduced energy production and increased free radical generation, interference with mitochondrial Ca2+ buffering, and/or initiation of apoptosis [122].




          Another model for the patho-mechanism of SOD1 mutations focuses on the feature of mutant SOD1 to form aggregates. Mutations in SOD1 may affect the folding and assembly of SOD1. Misfolding in turn initiates the so-called unfolded protein response (UPR), which leads to refolding of the protein or, in case this cannot be achieved, export of the protein from the endoplasmic reticulum (ER) to the cytosol (see above: α-syn in PD). There, ubiquitinated proteins are degraded by the proteasome system. However, mutant SOD1 has been found to accumulate in the ER and thus, to escape the transport to the cytosol [123]. This induces ER stress, and may exhaust the UPR response and/or proteasome system. Cytoplasmic misfolded SOD1 may additionally undergo unwanted protein-protein interactions or attach to mitochondrial membranes (see above), and aggregate forming higher molecular species and intracellular inclusions.




          Similarly, mutant TDP-43 proteins and misfolded TDP-43 were found to be mislocated, and abnormally processed and ubiquitinated in ALS. TDP-43 binds to various heterogenous nuclear nucleoproteins (hnRNPs), and under physiological conditions, is localized in the nucleus, where it plays a role in a variety of processes such as processing, stabilization and transport of RNA [124]. However, mutant and misfolded TDP-43are mainly found in the cytoplasm. Thus, mislocalization of TDP-43 may result in abnormal RNA metabolism. Intriguingly, another protein implicated in ALS, namely FUS (hnRNPP2), is an hnRNP. FUS plays a role in pre-mRNA splicing and the export of mRNA to, and transport within the cytoplasm [125]. In addition, FUS may be an inhibitor of DNA transcription especially in the context of DNA damage [126].




          Finally, the identification of expanded GGGGCC hexanucleotide repeats in the first intron located between the first and second non-coding exons of C9orf72, a ubiquitously expressed but highly enriched protein in neurons with largely unknown function, further links aberrant RNA processing with ALS [127]. Sense and antisense transcripts of the expanded repeat interact with various RNA-binding proteins and form nuclear structures. These so-called RNA foci sequester RNA-binding proteins, which leads to an impairment in their function. Furthermore, alternative modes of translation, occurring in the absence of an initiating codon, generate abnormal poly(GA), poly(GP), poly(GR), poly(PR), and poly(PA) - rich peptides (C9RAN proteins) that form neuronal inclusions. The inclusions may play a role as patho-mechanism in ALS [128].




          In ALS, an intriguing hypothesis postulates a prion-like propagation of misfolded proteins as possible mechanism of aggregation and spreading. Indeed, TDP-43 has a prion-like domain [129].




          Additionally, ALS candidate genes like TDP-43, Optineurin, FUS, SOD1, SQSTM1 and VCP may contribute to the initiation of inflammatory processes. Given that these proteins can all be associated with the capacity to increase NF-κB activity/activation [130, 131], NF-κB-mediated neuroinflammation caused by protein aggregates might be a common feature in ALS.
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