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Chapter 1

The Dopaminergic and Non-Dopaminergic Features of Parkinson's Disease

C. Warren Olanow1, Fabrizio Stocchi2, & Anthony E. Lang3

1Departments of Neurology and Neuroscience, Mount Sinai School of Medicine, New York, NY, USA

2Institute of Neurology, IRCCS San Raffaele Pisana, Rome, Italy

3Division of Neurology, University of Toronto, Toronto, ON, Canada

The dopamine story

Parkinson's disease (PD) is a common age-related neurodegenerative disorder, second only to Alzheimer's disease (AD). It is named in honor of James Parkinson, who provided a description of the disorder in his classic monograph written in 1817 [1]. Clinically, the disease is characterized by a series of cardinal motor features which include resting tremor, rigidity, bradykinesia, and gait impairment with postural instability. The hallmark pathologic features of the disease were described in the early twentieth century and are highlighted by degeneration of neurons in the substantia nigra pars compacta (SNc) coupled with proteinaceous Lewy bodies [2]. The presence of the brainstem dopaminergic system was first described by Dahlström and Fuxe [3]. The importance of dopamine depletion in the pathophysiology of PD was suggested in the late 1950s by Carlsson and colleagues, who showed that inhibition of dopamine uptake by reserpine led to a Parkinson-like syndrome in rabbits that could be reversed with the dopamine precursor levodopa [4]. Shortly afterwards, Ehringer and Hornykiewicz identified that there was a profound dopamine deficiency in the striatum of patients with PD [5]. It was subsequently established that dopamine is not simply a precursor in the norepinephrine pathway, but is itself a neurotransmitter that is manufactured in SNc neurons and transported to the striatum by way of the nigrostriatal tract.

Based on these observations, it was hypothesized that dopamine replacement might be an effective treatment strategy for PD. Dopamine itself does not cross the blood–brain barrier, so interest focused on the dopamine precursor levodopa, which can gain entry into the brain via the large neutral amino acid transport pathway and can then be decarboxylated to form dopamine. Initial studies in the early 1960s reported a dramatic benefit with small doses of levodopa [6], but these results were surprisingly difficult to confirm in early trials. It was not until the reports by Cotzias and co-workers in 1967 and 1969 that it was appreciated that consistent benefits could be obtained with relatively higher doses of levodopa [7,8]. These results were subsequently confirmed in double-blind trials [9], and the levodopa era had begun. Although levodopa provided benefit for the vast majority of PD patients, therapy was complicated by nausea and vomiting and could not be tolerated by as many as 50% of individuals. This problem was found to be due to the peripheral accumulation of dopamine and activation of dopamine receptors in the nausea and vomiting center of the brain (area postrema) that are not protected by the blood–brain barrier. This problem was resolved by administering levodopa in combination with a peripherally acting dopamine decarboxylase inhibitor [10], and levodopa today is routinely administered in combination with the decarboxylase inhibitor carbidopa (Sinemet®) or benserazide (Madopar®). Since its introduction, levodopa has been the standard of care for PD and has benefited millions of patients throughout the world. Virtually all patients improve, and benefits have been noted with respect to the classic motor features of the disease, quality of life, independence, employability, and mortality [11].

Levodopa-induced motor complications

Shortly after its introduction, it became appreciated that chronic levodopa therapy is associated with a series of motor complications, primarily comprised of fluctuations in motor response and involuntary movements or dyskinesias [12] (see Box 1.1). A review of the literature suggests that as many as 90% of patients who have received levodopa therapy for up to 10 years experience motor complications [13]. In severe cases, motor complications can be disabling and patients can cycle between “on” periods complicated by troublesome dyskinesias and “off” periods associated with severe parkinsonism and sometimes painful dystonia. This can result in severe disability for these patients and limit the utility of levodopa treatment.


Box 1.1 Levodopa-induced motor complications

Motor fluctuations


	Wearing-off episodes

	Delayed on

	No “on”

	On/off phenomenon



Dyskinesia


	Peak dose dyskinesias

	Diphasic dyskinesia

	Dystonia




The mechanism responsible for levodopa-induced motor complications in PD is not known. Levodopa does not cause motor complications in normal individuals, and the risk of their occurrence is increased with greater degrees of disease severity. Population studies and clinical trials indicate that motor complications are associated with the use of higher doses of levodopa [14,15], and they do not seem to be as troublesome today as they were a decade ago when physicians routinely employed higher doses. There is also evidence suggesting that the development of motor complications may relate to non-physiologic replacement of brain dopamine with standard formulations of levodopa [16]. In the normal state, SNc neurons fire continuously, striatal dopamine is maintained at a relatively constant level, and striatal dopamine receptors are continuously activated. With disease progression, as the striatum becomes progressively denervated, striatal dopamine levels become increasingly dependent on peripheral levodopa availability. Levodopa is typically administered to PD patients with a frequency of two to four times per day. As levodopa has a relatively short half-life (60–90 min), this intermittent administration of levodopa does not restore dopamine in a continuous and physiologic manner and leads to discontinuous or pulsatile stimulation of dopamine receptors. This in turn has been shown to result in molecular changes in striatal neurons, physiologic changes in pallidal neurons, and ultimately motor complications. It is now considered that the
 altered patterns of receptor stimulation by exogenously administered levodopa contribute to the development of motor complications in PD patients.

Over the past several decades, a number of interventions have been introduced to treat or prevent levodopa-induced motor complications by enhancing or prolonging the dopaminergic effect [17]. Dopamine agonists act directly on dopamine receptors and have longer half-lives than levodopa, MAO-B inhibitors block dopamine metabolism and increase synaptic dopamine concentrations, and COMT inhibitors block the peripheral metabolism of levodopa, thereby increasing brain availability of the drug. Each has been shown to reduce off-time in fluctuating patients. In addition, the early introduction of long-acting dopamine agonists reduces the risk of dyskinesia in comparison with levodopa and permits lower doses of levodopa to be employed. Surgical therapies that target nuclei within basal ganglia circuitry that have abnormal firing patterns associated with chronic levodopa treatment in PD have been shown to provide dramatic improvements for both motor fluctuations and dyskinesias [18]. Similar results have been reported with continuous infusion of dopaminergic agents such as levodopa and dopamine agonists [19,20], although these therapies have not yet been adequately evaluated in double-blind trials. It is noteworthy that no therapy has as yet been shown to provide anti-Parkinsonian benefits that are superior to what can be achieved with levodopa alone. Amazingly, 40 years after its introduction, levodopa remains the most effective symptomatic treatment for PD and the “gold standard” against which new therapies must be measured.

In the modern era, motor complications are not the problem they were a decade ago. This is related to the use of lower doses of levodopa, initiation of therapy with agents such as dopamine agonists that are less prone to induce motor complications, the availability of multiple medications that treat wearing-off effects, and surgical therapies that can control even severe motor complications. Research studies have examined the potential of dopamine cell transplantation or gene therapy strategies designed to restore the dopamine system in a physiologic manner, but benefits have not been observed in double-blind controlled studies and new research protocols continue to be explored. There is also an intensive effort to try to develop long-acting oral treatment strategies that can provide the benefits of levodopa without motor complications [21]. It is therefore realistic to consider that, in the not too distant future, we will be able to restore dopamine function to patients with PD and satisfactorily control the dopaminergic features of the disease for the vast majority of patients.

The non-motor and non-dopaminergic features of PD

Although treatment of the dopaminergic features has markedly changed the quality of life for most patients with PD, they continue to suffer from disability related to features that do not respond to levodopa. These are known as the non-dopaminergic features of PD because they likely relate to pathology that involves non-dopaminergic systems. It is now widely appreciated that pathology in PD involves more than just the nigrostriatal dopamine system. Neurodegeneration with Lewy bodies can be found in cholinergic neurons of the nucleus basalis of Meynert (NBM), epinephrine neurons of the locus coeruleus (LC), and serotonin neurons of the median raphe, in addition to neurons in the olfactory system, cerebral cortex, spinal cord, and peripheral autonomic nervous system [2,22]. Studies by Braak et al. based on α-synuclein immunostaining further suggest that in many PD patients pathologic changes occur in a progressive manner, beginning first in non-dopaminergic neurons of the dorsal motor nucleus of the vagus (DMV) and olfactory systems, involving dopamine neurons in the midbrain only in the mid-stage of the illness, and ultimately extending to involve the cerebral cortex in the later stages of the disease [23]. Although this precise sequence of Lewy pathology may not be found in all patients [24], and does not explain cases of dementia with Lewy bodies (DLB) where dementia is the presenting manifestation, it now seems likely that in most patients Lewy body pathology develops in non-dopaminergic regions of the nervous system before the dopamine system. Indeed, there is evidence of Lewy body pathology in autonomic neurons of the heart, gastrointestinal system, and cervical sympathetic ganglia in individuals with no clinical evidence of parkinsonism [25,26].

The non-dopaminergic clinical manifestations of PD are summarized in Box 1.2. These features, and particularly the non-motor manifestations, are frequently unrecognized and go untreated in as many as 50% or more of patients [27,28]. This is extremely relevant, as non-motor features have been shown to be a major determinant of the quality of life of PD patients and their caregivers [29–31]. In this respect, the 15 year follow-up from the prospective Sydney multicenter study is illuminating. Although 95% of patients experienced motor complications, it was the non-dopaminergic features of PD, such as falling, freezing, and dementia, that were the predominant causes of disability [32]. Indeed, 80% of surviving patients had experienced falls, with 23% suffering fractures, and 80% had dementia, with 50% being sufficiently severe to meet DSMIVR criteria. These non-dopaminergic features are also the main determinants of the need for nursing home placement [32–34] and survival [35,36] for PD patients.


Box 1.2 The non-dopaminergic features of PD


	Motor disturbances

	Gait dysfunction, freezing and postural instability

	Dysphagia

	Drooling




	Sensory disorders

	Pain and paresthesia

	Anosmia

	Visual discrimination defects

	Ageusia




	Autonomic dysfunction

	Orthostatic hypotension

	Gastrointestinal disturbances – constipation, incontinence

	Urinary impairment

	Sexual dysfunction

	Sweating




	Sleep disturbances

	Sleep fragmentation

	Excess daytime somnolence

	Vivid dreaming

	Insomnia

	REM behavior disorder

	RLS and periodic limb movements

	Sleep apnea




	Mood disturbances

	Depression

	Anxiety and panic attacks

	Apathy




	Neuropsychiatric

	Hallucinations, illusions, delusions

	Impulse control disorders




	Cognitive impairment and dementia

	Others

	Seborrhea

	Dry eyes

	Fatigue

	Diplopia

	Blurred vision

	Weight loss







The frequency with which non-motor features occur in PD is illustrated by recent studies which used newly developed questionnaires and scales to seek non-motor features in consecutive PD patients [37,38]. They illustrate that these symptoms occur far more frequently in PD patients than in age-matched controls, are present at the earliest stages of the illness, and gradually increase in number and severity over time in concert with the progression of the classical motor features of the illness. Different series show a broad range of prevalence of non-motor features in PD [35,37,39], probably due to the different methods used to assess and identify these features. It is estimated that between 50 and 100% of PD patients exhibit or are affected by non-motor features during the course of their disease [40]. In a cross-sectional population study, only 2.4% of PD patients reported not having non-motor symptoms, with milder PD patients reporting eight different types of symptoms compared with 12 in more severely affected patients [37]. Collectively, these studies illustrate the importance of non-dopaminergic and non-motor features in PD patients. The natural history of non-dopaminergic and non-motor features in PD is not well studied, and a large, longitudinal multicenter study is needed to assess formally the natural progression and risk factors for the development of these features in PD. The PRIAMO (PaRkInson And non Motor symptOms) study is ongoing and is expected to provide a better definition of the nature, extent, and relative importance of non-motor features in the PD population [41].

In keeping with the pathologic findings of Braak et al., there is also evidence suggesting that many non-dopaminergic features, such as anosmia, constipation, and REM behavior disorder, may antedate the development of the classical dopaminergic motor features of PD [42–44]. Langston has suggested that patients who experience this triad of non-dopaminergic features are not just at risk for developing PD, but may actually have an early form of the disease [45]. Indeed, neuroimaging studies in at-risk populations have shown reduced dopaminergic activity [46], suggesting they may well be in an early phase of the disease consistent with this hypothesis. Originally, the term “preclinical” features was applied to these symptoms, but recognizing that they likely represent the earliest clinical manifestations of the disease, the term “premotor” PD is probably more accurate.

It should be appreciated that although non-motor features of PD may not be influenced by levodopa therapy, there can be fluctuations in association with doses of levodopa or dopamine agonists – this suggests that there may be a dopaminergic component to some of these non-motor features. For example, in some patients “off” periods are associated with pain, panic attacks, severe depression, confusion, sense of death, dysphagia, sweating, and/or difficulty with micturition and passing stool [47]. These symptoms can sometimes be improved, even dramatically, with levodopa or dopamine agonist therapy. Thus, non-motor features cannot be classified as being purely non-dopaminergic.

Importance of the non-dopaminergic features of PD

While the classical dopaminergic motor features continue to define PD, it is clear that we are entering a new era in which the non-dopaminergic features of the disease are being identified with increasing frequency and are an important source of disability for many individuals. In an age when PD patients had untreatable tremor, rigidity, and bradykinesia, the non-dopaminergic features of the illness were less evident and seemingly less important. Today, however, the classical motor features can usually be well controlled with dopaminergic therapies, and non-dopaminergic features have become increasingly problematic. Indeed, non-dopaminergic problems such as freezing, falling, and dementia, which cannot be adequately treated with dopaminergic therapies, are the major source of disability for patients with advanced PD. Research into their pathophysiology and the development of effective treatment strategies to control them are urgently required. Much of current research, particularly in areas such as cell-based and gene therapies, continues to be primarily focused on the dopamine system. Although this research is laudatory, it is currently not easy to conceive (although not inconceivable) how better restoration of the dopamine system will restore function to disabilities primarily related to degeneration of non-dopaminergic neurons. Clearly, more attention needs to be focused on the nature of non-dopaminergic pathology and the potentially disabling symptoms that ensue. Further, the evolution of the PD process to include these disabling problems emphasizes the need for neuroprotective therapies in PD that might be introduced early in the course of the disease to slow or stop disease progression and thereby potentially prevent their occurrence.

Non-dopaminergic features might also be important in facilitating the development of a neuroprotective therapy. In the laboratory, we routinely test promising agents in models of PD such as the MPTP monkey and the 6-OHDA lesioned rat, which primarily reflect dopamine depletion. They do not, however, replicate the pathologic or behavioral spectrum of the disorder. More importantly, there is no assurance that the etiopathogenesis of cell death in these models is in any way related to PD, or that agents that are protective in these models will prove beneficial in PD [48]. There is an intense effort to develop new models that more faithfully replicate the pathology of PD with involvement of the non-dopaminergic systems. Such a model might not only permit the development of therapies to treat non-dopaminergic features of PD, but might reflect a mechanism that more closely represents what is actually going on in PD than do current models. Unfortunately, the development of such models has not proven easy. It is hoped that the development of transgenic animals which carry gene mutations associated with PD might accomplish this goal, but to date this has proven to be difficult to achieve and further efforts are required.

Non-dopaminergic features of PD might also serve as primary endpoints in clinical trials seeking to identify a neuroprotective or disease-modifying therapy. Agents tested in studies performed to date cannot be definitively interpreted to have provided a neuroprotective effect even if the trial is positive, because a confounding symptomatic or pharmacologic effect of the study intervention cannot be excluded [49]. For example, it may not be possible to be sure whether positive results are due to the study agent slowing disease progression or to the agent having a symptomatic effect that merely masks ongoing neurodegeneration. Non-dopaminergic features of PD are defined by their lack of response to dopaminergic therapies, perhaps making them more suitable for endpoints than the classic motor features which have traditionally been employed to date. Even if neuroprotection cannot be definitively established, a determination that a given intervention slows or prevents the emergence of disability related to non-dopaminergic features for which there is currently no adequate therapy would be a welcome addition regardless of its mechanism of action. A composite endpoint that incorporates conventional UPDRS scores along with measures of non-dopaminergic features such as falling, freezing, and dementia is being employed as the primary outcome measure for an NIH-sponsored long-term simple study that aims to assess the effect of an intervention on cumulative disability. Although such studies are usually relatively long (approximately 5 years), the inclusion of non-dopaminergic features in the primary endpoint may provide greater insight into the effect of a new study drug on disease progression than current outcome measures.

Finally, if a neuroprotective therapy that slowed the rate of disease progression could be identified, early diagnosis would be extremely important. Non-dopaminergic features might permit the diagnosis of PD to be made prior to the emergence of the classical motor features of the disease, and thus permit a disease-modifying agent to be introduced at an earlier time point. Already, there is evidence suggesting that early treatment with a given agent might provide benefits that cannot be achieved by later treatment with the same agent, possibly by preserving beneficial compensatory mechanisms or preventing the development of maladaptive compensatory mechanisms [50,51,51a]. Early diagnosis, and the early introduction of therapy, have therefore become a major consideration in the current management of the early PD patient [52].

Conclusions

Interest in PD during the past half century has primarily focused on the dopamine system. However, it is evident that PD is a disorder with widespread pathology that involves more than just the nigrostriatal system. Clinical features of PD reflect this non-dopaminergic pathology and it is now appreciated that many disabling features of the disease do not respond to or are not adequately controlled by dopaminergic therapies. In a way, we are victims of our own success. Our ability to control the classical motor features of the illness with dopaminergic therapies has highlighted the importance of the non-dopaminergic features of the disease. Indeed, in the levodopa era, the non-dopaminergic features of PD constitute the major source of disability for advanced PD patients and their treatment constitutes an important unmet medical need. It is interesting to speculate on whether the same will hold true for other degenerative diseases such as AD and ALS once a satisfactory treatment for the primary cognitive and motor aspects of these illnesses has been developed.

Over the decades, there have been many textbooks that have addressed the clinical, pathologic, and etiopathologic features of PD, particularly as they relate to the dopamine system. We believe that there is now sufficient information and interest to warrant a full textbook dedicated to the non-dopaminergic features of PD. Here, we have gathered together a comprehensive series of chapters on the various clinical, pathologic, and scientific issues related to the non-dopaminergic aspects of PD written by a group of experts in their various fields. It is hoped that better recognition and understanding of the origin of these problems will lead to enhanced patient care and serve as a stimulus for the development of newer and more effective therapies for PD patients.
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Chapter 2

Neuropathologic Involvement of the Dopaminergic Neuronal Systems in Parkinson's Disease

Daniel P. Perl

Uniformed Services University of the Health Sciences, Bethesda, MD, USA

Introduction: the neuroanatomy of the dopaminergic system

In 1964, based on their original work using histofluorescence, Dahlström and Fuxe [1] identified a number of monoaminergic neurons. Based on their findings, they proposed a nomenclature to identify these cell groups systematically. These monoamine (both dopamine and noradrenaline) neuronal groups were given an “A” designation and their order (A1, A2, A3, etc.) was arranged in a caudal to rostral orientation. The more caudal groups were predominantly noradrenergic and beginning in the mesencephalon the major dopaminergic neuronal populations of the brain were encountered. Three dopaminergic neuronal groups were identified in the mesencephalon and categorized as A8, A9, and A10. Since that original work in 1964, we have learned a great deal about these neuronal populations, their neuronal constituents, and their projections. Nevertheless, this nomenclature remains in wide use. However, the boundaries of these regions remain relatively imprecisely drawn and poorly defined. The Dahlström and Fuxe designations are still used in many publications, but the specifics of these designations may differ from one group of authors to another. This has caused some confusion in interpreting specific findings and, in particular, comparing results from different studies.

The substantia nigra pars compacta (SNc) is the grossly visible black substance in the midbrain located dorsal and medial to the cerebral peduncles. It is composed of prominently melanized neurons, the vast majority of which are tyrosine hydroxylase immunoreactive. Under the Dahlström and Fuxe classification, it is referred to as A9. Identifying this conspicuous nucleus is fairly straightforward; however, some of its boundaries have remained indistinct and distinction from its immediate neighbors is somewhat arbitrary. Within the SNc, a further subdivision of the neuronal populations has been proposed based on both neuroanatomic criteria and further neurochemical characterization. Based on tyrosine hydroxylase immunohistochemistry, the SNc forms two subcompartments or tiers, a dorsal tier and a roughly parallel ventral tier. In 1937, Hassler [2] provided perhaps the most comprehensive investigation of SNc anatomy and proceeded to divide this structure into 31 different subgroups. Although some of Hassler's subgroups are consistently recognizable, many appear to be rather arbitrarily drawn and are not sufficiently reproducible to make this a practical approach. Olszewski and Baxter, in their elegant atlas [3], subdivided the SNc into three parallel divisions, using the terms α, β, and γ. Using a somewhat similar approach, Gibbs and Lees [4] used this approach to create a simplified version of the Hassler classification. They described two parallel tiers, the ventrolateral group comparable to the α layer, and the dorsal group comparable to the β layer. The γ group is composed of a relatively small number of scattered cells that are mostly located in the region adjacent to the capsule of the red nucleus.

Damier et al. [5,6] employed a different approach to subdividing the SNc using calbindin D28K immunohistochemistry. Using this approach, the SNc can be subdivided into calbindin-rich regions (matrix areas) and calbindin-poor regions (nigrosomes). In the calbindin-rich matrix areas, the neurons tend to be more diffusely oriented, whereas in the nigrosomes, they tend to be more densely packed. Within the SNc, there are a total of five nigrosomes (referred to as N1, N2, N3, N4, and N5), which can be consistently identified based on calbindin D28K immunohistochemistry.

The A8 dopamine neurons represent a caudal and dorsal extension of the SNc (A9 neurons) and form a continuous band of cells without a clear distinction between the SNc and red nucleus. By and large, they comprise a retrorubral mesencephalic reticular extension and lie in a position that is dorsolateral to the SNc.

The A10 dopamine neurons are actually a combination of several populations of melanized neurons which are of variable size and found dorsomedial to the SNc. McRitchie, Hardman, and Halliday [7] characterized A10 in the human using detailed neuroanatomic preparations that rely on immunohistochemical markers. As they pointed out, when looked at in this fashion, the A10 region may be subdivided into seven separate and distinct subnuclei. To make the situation even more confusing, one of the seven regions they identified is referred to as the ventral tegmental area (VTA), a term that many others have employed to signify the entire A10 neuronal group.

The groups of dopaminergic neurons which are referred to as A11–A14 are relatively restricted small clusters of melanized cells which lie within the posterior aspect of the hypothalamus (A11), the arcuate nucleus (A12), and the periventricular nucleus (A13 and A14). With the exception of the A13 group characterized by Saper and colleagues [8,9], there has been relatively little study of these particular cell groups in the human.

Anatomic/functional considerations

For the past 20 years or more, there has been an increasing recognition that the mesencephalic dopaminergic system supports differing functions through its three separate pathways, namely the mesostriatal or nigrostriatal pathway, the mesolimbic projection, and the mesocortical pathway. The generally accepted concept has been that neurons of the SNc (A9) by way of the mesostriatal pathways provide dopaminergic innervation to the dorsal striatum. In the monkey, the more rostral portion of the SNc projects largely to the caudate (head) nucleus whereas the more posterior aspect of the nigra projects predominantly to the putamen. Further organization is provided with the more lateral portions of the SNc providing input to the dorsal portion of the head of the caudate. In this way, the A9 region is thought to be primarily involved in motor function through its modulating effects on the dorsal striatum.

The mesolimbic pathways involve the more medial tier of midbrain dopaminergic neurons, including the dorsomedial aspect of the SNc and the adjacent VTA (A10). The neurons of the VTA provide the major mesolimbic input and project primarily to the septal nuclei and nucleus accumbens. The retrorubral field neurons (A8) provide additional mesolimbic innervation. This mesolimbic input is involved in a wide range of motivation and goal-directed behaviors, in addition to pleasure-seeking activities. Further investigation has revealed rather diffuse and widespread dopaminergic input to the cerebral cortex, particularly the prefrontal regions, anterior olfactory nucleus and olfactory bulb, and hippocampus. The source of this mesocortical input has been considered to come primarily from VTA (A10) with some contribution also arising from A8 neurons. Such pathways are thought to involve the modulation of aspects of cognitive behavior, especially those concerning spatial working memory.

Although the concept of the three functionally and anatomically distinct ascending dopaminergic pathways, namely mesostriatal, mesolimbic, and mesocortical pathways, remains valid, ongoing research has cautioned that the origin of such projections from separate and discrete nuclear groups in the midbrain represents an oversimplification and will need to be revised and refined. It is clear that although the vast majority of SNc (A9) neurons do provide dopaminergic input to the dorsal striatum, this region also contains neurons that project to both cortical and limbic areas. Furthermore, striatal dopaminergic input derives, to some extent, from neurons in the VTA (A10) as well as from A8. In summary, the simplified notion of separate ventral and dorsal tiers in the midbrain tegmentum which serve to modulate discretely motor, motivational, and cognitive function has been useful but needs to be revised. There is clearly much overlap and integration of the innervations of the relevant structures and the specific functional role of these various neuroanatomic regions is more complex than was originally considered.

Morphometric quantitative studies of substantia nigra (A9) in normal aging

Over the past several decades, it has generally been accepted that there is a loss of dopaminergic neurons in the SNc in association with normal aging. This literature is complex, with rather differing approaches and results. Most point to the paper by McGeer, McGeer, and Suzuki [10] in 1977 as the original source of this concept. This study involved 13 normal controls (and four “parkinsonian” cases) and performed counts of pigmented neurons based on Cresyl Violet stains of every fifth section that had been cut serially through the entire SNc. How the SNc was delineated or the range of the dissection was not included in the Methods section of this rather brief paper, nor was there mention of how the cases were determined to be controls, on either a clinical or neuropathologic basis. The cases ranged in age from mid-teenage years to two cases in their early 80s. The cases had been obtained at autopsy from coroners and hospitals in the general Vancouver area. Although no specific neuronal counts are provided, from the correlation data graph that is included one may interpret that there was a 48% neuronal loss by age 60 years (about 7% per decade). Other somewhat similar studies [11–13] have reported a variable degree of loss. In each of these papers, what was counted, how neuronal counts were performed, and the nature of the case material were only briefly described or not mentioned at all. Interestingly, Fearnley and Lees [13] reported that SNc neuronal loss in controls was more prominent in the dorsal tier as opposed to the ventral tier, which is the predominant location of neuronal loss in association with Parkinson's disease (PD).

Kubis et al. [14] counted the numbers of tyrosine hydroxylase immunoreactive neurons in SNc (A9), VTA (A10), and the peri- and retrorubral areas (A8) of 21 brains derived from normal controls aged 44–110 years. These control specimens were derived from patients who had been without any significant neurologic symptomatology during life and who were also shown to be free of significant involvement by Lewy bodies, senile plaques, or neurofibrillary tangles on post-mortem examination. The entire rostal brainstem was cryoprotected, frozen, and serially sectioned with tyrosine hydroxylase staining of every 36th section for counting. Their approach to neuron counting, although exhaustive, was not strictly in adherence with the modern principles of non-biased serial sampling or stereology [15,16]. Nevertheless, this study failed to find any evidence of significant neuronal loss in any of the three dopaminergic neuronal compartments in their control cases.

More recently, there have been a series of studies in which stereologic principles have been employed for the counting SNc neurons in normal aging controls. These studies provided differing results and, for a number of reasons, are somewhat difficult to compare. As mentioned for the earlier studies, there were differences in how the controls were characterized and defined. There are also significant differences in which counting methods were used and what neuronal markers were employed. Cabello et al. [17] studied 28 brains derived from male controls, aged 19–92 years. The cases were described as being free of central nervous system disease yet the means by which that was determined is not specified. In this stereologically based study, melanized and non-melanized neurons that had been identified within the substantia nigra were counted in hematoxylin and eosin-stained plastic-embedded sections. How the boundaries of the substantia nigra were defined is not delineated in the paper. Nevertheless, they reported a significant decrease in the total number of melanin-containing neurons in the substantia nigra as a function of age. This correlation was not seen in the counts of non-melanized neurons within the substantia nigra. An additional finding was that advanced age was significantly associated with an increased in the size of the soma of the melanin-containing SNc neurons.

Using stereologically-based approaches, Chu, et al. [18] investigated the number of melanin-containing, tyrosine hydroxylase immunoreactive, and nuclear orphan receptor-related factor 1 (Nurr1) immunoreactive neurons of the SNc of 19 control subjects ranging in age from 18 to 102 years. The cases were subdivided into three subgroups, namely, young (aged 18–39 years, mean = 29.1 years), middle-aged (aged 44–68 years, mean = 56.5 years) and aged (aged 76–102 years, mean = 87.1 years) groups. The specimens were derived from patients who were stated to be without evidence of neurologic or psychiatric illness, although the means by which this was determined was not mentioned in the paper. Nurr1 is known to be essential for dopaminergic phenotype and motor function and was used as a surrogate marker for SNc dopamine neurons. This group found a significant reduction in Nurr1 immunoreactive neurons in the middle-aged (23.1% loss) and aged (46.3% loss) groups compared with the young group. The numbers of tyrosine hydroxylase immunoreactive neurons showed a very similar result. Of interest is the finding that the total melanized neuron counts were stable across all three age groups, suggesting the possibility of an age-related loss in these two dopamine-related neuronal markers but not in the actual number of cells.

Ma et al. [19] examined the number of melanin-containing neurons in the SNc of 26 controls with an age range of 17–90 years. The control cases had no signs or symptoms of PD or other neuropsychiatric diseases and were free of Lewy bodies (based on hematoxylin and eosin staining) and significant Alzheimer's disease-related changes. Using the physical dissector approach, they counted the number of pigmented neurons of the SNc in every 40th paraffin-embedded section stained with hematoxylin and eosin. In contrast to the previous study, they found a dramatic loss of pigmented neurons with aging (r = –0.83, p < 0.001); this decrease was equal to a 9.8% loss of SNc neurons per decade.

In a recent study, Rudow et al. [20] attempted to address many of these variables in the context of a stereologically based study of the substantia nigra in normal aging and PD. They examined seven young controls (aged 18–21 years) with no history of neurologic disease and who showed no neuropathologic abnormalities at autopsy, including being free of α-synuclein or tau-related lesions. Nine middle-aged controls (aged 43–59 years) met similar clinical and neuropathologic criteria. Finally, seven older controls (aged 76–96 years) were obtained from deceased enrollees in the Baltimore Longitudinal Study of Aging. These individuals had undergone extensive longitudinal neurologic, neuropsychological, and other clinical examinations with a mean last evaluation conducted within 8.6 months of death. Neuropathologic examination at autopsy revealed the absence of any underlying neurologic disease and no α-synuclein lesions, CERAD neuritic plaque scores of 0 or A (age-related normal) [21], and a Braak and Braak AD-related score of II or III [22]. Stereologically based neuronal counting was based on an examination of every 20th section of serially cut 50 μm paraffin-embedded sections through the entire extent of the substantia nigra. They used an optical fractionators approach to count total pigmented neurons and tyrosine hydroxylase immunoreactive neurons within the substantia nigra. The paper specifically mentions that they included both substantia nigra pars compacta and substantia nigra pars reticulata, despite the fact that the latter region is closely linked to the globus pallidus and is not part of the dopaminergic striatonigral projection system. The reason for this somewhat unusual approach is not explained. Dr Mark West is an author of this paper and, as one of the senior members of the group in Aarhus, Denmark, who developed and popularized the technique, one can assume that the orthodoxy of stereology was strictly adhered to. They found that the number and cell volume of melanin-containing neurons and tyrosine hydroxylase immunoreactive cells decreased significantly with respect to increasing age. There was a 28.3% pigmented neuronal loss when the young subjects were compared with the elderly group and a 36.2% loss of tyrosine hydroxylase immunoreactive neurons.

These important studies all report rather different results and some reach dramatically different conclusions. Each employs a somewhat different approach to defining what they consider to be a control, what region they include in their counting, and what type of cells they count. Further, many of the means by which these cell populations are counted vary considerably. Replication is a key to resolution of this problem, and additional work needs to be done with these factors in mind before these important questions can be considered to be properly answered. For the present, the majority of studies indicate that there is an age-related loss of dopamine markers and probably SNc neurons with aging.

Involvement of various dopaminergic neuronal groups in Parkinson’s disease

Substantia nigra pars compacta (A9)

PD is defined for neuropathologists as neuronal loss of the dopaminergic neurons of the SNc accompanied by the appearance of Lewy bodies in some surviving neurons in this location (Plate 2.1). This definition has stood the test of time for almost 90 years, although the recent appearance of a very small number of familial parkinsonism cases which lack the diagnostic signature of the Lewy body have led to discussion of whether that definition remains viable [23,24]. In the context of this discussion, we will not venture into that debate but will point out that whether a sporadic case or a familial one, it is the neuronal loss within the nigrostriatal system that defines many, but certainly not all, of the motor features of PD and conceptually underlies virtually all of our currently available therapeutic approaches. The loss of pigmented neurons in the SNc is sufficiently complete that at autopsy of cases of PD the gross appearance on transverse section of the midbrain demonstrates obvious loss of black coloration. Some rare cases, particularly with relatively mild or early symptomatology, may only show blurring of the pigmentation at the edges of the SNc and require comparison with a normal specimen (see Plates 2.2–2.4).

In cases of PD, the neuronal loss is progressive and it is said that there is a significant lengthy presymptomatic phase and that clinical signs do not become apparent until at least 50% of nigral neurons are lost [25]. The actual data to support this often-quoted figure are rather scanty; however, it is clear that a significant degree of neuronal loss along with the dopaminergic projections they supply is needed for clinical symptomatology to ensue. For the most part, this is in accord with extrapolations of functional data supplied by PET scan studies of dopaminergic activity in early or presymptomatic patients [26].

The SNc is anatomically heterogeneous, with various components related to specific striatal projections. Based on a number of studies, there is evidence that in cases of PD, although involvement of the SNc may be encountered throughout the nucleus, it is not uniform in the degree of involvement and actually displays distinct regional specificities. Among the most detailed of such studies was the early work of Hassler [2,27], who categorized approximately 30 different neuronal subgroups within the SNc and then analyzed each with regard to involvement in cases of PD. In essence, Hassler's general conclusion was that involvement was most severe in the caudal and ventrolateral portions of the SNc.

The later study of Fearnley and Lees [13] looked at this issue using a less complicated parcellization of the SNc. They first divided the SNc into dorsal and ventral tiers. The dorsal tier was subdivided into three subregions, medial, lateral, and pars lateralis, while the ventral tier was divided in half into ventral and lateral portions. In the cases of PD that were examined, the most severe degree of neuronal loss was consistently found in the lateral portion of the ventral tier. This portion of the SNc is thought to project primarily to the dorsal portion of the putamen, the location in which the greatest degree of dopamine depletion is found in PD [28]. It should be noted that this finding essentially replicated that of Hassler, although he employed a much more complex approach to defining the distribution of cellular loss.

As mentioned above, Damier et al. [5,6] employed calbindin D28K immunohistochemistry to subdivide the SNc into calbindin-rich (matrix areas) and calbindin-poor regions (nigrosomes). Using this approach to subdivide the SNc neuronal components (plus TH immunohistochemistry), five PD cases were examined and compared with five age-matched neurologically intact controls. In these cases they reported that neuronal loss was uneven in various dopaminergic cell groups, being greatest among neurons in the nigrosomes in comparison with those within the matrix area. Among the five nigrosome regions, the N1 nigrosome, the largest of these subregions that is located in the caudal and mediolateral aspect of the SNc, consistently showed the most significant degree of neuronal loss (98%, range 93–100%) in the PD cases when compared with the controls. Hence this region appears to show the greatest vulnerability to neurodegeneration in PD of any portion of the SNc. Of the other nigrosomes, there appeared to be a gradation of vulnerability to PD neurodegeneration extending caudal to rostral, lateral to medial, and ventral to dorsal with the progressive order of neuronal loss from nigrosome 1 to nigrosome 2, to 3, to 4, and then to 5, followed by greatest survival of neurons in the matrix area. Although this study is based on examination of only five PD cases, the authors suggested that their data supported the concept that this order of involvement could also be correlated with the clinical progression of the disease. This localization is, in general, in accord with the findings of extreme vulnerability of the ventrolateral neuronal clusters of the SNc of Hassler [27] and of Fearnley and Lees [13].

Medial and ventral tegmental region (A10)

These neurons are dorsomedial to the SNc and project to the nucleus acumbens and olfactory tubercle and, as such, are considered part of the mesolimbic dopamine system. They also project to the prefrontal and entorhinal cortex. van Domburg and ten Donkelaar [29] studied four cases of PD and four normal controls and showed that in the ventral tegmental area there was a 53% decrease in neuromelanin-containing neurons when compared with controls and a 35% loss of nonpigmented neurons. However, they also warned that these figures were based on a rather small numbers of cases. Rinne et al. [30] looked at neuronal loss in the SNc and the VTA in cases of PD, both with and without dementia and age-matched controls. Overall, they showed a 49% loss of VTA neurons in the PD cases, compared with controls. A negative correlation was found between the neuron number in the VTA and extent of dementia, as determined by the Global Deterioration Scale of Reisberg et al. [31]. In this study, neuron counts from other locations in the SNc did not correlate with measures of dementia severity. It should be pointed out that the common association of Alzheimer's disease (or at least Alzheimer's disease-related changes) with the presence of PD was not considered in this study and two of the six PD cases studied were said to show a significant degree of Alzheimer's disease-associated changes. Furthermore, the potential presence of cortical Lewy bodies was also not investigated in the PD cases, both with and without dementia. Finally, the neuronal counting was performed using a single 5 μm thick histologic section stained with hematoxylin and eosin that was taken within a histologic block at the level of the superior colliculus and the caudal red nucleus. The representativeness of this single section with respect to the remainder of the SNc cannot be determined, thus further reducing how much can be learned from the study.

Using a similar approach, McRitchie, Cartwright, and Halliday [32] compared the neuronal constituents within each of the seven subnuclei that comprise the A10 group in five normal controls and three PD-only cases, one case with progressive supranuclear palsy, one case of PD with Alzheimer's disease, and two cases with PD combined with significant small vessel cerebrovascular disease. Using nonbiased systematic sampling, they counted both tyrosine hydroxylase immunoreactive neurons and total Nissl-staining neurons in each of these seven subregions. They found that, although there was some variability, significant reductions in the total volume and the constituent dopaminergic and nondopaminergic neuron numbers were identified in the parabrachial pigmented nucleus and the parapeduncular nucleus of A10 in the PD cases. This change appeared to be selective since similar losses (in either dopaminergic or nondopaminergic neurons) were not seen in the other five subregions, including the selective region they referred to as the ventral tegmental area, itself (see Plate 2.5)

Peri- and retrorubral tegmental (lateral reticular formation) cell group (A8)

These neurons are encountered in the area of the mesencephalic reticular formation dorsolateral to the SNc. As noted above, these neurons project to striatal and limbic areas. This group of cells is also referred to as the retrorubral area (or A8), although their distribution also extends into the midbrain reticular fields. This is a relatively sparse region and these cells comprise only about 5% of the mesencephalic dopaminergic neurons. van Domburg and ten Donkelaar [29] reported a 65% decrease in neuromelanin-containing neurons in area A8 of cases of PD when compared with controls and a 20% loss of nonpigmented neurons in this location. On the other hand, McRitchie, Halliday, and Cartwright [33], using the nonbiased systematic sampling methods of stereology, reported no significant reduction in either tyrosine hydroxylase immunoreactive neurons or total Nissl-stained neurons within A8 when they compared PD cases and controls.

Hypothalamic dopaminergic neurons (A13)

In 1985, Spencer et al. [8] reported the presence of neurons in the human hypothalamus that by immunohistochemistry showed evidence of tyrosine hydroxylase and by histochemistry clearly contained neuromelanin. On the basis of these findings, these cells were considered to be dopaminergic neurons and they were localized to the arcuate and periventricular nuclei of the hypothalamus. These cells were considered to be part of the A13 dopaminergic cell group in rats [34], comparable to what had previously been found in non-human primates [35]. Matzuk and Saper [36] examined these melanized cells in seven cases of PD and five controls and found no significant loss on comparing the two groups. They considered that this indicated that although PD may cause severe dopaminergic cell loss in some regions, in other locations such cells could remain entirely intact.

Clinicopathologic correlations

It has long been the desire of neuropathologists studying PD to be able to develop an approach that will allow correlation of the distribution and degree of neurodegeneration in the brains of patients suffering from this disease with the specific clinical manifestations that they displayed during life. However, despite this important objective, few meaningful data have emerged to satisfy that goal. It must be recognized that PD is a chronic, slowly progressive disorder. Anatomic studies of cases of incidental Lewy body “disease” suggest that such asymptomatic patients actually represent preclinical examples of subjects who have yet to develop a sufficient degree of neurodegeneration to signal clinical evaluation and that for such cases the disease process has been undetected as it slowly evolved over many years. Furthermore, since patients do not die directly from PD, and with effective modern therapy available for their other medical conditions, it is not uncommon for such patients to survive for several decades following their initial neurologic diagnosis. Accordingly, neuropathologists typically encounter patients at the autopsy table who are in an extremely late stage of the disease. In such instances, the clinical picture has become rather stereotyped with overwhelming late-stage complications such as uncontrollable dyskinesias, autonomic disturbances, dementia, and other features. In our experience, unless one focuses on patients with an onset of PD at an extremely advanced age, where the inherent frailty of the extremely elderly comes into play, cases in early or even moderate stages of disease are relatively rarely encountered in the neuropathology laboratory.

Over the years, some studies have had the opportunity to examine relatively small numbers of PD patients who at death had been in only moderate stages of disease, at least as measured by their premortem Hoehn and Yahr stage [37]. In such instances, there has been the impression that, as might be anticipated, there was a lesser degree of neuronal loss in the SNc, when compared with later stages. Halliday et al. [38] published a neuropathologic study involving 13 levodopa-responsive PD cases, four patients dying in Hoehn and Yahr stages 2–3, and nine dying in stages 4–5. These cases were compared with the brains of 13 age-matched controls. This study showed that the earlier stage PD cases demonstrated a lesser degree of neuronal loss in the SNc (A9) than did the later stage patients (75% neuronal loss versus 87% loss, p < 0.005). As might be anticipated, there was also a significant correlation between neuronal loss in the SNc and the overall duration of disease (r = 0.76, p = 0.002). Similar data were produced by Ma et al. [39], who found a significant correlation between the numbers of pigmented neurons in the SNc and the stage of disease (r = −0.58, p < 0.05) and also the duration of disease (r = 0.86, p < 0.01).

Turning to the other mesencephalic dopaminergic sites, there has been consideration that in cases of PD, neurodegenerative involvement of mesolimbic and/or mesocortical pathways might underlie some of the non-motor manifestations of the disease. Rinne et al. [30] evaluated the brains of 12 cases of PD, some with dementia and others without, and also those of 18 controls. They examined a single transverse histologic section taken at the level of the superior colliculus and caudal red nucleus and divided the pigmented SNc neurons present into four portions ranging from most medial to the lateral portion. Pigmented neurons were counted and compared with the degree of dementia present, as measured by the six-point Global Dementia Rating Scale of Reisberg et al. [31]. Although the greatest degree of neuronal loss occurred in the most lateral portion of the SNc, there was a statistically significant negative correlation between the degree of dementia and the number of pigmented neurons seen in the most medial SNc compartment that they evaluated. Looking at the distribution map provided in the publication, this region might well correspond to the VTA (A10). Other studies of A10 in PD patients have achieved a variable degree of correlation with dementia levels. Hirsch, Graybiel, and Agid [40] found a 48% loss of tyrosine hydroxylase immunoreactive neurons in A10 in cases of PD (and 43% in A8). However, when an examination of A10 was subjected to the rigors of nonbiased serial sampling using the principles of stereology, no significant neuronal loss was detected in 13 PD cases when compared with 13 controls [38].

Recently, Torta and Castelli [41] reviewed the clinical/behavioral literature on PD with respect to possible evidence of dysfunction of reward-related behavior as one might expect to find with involvement of the mesolimbic and mesocortical dopaminergic pathways. Although this is an appealing theoretical possibility, there are no clinicopathologic studies which appear to support such a notion. However, it must be acknowledged that little scientific attention has yet been brought to bear on this subject.

Understanding selective vulnerability

Since the earliest work of Trétiakoff [42], Foix [43] and Hassler [27], there has been interest in understanding the basic nature of the selective neuronal vulnerability displayed by cases of PD. Although PD is considered to be the prototype dopaminergic neurodegenerative disorder, it is clear that the neurodegenerative process taking place in the disease is not selective for dopaminergic cells. It is widely acknowledged that in PD significant neurodegeneration involves multiple neuronal types, including adrenergic, serotoninergic, and cholinergic neuronal groups. Furthermore, as we have reviewed, there is ample evidence that neurodegeneration of dopaminergic cells is certainly not uniform and, even within particular neuroanatomic locations, neuronal loss follows a rather selective pattern, the basis for which has escaped scientific understanding to date. For example, within the SNc there is very severe neuronal loss in the N1 nigrosome whereas N5 remains relatively intact. What properties convey this unique sensitivity to the neurodegenerative process in PD and, conversely, what properties are associated with relative resistance to neuronal death of these nearby cell groups?

Hirsch, Graybiel, and Agid [40] noted that within the entire population of dopaminergic neurons in the midbrain, those containing a prominent neuromelanin content appear to be particularly prone to neurodegeneration in cases of PD. They also noted that non-melanized TH+ cells appeared to be relatively spared from the process of neuronal loss. Obviously, this does little to explain the fact that there is significant involvement of some nonpigmented neuronal groups in PD such as the nucleus basalis of Meynert. Further, as Gibb and Lees [4] have pointed out, the neurons of the ventral tier of the SNc have a lower content of neuromelanin than the neurons of the dorsal tier. A further line of research has suggested that increased levels of cellular calcium may mediate neuronal cell death in PD and that the presence of calcium-binding proteins such as calbindin D28K, parvalbumin, calretinin, might have a protective effect for neuronal populations that contain significant concentrations of these calcium-buffering compounds. Most of the dopaminergic neurons in the SNc that undergo degeneration in association with PD do not contain immunoreactivity to such calcium-binding proteins; however, the neuronal distribution of such proteins within other mesencephalic dopaminergic regions fails to correlate well with their relative susceptibility to the neurodegenerative process. Clearly, with the current state of knowledge, the mystery of selective vulnerability in PD, as in any of the other forms of neurodegeneration, remains to be solved. When that occurs we will have made a major step forward in understanding the basic nature of these important disorders. The resolution of this problem could be of value in helping to define a neuroprotective therapy.
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Introduction

Late-onset sporadic Parkinson's disease (sPD) is characterized by a progressive pathologic process that can last for decades. It affects neither nonhuman vertebrates [1] nor organs apart from the nervous system and is not known to go into remission.

There is a growing awareness that the definition of sPD as a monosystemic disorder with preferential obliteration of dopaminergic neurons in the nigrostriatal system is too narrow because increasing evidence shows that Lewy pathology is widely distributed throughout the nervous system, not only the central (CNS) but also the peripheral (PNS) and enteric nervous systems (ENS), and that not only dopaminergic neurons but also glutamatergic, GABAergic, noradrenergic, serotonergic, histaminergic, and cholinergic nerve cell types are vulnerable [2–6]. The neurotransmitters per se are not adequate criteria for predicting which neurons are predisposed or resistant to the pathologic process. Sensory regions of the nervous system mostly remain intact. Notable exceptions are olfactory structures and portions of the pain system. Whether cell loss, spine loss, or impaired axonal transport, the disease-related damage chiefly revolves around motor areas, and here, again, particularly around superordinate centers of the limbic, visceromotor, and somatomotor systems.

Lewy pathology

The ongoing formation of proteinaceous α-synuclein-containing intraneuronal inclusions (Lewy pathology, LP) is typical of sPD [7], and the presence of LP occupies a central role in the etiopathogenesis of sPD [8–11]. The pathologic process in its entirety is not confined to dopaminergic nerve cells but is marked by the development of the same forms of inclusion bodies (Lewy neurites/bodies, LNs/LBs) in the same neuronal types distributed at specific sites throughout the nervous system [12]. Individuals who lack LP but display parkinsonism suffer from disorders other than sPD [6]. Nor does the mere presence of LP justify the assumption that a given individual may have had clinically manifest sPD. Cases displaying incidental LP may have been in a premorbid, that is, presymptomatic or premotor, phase. Autopsy-controlled studies indicate that sPD is a disease entity with a broad spectrum of recognizable clinical, including non-motor, symptoms [13–18].

Selective vulnerability

Only a few of the many types of nerve cells within the human nervous system develop LP, and this selectivity is reflected in the regional distribution of the lesions. Other types directly in the vicinity of involved neurons maintain their morphologic and functional integrity for the duration of the disease [6,19,20,21]. Vulnerable nerve cells all have disproportionately long and thin axons that either lack a myelin sheath or are poorly myelinated [19–22]. Neurons with sturdily myelinated axons do not develop LP. The same can be said for short-axoned local circuit neurons or projection cells with short axons, such as those in the fourth neocortical layer. Susceptible cells also tend to have lipofuscin deposits or neuromelanin granules and all are capable of synthesizing α-synuclein [23–27]. Nerve cells that lack α-synuclein and pigment deposits may be innately capable of withstanding LP [27]. On the other hand, cells do exist that are plentifully supplied with α-synuclein but not especially susceptible to LP, such as the projection cells in the dorsal tegmental nucleus of Gudden. The lipofuscin-laden projection cells of the inferior olivary nucleus and the melanized dopaminergic neurons within the hypothalamic arcuate and periventricular nuclei are likewise among the cell types that generally resist the formation of LP [28].

α-Synuclein

The natively unfolded protein α-synuclein is soluble in neuronal cytosol and is expressed in axons and presynaptic terminals. In sPD, monomeric α-synuclein is subject to misfolding and transition into a β-sheet conformation. Thereafter, possibly owing to this conformational defect, the protein is prone to aggregation and to the formation of insoluble inclusion bodies [7,29]. Many of the intrinsic and extrinsic factors that induce protein misfolding and aggregation are still unknown [30–33]. The resulting proteinaceous aggregates cannot be disposed of by physiologic clearance mechanisms [34–38] and persist as light microscopically visible spindle- or thread-like Lewy neurites (LNs) within cellular processes, and as punctate material or spherical pale bodies or Lewy bodies (LBs) in the somata of vulnerable nerve cells [12,39–43].

Of particular interest are the thread-like axonal LNs because, as a general rule, they precede LB formation [19,21,44–47]. One question is whether the α-synuclein that is physiologically present in axons suffices for protein aggregation or whether additional material has to be transported anterogradely from the soma to axonal aggregation sites. Because LNs may develop at the expense of the axonal cytoskeleton, it is to be anticipated that they disrupt somatopetal/somatofugal transport within the axon and, in so doing, become detrimental to other host nerve cell functions [48,49]. At present, there are no reports that aggregated α-synuclein causes “gridlock” at critical axonal junctures, for example, branching points. Nor can the transport gradient (i.e., somatopetal/somatofugal) be deduced from the shapes of LNs. If disrupted axonal transport were to result in the presence of abnormally high concentrations of α-synuclein within the cell body (inasmuch as the protein would be incapable of reaching its normally foreseen cellular locus), this might, in turn, trigger LB formation. Following the death of the host neuron, extraneuronal LBs are rapidly degraded by macrophages. Since a similar process for LNs is unknown, the axon membrane presumably remains intact for a long time despite the presence of the intra-axonal inclusions. Axons of some vulnerable nerve cells (e.g., dorsal motor projection neurons of the vagal nerve, projection neurons of the locus coeruleus, and magnocellular nuclei of the basal forebrain) can contain LNs in excess of 250 mm in length. However, there are other susceptible nerve cells, the axons of which do not develop LNs, among them nigral dopaminergic neurons and neocortical pyramidal cells in layers V–VI with corticostriatal or corticothalamic projections. Such exceptions indicate that it will not be easy to define universally applicable criteria for α-synuclein misfolding and aggregation because some cell types obviously are idiosyncratic.

It is unclear what leads to the formation of abnormal punctate material, pale bodies, and LBs, and what role is taken by lipofuscin and neuromelanin deposition in all of these processes. That some of the neurons involved – despite the presence of severe LP – apparently survive for decades has raised the issue of whether the inclusion bodies are deleterious at all for their host nerve cells. The aggregated material has also be viewed as (potentially) neuroprotective or neutral and the aggregation process as geared to isolating nonbiodegradable material, thereby preventing it from interfering with normal cellular metabolism [50–54]. Harmful or toxic effects are attributed chiefly to intermediate oligomeric byproducts [30,55]. Nevertheless, as pointed out above, the consequences of the protein aggregation process may be different for specific neuronal types, each of them with distinctly variable degrees of susceptibility. Dopaminergic nerve cells in the substantia nigra and noradrenergic neurons in the locus coeruleus [56], for example, probably react differently to the presence of stressors or LP than the motor neurons of the dorsal motor nucleus of the vagal nerve or cortical pyramidal cells.

Incidental Lewy disease

LP as an incidental finding has been observed in autopsy studies of individuals without clinical parkinsonism [57–67] and is sometimes regarded as a sequel to neuronal aging or as harmless epiphenomena accompanying other neurobiological processes [68]. However, because LP does not inevitably occur during aging, not even in the very old [1,59,63,69], incidental LNs/LBs also can be viewed as age associated rather than age dependent [6,22] and likely representative of early-phase sPD – when somatomotor symptoms are not detectable but a much larger (progressive) pathologic process is under way [3,4,5,16,17,70,71,72]. This view receives support from the fact that incidental lesions occur in the same types of nerve cells at the same topographical sites within the nervous system as those in clinically manifest sPD.

Progression of the pathologic process

sPD does not develop overnight. As in nearly every illness, some individuals cross the threshold from a presymptomatic disease state to symptomatic manifestation of the disorder [16,17,73]. By the time clinicians make the diagnosis based on typical motor signs, patients already are, relatively speaking, in an advanced phase of the pathologic process. The disease smolders, as it were, unnoticed in the nervous system, possibly for years [74], until it attains such dimensions that dysfunctions become evident.

Autopsy material from most patients with clinically diagnosed sPD can be assigned to one of four neuropathologic subgroups (stages 3–6) that differ from each other with respect to changes in the topographic distribution and extent of LP in the brain [6,19,22]. Each subgroup displays LP in increasing numbers of involved sites. Approximately 5–20% of individuals above the age of 60 years without motor symptoms display incidental LP [16,58,59,61,64,65,67,75]. Such cases usually can be assigned to one of three subgroups (stages 1–3) [19,22]. To the extent that the LP distribution pattern observable in stage 3 (often the last presymptomatic subgroup) closely resembles that of stage 4 (often the first symptomatic group), all six stages can be helpful in reconstructing the entire spectrum of the pathologic process associated with sPD (Figure 3.1) [6,19,21,22,76,77,78]. This does not negate the possibility that in some individuals with stage 4 incidental brain pathology motor symptoms compatible with sPD might not be detectable.

Methodological limitations to this approach are that the theoretical progression of the pathologic process in sPD only can be reconstructed with the help of cross-sectional data gained from nonselected autopsy material. As such, the conclusions drawn from these data permit admissible but instructive assumptions [21,79]. Chief among these are that the pathologic process in sPD is progressive and does not begin simultaneously in all of the susceptible regions but at predisposed sites, advancing from there throughout additional portions of the nervous system. There is also evidence that cell-to-cell (transneuronal) contact may play a crucial role [36]. In the brain, the process follows an essentially caudo-rostral trajectory along the neuroaxis and progresses from the lower brainstem through basal portions of the mid- and forebrain until the cerebral cortex becomes involved (Figure 3.1) [6,19,20,80,81]. The LP process branches out in a manner resembling a dendrogram (Figure 3.2b). This concept has been confirmed in its essential accuracy in an inter-rater study [82]. Whereas our results achieved 88% convergence [19], other laboratories have obtained lower or higher convergence rates [14,42,50,51,62,72,76,77,83–88]. A number of cases are not stageable. These individuals often have more than one neurodegenerative disease [42,71,77,86–91]. The caudo-rostral advance in the lower brainstem does not achieve machine-like precision [72,77]; there is no evidence, however, to suggest that the pathologic process in sPD begins in all susceptible brain regions at once or that it progresses there and within the nervous system according to a hit-or-miss principle. It still is open whether the beginnings of the pathologic process are multicentric, for example, brain and spinal cord, brain and peripheral nervous system, spinal cord and peripheral nervous system [17,65,66,92,93,94], and whether the involvement of the sympathetic or parasympathetic system predominates. Very large autopsy-controlled prospective studies that include healthy “normals” are required to answer this question [11,72,81].


Figure 3.1 Six stages of brain pathology in sPD. (a) Initial lesions appear in stage 1 in the olfactory bulb, anterior olfactory nucleus, and dorsal motor nucleus of the vagal nerve. From there, the pathology follows a predominantly ascending path. In stage 2, lesions are seen for the first time in the level setting nuclei: the coeruleus–subcoeruleus complex, magnocellular nuclei of the reticular formation, and lower raphe nuclei. (b) The pathology in stage 3 continues its ascent and reaches the central subnucleus of the amgygdala, pedunculopontine tegmental nucleus, the magnocellular nuclei of the basal forebrain, and pars compacta of the substantia nigra. The cerebral cortex becomes involved at stage 4, commencing with the anteromedial temporal mesocortex. At this juncture, the presymptomatic phase probably yields to the symptomatic phase of the disorder. (c) The higher order association areas of the neocortex become involved in stage 5, followed by the first-order association areas and primary fields in stage 6. Growing severity of the lesions is shown by increasing degrees of shading, as in Figure 3.2b.
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Figure 3.2 Simplified diagram of the limbic and somatomotor systems. (a) The neocortex is chiefly responsible for relationships with the world beyond the individual. It is the recipient of somatosensory, auditory, and visual input and regulates somatomotor activity that impinges on the organism's environment (see broad outer arrow in background). The allocortex is interconnected with the nuclear complex of the amygdala and, together, these structures receive not only exteroceptive information from the neocortex but also interoceptive data from the internal organs and influence endocrine and visceromotor functions (see broad inner arrow in background). As a result, they are optimally positioned to extract from the entire spectrum of incoming impulses the crucial information needed to produce an appropriate response to any given situation or set of circumstances. As custodians of memory and learning, limbic circuit centers serve as a neuronal bridge between the external and internal worlds. The neocortex consists of highly refined primary fields responsible for somatomotor activity and for initial processing of incoming data from sensory organs via specific thalamocortical projections. Each of the primary fields is flanked by somewhat less highly differentiated first-order sensory association areas and premotor fields. These, in turn, are interconnected with extensive but relatively simply organized high-order sensory association areas and the prefrontal cortex, which is the overriding executive instance of the human brain. Somatosensory, visual, and auditory data arriving at their respective primary sensory fields flow upstream via the first-order association areas to the high-order processing areas. From there, long and sparsely myelinated corticocortical projections convey the data to the prefrontal cortex terminating in layer IV of the target fields. Efferents from the prefrontal cortex are provided by corticocortical downstream projections that end in layer I of the premotor areas and primary motor field. The latter functions as a gateway for motor programs relayed to medullary and spinal premotor and motor neurons. However, the main routes for this return pathway are the striatal circuit and cerebellar circuit (see the two broad U-shaped arrows in background). Simplified diagram of the limbic and somatomotor systems. (b) From stage 1 to stage 6, the pathologic process branches out in a manner resembling a dendrogram. The stem is given by the early involvement of the dorsal motor nucleus of the vagal nerve in stage 1 that broadens by affliction of the level setting nuclei as a unit in stage 2. A bifurcation of the pathologic process takes place in stage 3. Via one prong the process advances into centers of the central autonomic network (central subnucleus of the amygdala, components of the limbic circuit), via the other it progresses into centers of the somatomotor system (pedunculopontine tegmental nucleus, components of the striatal circuit). For shading, see Figures 3.1 and 3.4.
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Stage 1

LP is seen in the dorsal motor nucleus of the vagal nerve, sometimes together with LP in the intermediate reticular zone, olfactory bulb, and anterior olfactory nucleus [19,95,96]. In the meantime, we have encountered cases displaying incidental LP confined to anterior olfactory structures, that is, “bulb only” cases (unpublished findings, presented September 2008, New York City).

Anterior olfactory structures

Nerve cells within the cellular islands of the anterior olfactory nucleus contain LNs and LBs [13,67,97–101]. Less conspicuous lesions occur in mitral and tufted cells of the olfactory bulb, and the olfactory epithelium remains free of LP [102]. Notably, the dopaminergic periglomerular cells of the olfactory bulb remain devoid of LP and, in sPD, they even increase in number [103]. From stage 3 onwards, additional secondary olfactory structures (piriform cortex, periamygdalar cortex, medial entorhinal region) become involved [19,104,105]. Evidence indicates that the gradient of the olfactory pathology in sPD is from more peripherally placed structures in the olfactory bulb to the anterior olfactory nucleus and the other olfactory structures rather than vice versa [67,106].

Pre- and postganglionic parasympathetic projection neurons

The lower brainstem dorsal motor nuclei of the vagal nerve display α-synuclein-immunoreactive inclusions in their somatodendritic compartment and also in central and peripheral portions of their long and unmyelinated axons that connect the CNS with postganglionic nerve cells of the ENS/PNS [19,22,97,98,99,107,108,109]. Other components of the dorsal vagal area, namely the gelatinosus nucleus, area postrema, the small-celled nuclei of the solitary tract, and the myelinated motor neurons of the ambiguus nucleus in the intermediate reticulate zone, remain uninvolved [95]. Catecholaminergic melanized nerve cells in the dorsal vagal area (A2 group) and intermediate reticular zone (A1 group) are not drawn into the disease process until stage 3 [19,25,110].

LP occurs in select postganglionic neuronal types of the gut, for example, vasoactive intestinal polypeptide (VIP) neurons of the Auerbach plexus [75,111,112,113; see also 114]. Lesions in these motor neurons are seen in both disease phases (presymptomatic and symptomatic), but it is unclear whether LP in the ENS develops prior to the CNS pathology (Plate 3.1a–d) [21,22,93]. Vagal preganglionic terminals synapse directly on inclusion-bearing motor neurons. In the esophagus and stomach, LNs can even extend into the mucosal lamina propria only micrometers away from the body's innermost environment [44,101].

Pre- and postganglionic sympathetic projection neurons

Gastrointestinal tract motility and functions are mainly driven by parasympathetic vagal output. These influences are constantly modified or inhibited by sympathetic antagonists (Figure 3.3) [115,116]. Sympathetic preganglionic centers that become involved during sPD include the intermediomedial and intermediolateral nuclei of the spinal cord and the postganglionic neurons in peripheral ganglia, such as the superior cervical and coeliac ganglia (Plate 3.1f,g) [65,66,75,92,94,117,118]. Lesions in preganglionic and postganglionic projection neurons of the sympathetic system have been observed at autopsy not only in the gastrointestinal tract and submandibular gland but also in the heart in both symptomatic individuals and cases with incidental LP [46,47,71,94,119,120].


Figure 3.3 The diagram displays the progression of the pathologic process until stage 4 and a more detailed rendition of Figure 3.2a concerning the components of the limbic circuit. The greater the intensity of the shading, the more severe is the pathology. The entorhinal region, hippocampus, and amygdala participate in cortical data transfer at the nodal point where exteroceptive data are conveyed from neocortical high-order sensory association areas to the prefrontal cortex (limbic circuit). Data proceed via multiple neocortical areas to the anteromedial temporal mesocortex and, as if through a funnel, converge from there on both the entorhinal region and amygdala. The entorhinal region, hippocampal formation, and amygdala send projections that mainly terminate in the ventral striatum. From there, the data are conducted via the ventral pallidum and mediodorsal thalamus (MD) to the prefrontal cortex. The involvement of the anteromedial temporal mesocortex (from stage 4 onwards) leads to a marked reduction of the data transfer from the sensory neocortex to the prefrontal cortex and paves the way for cognitive impairment.
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Lamina I of the spinal cord

Unmyelinated or sparingly myelinated fibers that conduct thermal and nociceptive stimuli from the periphery to the CNS synapse almost exclusively on layer I neurons belonging to the pain system [121,122]. Layer I nerve cells almost completely filled with α-synuclein-immunoreactive material occur in both incidental and symptomatic sPD cases. The layer is decorated by a network of LNs (Plate 3.1e). The further caudally from the cervical spinal cord, the denser the immunoreactive layer I neurons and associated network of LNs become, culminating in the lowermost thoracic, lumbar, and sacral segments [118]. The diagram in Figure 3.4 supplements the sympathetic and parasympathetic pathways that regulate the ENS by including portions of the pain system. Nerve cells in layer I receive modulatory supraspinal input from the lower raphe nuclei, reticular formation, and coeruleus/subcoeruleus complex – all of which sources also generate efferents to both sympathetic and parasympathetic preganglionic projection neurons (Figure 3.2a). Layer I axons provide excitatory input to sympathetic preganglionic neurons (Figure 3.4) and to the coeruleus–subcoeruleus complex before continuing their ascent within the spinothalamic tract. Hence nociceptive stimuli can activate sympathetic outflow [123]. Complaints of painful sensations are widespread in sPD and, combined with other clinical signs, can precede the classical motor symptoms [124–127].

Stage 2: Lewy pathology in the lower brainstem

In stage 2, LP is seen in additional nuclei of the lower brainstem, including the lower raphe system, magnocellular portions of the adjoining reticular formation, and noradrenergic neurons of the coeruleus–subcoeruleus complex (A6 and A7 groups) [19,20,44]. The nuclei that sustain damage during this stage all belong to a level setting system that is driven by supramedullary higher order centers of the limbic and somatomotor systems, such as the central subnucleus of the amygdala and pedunculopontine tegmental nucleus (Figure 3.2a). The level setting nuclei generate long and poorly myelinated descending axons. They inhibit relay nuclei that influence incoming somato- and viscerosensory input and also regulate the excitability levels of medullary and spinal premotor and motor neurons that receive data from the neocortex, the striatal and cerebellar circuits, and additional supramedullary sources (Figure 3.2a). An intact level setting system temporarily inhibits the conduction of incoming pain signals while placing the organism's motor neurons in a heightened state of preparedness in fight-or-flight situations [128–132].

During the first two neuropathologic stages, LP is usually found in olfactory areas, portions of the PNS and ENS, spinal cord, and lower brainstem. The pathologic process does not appear to have as its point of departure the substantia nigra [95]. On the contrary, nigral involvement presupposes the existence of LP in the lower medulla. Were it to become possible to diagnose sPD already in stage 1 or 2, and were a causal therapy to become available, the dopaminergic neuronal loss in the substantia nigra might be preventable [19].

Stage 3: Lewy pathology in the midbrain tegmentum and basal forebrain

The ascending disease process crosses the upper limit of the pontine tegmentum and encroaches upon basal portions of the mid- and forebrain in stage 3. Lesions occur in the central subnucleus of the amygdala and then in the pedunculopontine tegmental nucleus, the pars compacta of the substantia nigra, upper raphe nuclei, magnocellular nuclei of the basal forebrain (medial septal nucleus, interstitial nucleus of the diagonal band, basal nucleus of Meynert), and hypothalamic tuberomamillary nucleus. Involvement of all these sites is accompanied by the appearance of LP in the catecholaminergic melanized neurons of the medullary dorsal vagal area and intermediate reticular zone [19,22,113].

Whereas the level setting nuclei as a unit are the focal structures in stage 2, apparently a bifurcation of the pathologic process in the brain takes place during the third stage (Figure 3.2b). Via one prong it advances into high-order relay centers of the central autonomic network (central subnucleus of the amygdala, limbic circuit components), via another it progresses into superordinate centers of the somatomotor system, including the pedunculopontine nucleus and components of the striatal circuit. Both the central autonomic network and pedunculopontine nucleus regulate the level setting nuclei and both send projections to all diffusely projecting nonthalamic nuclei (Figures 3.4 and 3.4).


Figure 3.4 The diagram shows the progression of the pathologic process until stage 6 and displays the major components of the striatal circuit. Moving from left to right, the three broad gray arrows in the background are intended to facilitate recognition of the limbic, striatal, and cerebellar circuits. Damaged structures are marked by six degrees of shading: black (involved from stage 1 onwards), anthracite (from stage 2 onwards), dark gray (from stage 3 onwards), medium gray (from stage 4 onwards), gray (first affected in stage 5), and light gray (first involved in stage 6). White indicates noninvolvement or very minimal affection. Somatomotor functions are the result of activities in numerous smoothly interacting components that extend from the spinal cord to the telencephalon. The striatal circuit includes portions of the striatum, the external pallidum, subthalamic nucleus, internal pallidum, and associated relay nuclei of the thalamus (VA, VLa). The prefrontal cortex and additional portions of the neocortex activate the dorsal striatum via glutamatergic projections (see text for details). From there, data are transferred through the pallidum to the anteroventral thalamic nuclei, which relay the information back to the cortex. The pedunculopontine tegmental nucleus, dopaminergic nigral neurons, and intralaminar nuclei of the thalamus act upon the striatal circuit and modulate the data streaming through it. Speckled areas indicate nuclei with dot-like inclusions in stages 4–6.
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From the central subnucleus, the disease process encroaches on the basolateral subnuclei. Set off from the surrounding subnuclei by a mesh-like web of LNs, the central subnucleus sends descending, sparsely myelinated projections to the level setting nuclei and dorsal motor nucleus of the vagal nerve. In so doing, it exerts a “limbic” influence on each of these modulatory lower brainstem regions and regulates [104,105,133,134]. The central subnucleus receives afferents from the substantia nigra and basolateral complex of the amygdala; the latter group, in turn, is fed by projections from the cholinergic magnocellular nuclei of the basal forebrain and anteromedial temporal mesocortex (Figure 3.4).

The pedunculopontine tegmental nucleus provides a channel for the pathologic process into the striatal circuit. A dense network of LNs occurs within the nucleus followed by the appearance there of LBs in the somata of cholinergic projection cells [135–138]. The pedunculopontine nucleus consists of cholinergic and noncholinergic (GABA, glutamate) neurons [139]. Its main input originates from the internal pallidum (Figure 3.4). Thinly myelinated projections connect it with nigral dopaminergic neurons, the subthalamic nucleus, intralaminar nuclei of the thalamus, and nonthalamic nuclei with diffuse cortical projections (Figures 3.4 and 3.4). The ascending projections of the pedunculopontine tegmental nucleus outnumber by far its descending fiber tracts to the level setting nuclei and spinal cord [140,141; see also  142–146].

Nigral pathology begins, as a rule, in the posterolateral subnucleus of the pars compacta and then appears within the posterosuperior and posteromedial subnuclei, bypassing the magnocellular and anterior subnuclei or leaving behind mild LP [19,147–150]. As at previous sites, LNs occur first followed by punctate aggregations, pale bodies, and LBs in the somata of the melanized dopaminergic neurons (A9 group). There are no obvious signs of neuronal loss at this point. Nerve cell death occurs during the subsequent neuropathologic stages [19,20,22]. Lesions are not visible in the A10 group of melanized nerve cells (paranigral nucleus, parabrachial pigmented nucleus, perirubral formation) until stage 4 [22,110,151].

Although spaced widely apart, the noradrenergic coeruleus–subcoeruleus complex, serotonergic upper raphe nuclei, cholinergic magnocellular nuclei of the basal forebrain, and histaminergic tuberomamillary nucleus of the hypothalamus constitute a unit in that their long, thin, and sparsely myelinated fiber tracts project diffusely toward cortical areas, the striatum, and additional subcortical sites [150,152,153,154]. Whereas the coeruleus–subcoeruleus complex is involved at stage 2, each of the other nuclei is drawn into the disease process during stage 3 [19–22]. The magnocellular nuclei of the basal forebrain receive abundant data from the olfactory, insular, subgenual, and prefrontal cortex, the entorhinal region, amygdala, striatum, pallidum, and level-setting nuclei. These basal forebrain nuclei also project diffusely to the cortex and numerous subcortical sites, including the mediodorsal nuclei of the thalamus and the amygdala [145,154,155]. Most hypothalamic tuberomamillary neurons are GABAergic/histaminergic and generate diffuse projections of the same magnitude as those from the basal forebrain nuclei [142,156,157,158].

Clinical records of some stage 3 individuals and of most with stage 4 brain pathology mention sPD-related motor symptoms. This could be an indication that the presymptomatic (non-motor) phase gives way to the clinically recognizable phase of the disorder at about this time [6,19,22,78].

Stage 4: Lewy pathology in thalamus, meso- and allocortex, insular, subgenual, and anterior cingulate areas

In stage 4, the lesions are visible in the basolateral complex of the amygdala and interstitial nucleus of the terminal stria in addition to thalamic midline and intralaminar nuclei. The pathology also encroaches for the first time upon the cerebral cortex, that is, the anteromedial temporal mesocortex. During this stage, related areas of insular, subgenual, and anterior cingulate cortical regions become involved, and LP occurs in the entorhinal region and second sector of the Ammon's horn (CA2) [19,22,110]. The neocortical high-order association areas are intact. Remarkably, the small melanized dopaminergic neurons of the infundibular and periventricular nuclei (A12 group) belonging to the hypothalamus remain unaffected [28]. The axons of these nerve cells are short and lack connectivities with other nuclei that develop LP. Subtle abnormalities in the form of dot-like α-synuclein-immunoreactive inclusions show up in the temporal mesocortex, striatum, thalamic relay nuclei, claustrum, and amygdala [159].

An internal medullary layer divides the thalamus into lateral relay, mediodorsal relay, and anterior relay nuclei and harbors three groups of intralaminar nuclei (anterior nuclei, the centromediano–parafascicular complex, posterior nuclei). Midline thalamic nuclei fan out between the epithelial lining of the third ventricle and the mediodorsal relay nuclei. All thalamic relay nuclei are reciprocally connected with the cerebral cortex; their glutamatergic projection neurons generate sturdily myelinated axons that terminate in layer IV of defined cortical areas. By contrast, the glutamatergic neurons of the midline nuclei and intralaminar nuclei send poorly myelinated axons to layers I and VI of more than one cortical area. The intralaminar nuclei receive input from the pedunculopontine tegmental nucleus and generate, in addition to cortical connectivities, a powerful projection to the dorsal striatum (Figure 3.4) [160]. The midline nuclei furnish thalamo-allocortical circuits and pathways to the ventral striatum [161].

LP develops in the thalamus from stage 4 onwards. The midline nuclei and the intralaminar anterior and posterior groups are the most vulnerable [162,163]. In sPD, the severity of the LP that accumulates there contrasts sharply with the mild pathology seen in most of the thalamic relay nuclei. The centromedian nucleus, which also belongs to the intralaminar nuclei, is physiologically almost devoid of α-synuclein and, as such, LP does not develop there [22,27]. α-Synuclein-immunoreactive dot-like inclusions in thalamic relay nuclei and in astrocytes are described in greater detail below.

During the fourth stage, the pathologic process gains access to the cerebral cortex, where it reaches anteromedial portions of the temporal mesocortex (Figures 3.2b and 3.4). The mesocortex is a unique transitional zone wedged between the allocortex and neocortex. This region functions as an interface between the sensory neocortex and superordinate centers of the limbic system (entorhinal region, hippocampal formation, amygdala) (Figure 3.4). All vital data in transit from high-order sensory association areas to the prefrontal cortex must pass through the temporal mesocortex. From there, the data are relayed via the entorhinal region, hippocampal formation, and amygdala, and further, via the ventral striatum, ventral pallidum, and thalamic mediodorsal nuclei to the prefrontal cortex [155,164,165].

LNs are observable in all layers of the anteromedial temporal mesocortex. It is conceivable that the very dense network of LNs in layers II–III hampers the incoming data stream from neocortical high-order sensory association areas. LBs occur mainly in layers V–VI. Then, they appear in one of the deep layers of the entorhinal region, and a dense plexus of LNs develops in the second sector (CA2) of the hippocampal formation. In subsequent stages, the CA2 lesions progress into adjoining portions of the CA1 and CA3 sectors [166]. LP also develops in the first sector (CA1) of the Ammon's horn and in the transitional region between the amygdala and hippocampal formation.

The insular, subgenual, and anterior cingulate cortex are located adjacent to cortical olfactory areas and represent the brain's preeminent organizational level for processing interoceptive data (internal organs) and also visceromotor and endocrine functions (blood pressure, heart rate, respiration, gastrointestinal motility). LP appears in these limbic regions directly following the lesions in the anteromedial temporal mesocortex, and the distribution pattern of LBs/LNs throughout the various cortical layers is very similar to that seen in the mesocortex.

The insular areas encompass gustatory fields and a topically organized representation of the internal organs and interior surface of the body. The region functions as a viscerosensory and limbic integration cortex because it is reciprocally connected with the subgenual and anterior cingulate areas, entorhinal region, amygdala, and intralaminar thalamic nuclei and sends projections to the magnocellular nuclei of the basal forebrain and ventral striatum [167,168,169]. The subgenual region represents a topically organized visceromotor center and acts as a visceromotor and limbic integration cortex. Reciprocal projections connect the subgenual region with adjoining prefrontal areas, the insular and anterior cingulate cortex, entorhinal region, hippocampal formation, amygdala, intralaminar and midline nuclei of the thalamus, lateral hypothalamus, and autonomic regions of the lower brainstem and spinal cord. The subgenual cortex also sends strong projections to the ventral striatum, ventral pallidum, and mediodorsal thalamus [168,170].

The limbic circuit

Eventually, the involvement of the anteromedial temporal mesocortex may seriously impede the data flow originating in neocortical high-order sensory association areas and heading to the prefrontal neocortex via the entorhinal region, hippocampal formation, ventral striatum, ventral pallidum, and mediodorsal thalamus [20,21,22]. Decreasing limbic input to the frontal lobe, in turn, may contribute to impaired executive functioning and pave the way for cognitive impairment [171–176]. Progressive deterioration of the nigrostriatal pathway not only causes greater impairment of somatomotor function but also interferes with the data flow coming from limbic centers – via the dopamine-deprived ventral striatum – to the ventral pallidum, mediodorsal thalamus, and prefrontal neocortex (Figure 3.4). At the same time, the direct dopaminergic innervation of the cerebral cortex is reduced [132].

Autonomic dysfunction begins during the preclinical phase of sPD [18,127,177], and early involvement of the final shared pathway in the autonomic system, for example, the preganglionic sympathetic and parasympathetic neurons of the brainstem and spinal cord, together with postganglionic cells of the PNS and ENS [116], is compounded by LP in the level setting nuclei and central nucleus of the amygdala. In stage 4, the superordinate cortical autonomic system relay centers (insular, subgenual, and anterior cingulate areas) also become involved. The functional integrity of these cortical areas is necessary for maintaining the sympathetically mediated increase in heart rate during physical exertion and emotional stress and the appropriate sudomotor response of the skin to emotional stimuli [168,178,179]. The progression of the lesions within the central autonomic network can serve to exacerbate already present dysautonomia [6,15,116,180].

Dot-like inclusions in cortex, striatum, and thalamus

Dot-like α-synuclein-immunoreactive inclusions appear during stage 4 in the anteromedial temporal mesocortex (layers II–III, V–VI) and continue from there into adjoining neocortical high-order association areas. Small dots correspond to pathologic aggregations in terminal axons. Somewhat larger punctate structures represent α-synuclein-immunoreactive accumulations in astrocytes. Apart from the cortical predilection sites, the dot-like inclusions also are visible in the striatum, thalamic relay nuclei, claustrum, and amygdala [181]. They only occur in these defined forebrain sites from stage 4 onwards and are not found in controls or between neuropathologic stages 1–3 [159].

The pace of the astrocytic inclusions matches the increasing degree of cortical involvement. The astrocytic reaction is most pronounced in layers V–VI, weaker in layers II–III, and nearly absent in layers I and IV. In involved areas, almost all astrocytes are immunolabeled and not only those in the vicinity of LB-bearing pyramidal cells. Immunoreactive astrocytes continue to maintain their normal intervals from each other. The intensity of the immunolabeling gradually tapers off at the limits of uninvolved sites, for example, layer IV or in deep portions of the white substance [159]. Nerve cells normally release traces of the soluble α-synuclein into the extracellular space. Thus, the protein can be detected in both cerebrospinal fluid and blood plasma [182–185]. Astrocytes are not known to synthesize α-synuclein in large quantities [186]. As such, it can be deduced that, in sPD, astrocytes take up already slightly altered α-synuclein as it leaks from terminal of diseased cortical pyramidal cells. Such abnormal material may then readily undergo transformation into astrocytic inclusions [159,183,184].

Because GABAergic projection neurons of the striatum and glutamatergic cells within the thalamic relay nuclei normally remain free of LP, it would be difficult to account for the astrocytic reaction in the thalamus and striatum were it not for the fact that dense connectivities exist between involved cortical areas and these nuclei (Figure 3.4). The corticostriatal and corticothalamic projection neurons are small- to medium-sized pyramidal cells located primarily in layers V–VI [187,188]. This description closely fits that of the cortical neurons in which LBs develop. Moreover, the subthalamic nucleus also receives a projection from the cerebral cortex, al-though mainly from the primary motor field (Figure 3.4). These circumstances indicate that the immunoreactive material seen in cortical, striatal, and thalamic astrocytes originates from LB-bearing pyramidal cells having corticostriatal and corticothalamic projections. The absence of astrocytic immunoreactivity in the subthalamic nucleus lends credence to this explanation inasmuch as the projection cells of the corticosubthalamic tract in the primary motor field remain uninvolved [159].

Stages 5 and 6: Lewy pathology in neocortical prefrontal and high-order sensory association areas, premotor areas, first-order sensory association areas, and primary fields

In stage 5, LP is found in the high-order association areas of the neocortex. The inclusions are concentrated at the border of the mesocortex and gradually taper off the closer they are to the secondary and primary fields of the neocortex. Involved pyramidal cells are still predominantly those in layers V–VI [19,22]. In stage 6, cortical involvement gains additional momentum. LP occurs in the first-order sensory association areas and premotor fields, and eventually enters the neocortical primary sensory and motor fields. During stages 5 and 6, the dot-like immunoreactive inclusions observable in the cortex, striatum, and thalamic relay nuclei since stage 4 increase.

The striatal circuit

Within the striatal circuit, the dorsal striatum, external and internal pallidum, subthalamic nucleus, and ventrolateral thalamus begin to myelinate prenatally. As a result, they are exceptionally well myelinated in the adult human brain. With the exception of the substantia nigra and pedunculopontine nucleus (whose axons are thin and poorly myelinated), the projection neurons of the pallidum, subthalamic nucleus, and thalamic relay nuclei are resistant to the sPD-related pathologic process. The same applies to cerebellar circuit centers. They myelinate early and seldom become involved – and, if at all, during stages 5 and 6 [6,22].

The majority of striatal neurons are inhibitory medium-sized GABAergic projection cells with spiny dendrites and can be divided into two groups. One is characterized by enkephalin, expresses the D2 subtype of dopamine receptors, and projects chiefly to the external pallidum, whereas the second group contains substance P, expresses the D1 dopamine receptor subtype, and projects to the internal pallidum (Figure 3.4). Approximately 80% of all synapses within the striatum are derived from corticostriatal projections that terminate on the tips of spines belonging to medium-sized projection cells [189,190]. Dopaminergic projections from the substantia nigra form symmetric contacts on the stalks of the spines, whereas glutamatergic terminals from the intralaminar thalamic nuclei are found on the dendritic shafts. This means the dopaminergic fibers are optimally positioned to regulate excitatory input from the cortex and thalamus [190,191]. The main feature of the external pallidum is that it establishes, via the subthalamic nucleus, an “indirect” pathway to the main pallidal output structure, the internal pallidal segment (Figure 3.4) [132,160,192–196].

Under resting conditions, the activity of striatal spiny neurons is minimal. Temporary activation of the GABA/enkephalin neuronal subclass results in suppression of projection cells within the external pallidum and disinhibition or activation of the subthalamic nucleus, which, in turn, activates the internal segment of the pallidum (Figure 3.4). The inhibitory influence of this output structure suppresses thalamic activity (mainly the VA and VLa) and provides a negative feedback to the cerebral cortex (Figure 3.4). Increased activity of the skeletal musculature, on the other hand, requires predominance by striatal circuitry involved in the “direct” pathway. Activation of substance P neurons suppresses part of the activity in the internal pallidum and results in activation of related thalamic nuclei, thereby opening the way for positive feedback to the cortex (Figure 3.4). The dopaminergic projections from the substantia nigra exert opposing influences on the aforementioned striatal pathways by curbing the indirect and promoting the direct pathway [191,197].

Depletion of striatal dopamine in sPD probably induces postsynaptic changes in striatal projection neurons and causes an imbalance in the activity within both the direct pathway (insufficient activation) and the indirect pathway (insufficient inhibition). Hyperactivity of the subthalamic nucleus is the net effect. The resultant predominance of the internal pallidum leads to inhibition of thalamocortical activity and, clinically, to hypokinesia or akinesia [192,198,199,200]. The equilibrium between the indirect and direct pathways can be temporarily restored, to an extent, by pharmacologic alleviation of the striatal dopamine deficiency or by surgically induced reduction of the hyperactivity in the subthalamic nucleus (deep brain stimulation) [18,201–206].

Striatal dopamine deficiency leading to hyperactivity of striatal projection neurons is followed by loss of spines along their dendrites [207,208,209]. Striatal projection neurons may shed their spines as a protective response to dampen excessive corticostriatal drive and/or to ensure their own survival [210,211,212]. Moreover, the presence of axonal dot-like inclusions and α-synuclein-immunoreactive astrocytes in the striatum provides circumstantial evidence for a massive loss of cortical glutamatergic synapses that ultimately would render the spines useless. Destruction of the dominant cortical input to the striatum would interrupt the data stream directly at the “doorstep,” so to speak, of the striatal circuit, and damage at this juncture would be accompanied by lesions of corticothalamic projections at the other end of the circuit (Figure 3.4) [132].

The hyperactivity in the subthalamic nucleus is not likely to result only from the disinhibitory influence of the external pallidum (Figure 3.4) [213], but is partially driven by the excitatory influence of corticosubthalamic connectivities (hyperdirect pathway) generated from the primary motor area. In sPD, the primary motor field remains almost fully intact and, as such, the corticosubthalamic pathway is functional even in the disorder (Figure 3.4). Whereas the corticostriatal projection forfeits its excitatory input, the subthalamic nucleus becomes increasingly subjected to the activating influence of the primary motor cortex [132].

Until recently, the striatal circuit has tended to be treated more or less in isolation. Figure 3.4, on the other hand, depicts striatal circuitry within the context of the limbic circuit, cerebellar circuit, lower brainstem, and spinal cord [132,214]. Moreover, this figure shows how the pathologic process may systematically progress within the nervous system and eventually involve regions that are vital for the regulation of somatomotor functions. Here, it should be emphasized that nuclei of the level setting system are drawn into the disease process in stage 2. Accumulation of LP within this system might suffice to induce mild but detectable somatomotor dysfunctions [215,216,217]. These could become exacerbated, and additional somatomotor symptoms become apparent following the involvement of the pedunculopontine tegmental nucleus and substantia nigra at stage 3. Affection of the thalamic intralaminar nuclei during stage 4 and deterioration of the corticostriatal and corticothalamic connectivities in stages 5–6 would seal the fate of the somatomotor system [127].
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Introduction

The intricacy of the morphology and circuitry of the basal ganglia has long been of great interest for the neuroscience community. Since the first clear identification of the “corpus striatum” by Thomas Willis in the mid-1600s, our knowledge of the complex neural networks and microcircuits that integrate and process information through the basal ganglia has increased tremendously. The development of sophisticated tracing methods combined with high-resolution immunocytochemical techniques has set the stage for in-depth scrutiny of the cellular and subcellular substrates of neuronal communication within the basal ganglia system. These studies revealed complex features of the anatomy and synaptic connectivity of the basal ganglia that led to a reconsideration of various aspects of the pathophysiology of basal ganglia disorders and the potential role of basal ganglia in a variety of motor and non-motor functions. This chapter discusses the main features of the anatomic organization of the circuitry and synaptic organization of the primate basal ganglia with emphasis on most recent findings, which, we believe, must be considered in understanding the complex functions of basal ganglia in the normal and diseased states. Because of space constraints, this review does not aim to cover the whole literature on basal ganglia anatomy, and readers are referred to previous comprehensive reviews and compendiums for surveys of the early literature and a more general overview of this field [1–38].

Basal ganglia components and general circuitry

The basal ganglia comprise a group of tightly interconnected subcortical brain nuclei in the telencephalon, diencephalon, and midbrain that integrate and process complex sensorimotor, cognitive, and limbic information originating from the entire cortical mantle before it is conveyed to the thalamus and brainstem. The main basal ganglia structures comprise the striatum, made up of the caudate nucleus, putamen, nucleus accumbens, and olfactory tubercle in primates. The caudate nucleus and putamen are commonly referred to as the dorsal striatum, whereas the nucleus accumbens and olfactory tubercle form the ventral striatum. In rodents, the dorsal striatum is made up of a single mass of gray matter called the caudate–putamen complex. Other basal ganglia nuclei include the globus pallidus, which, in primates, is comprised of two parts, the internal and external segments, commonly referred to as the GPi and GPe, respectively. In rodents, the homolog of GPi is the entopeduncular nucleus and the structure corresponding to GPe is simply called globus pallidus (GP). These telencephalic structures are tightly linked with the subthalamic nucleus (STN), a small, almond-shaped nucleus located laterally just below the thalamus at the junction between the diencephalon and midbrain. Finally, another major component of the basal ganglia network is the substantia nigra that lies along the base of the mesencephalon up to the anterior part of the tegmentum. The substantia nigra is a complex meshwork of various populations of neurons divided into two major sub-nuclei; the dorsally located substantia nigra pars compacta (SNc), which is partly made up of dopaminergic neurons, and the substantia nigra pars reticulata (SNr), which is made up of GABAergic projection neurons. Other neighboring cellular groups related to the dopaminergic SNc include the ventral tegmental area (VTA) along the midline and the retrorubral field (RRF) located caudally along the ventrolateral edge of the upper brainstem. Information from the entire cerebral cortex and thalamus is sent to the basal ganglia, mainly via the striatum, which then processes, integrates and conveys this information back to frontal cortical regions or brainstem via functionally segregated channels of information that flow through GPi and SNr, commonly known as the basal ganglia output nuclei.

With the development of sensitive tracing methods, our view of the basal ganglia circuitry has changed considerably over time and become extremely complex. The discovery of new connections combined with the huge number of neurotransmitters and modulators known to be involved in the communication of basal ganglia networks provides a highly sophisticated and intricate framework that underlies basal ganglia function and dysfunction in normal and disease states. However, due to the limited amount of information on the functional role of many of these connections, and the lack of pharmacological tools to understand the mechanisms by which many of the molecules synthesized in basal ganglia neurons participate in neuronal communication, any attempt to incorporate this huge amount of information into basic models of the functional circuitry of the basal ganglia inevitably lead to incomprehensible maps of neural circuits and networks that are difficult to understand and to use efficiently for both research and clinical applications. Therefore, in this chapter, we will attempt to provide an accurate view of the complexity of the basal ganglia circuits, while trying to integrate this knowledge into working models that can be used to understand further the role of basal ganglia in various motor and non-motor functions.

Striatum: main entrance of extrinsic information to the basal circuits

The striatum is the largest and most complex integrative structure of the basal ganglia. As discussed above, it comprises two major components called the dorsal and ventral striatum named on the basis of their respective locations along the dorsoventral extent of the telencephalon. Most importantly, these striatal sub-regions process largely segregated information that originates from different regions of the cerebral cortex; the dorsal striatum receives its main cortical inputs from associative and sensorimotor areas, whereas the ventral striatum is predominantly innervated by limbic cortical regions. It is important to recognize that the relative size of the ventral striatum in comparison with the total striatal mass is significantly larger in rodents than in primates, but the structural, cellular, chemical, and hodological organization of ventral striatal regions in primates and nonprimates is very similar [27,28,38].

In addition to this functional organization, the striatum is also made up of two distinct compartments called the patch (or striosomes) and the extrastriosomal matrix. These two striatal compartments are characterized by distinct afferent and efferent projections and heterogeneous neurochemical phenotype (for reviews, see [2,39]). Although the functional significance of this compartmentalization remains poorly understood, recent findings showed that repeated exposure to motor or psychostimulants results in an imbalance of activity between patch and matrix compartments that correlate with repetitive behaviors known as motor stereotypies [40–43]. It has been proposed that the selective recruitment of patch (or striosome) neurons by chronic stimulant exposure may represent neural endpoints of the transmission from action–outcome associative behavior to conditioned habitual responses [43]. Selective neurodegeneration of patches occurs in X-linked progressive dystonia–parkinsonism [44,45], and differential dysregulation of the Ras/Rap/ERK MAP kinase signal transduction cascades between the patch and matrix compartments predicts the severity of motor side effects induced by chronic dopaminergic anti-parkinsonian therapy [46]. There is also evidence that variations in clinical symptomatology in Huntington's disease, mainly changes in mood, may be due to differential effects of GABA-A receptor subunits expression between the patch and matrix compartments [47].

The medium spiny neurons and striatum

At the cellular level, the striatum is largely made up of the so-called GABAergic medium spiny projection neurons, which can be divided into two major phenotypes based on their peptide and relative dopamine receptor expression (see below). There are about 2.8 × 106 medium spiny neurons in the rat striatum, which account for 95–97% of the total neuronal population [48]. These neurons are morphologically fairly homogeneous, being made up of a small- to medium-sized cell body that gives rise to smooth proximal dendrites from which emerges a heavily spiny dendritic tree that occupies a spherical radius of about 200 μm in the rat. Striatal projection neurons are divided into two main subtypes based on their preferential projection targets and their expression of dopamine receptors and neuropeptides. The so-called “direct pathway neurons” preferentially express D1 dopamine receptors, substance P, and dynorphin, and project directly to the basal ganglia output nuclei (GPi and SNr). The “indirect pathway neurons” preferentially express D2 dopamine receptors and enkephalin, and primarily project to the GPe. The degree of segregation between these two neuronal populations remains controversial (see the discussion below). There is a dichotomy in the extent of the dendritic tree of D1- and D2-containing striatal neurons in BAC-D1/EGFP versus BAC-D2/EGFP transgenic mice [49]. On average, the dendritic length of D1 projection neurons is significantly greater than D2 neurons, an anatomic feature that may underlie the increased excitability of D2 neurons in adult mice [49–51].

Another important criterion to consider when translating the morphologic differences to the physiologic dichotomy between the two populations of striatofugal neurons is the density and morphology of spines on D1 and D2 neurons. Although rigorous quantitative analysis must still be achieved, preliminary data suggest that in all species single striatal projection neurons of either pathway are covered by about 5000 spines distributed fairly homogeneously at about 1 spine per micrometer of distal dendritic length [52–55]. There is a severe loss of striatal spines in Parkinson's disease (PD), suggesting an important regulatory role of dopamine and glutamate in striatal spine plasticity and spinogenesis in normal and pathologic conditions (see below for more detail).

Axon collaterals of spiny neurons arborize profusely in the vicinity of their parent cell bodies, providing GABAergic innervation to neighboring projection neurons. Although this intrinsic inhibitory connectivity between medium spiny neurons has long been known as the substrate for lateral inhibition in the striatum [56], it seems that these connections are weak, distal, and likely mediate subtle modulatory influence on striatal projection neurons activity [57,58]. However, they are specifically organized and unidirectional between pairs of D1- or D2-containing neurons, or from D2- to D1-positive projection neurons [59]. In contrast, connections from D1- to D2-positive neurons are almost nonexistent. The strength of these intrinsic connections is significantly reduced in dopamine-depleted parkinsonian conditions [59]. Collaterals of substance P-containing medium spiny neurons of the direct pathway also provide strong GABAergic inputs to cholinergic interneurons (see below).

The striatal interneurons: main regulators of striatal integration and processing of extrinsic information

The striatal interneuron family is comprised of four chemically characterized populations. They represent only 2–3% of the total striatal neuronal population in rats, but as much as 23% of all striatal neurons in monkeys [15,60].

The GABA/parvalbumin interneurons, also referred to as “fast spiking interneurons,” form multiple axosomatic synapses on projection neurons, are electrotonically coupled through gap junctions, and exert powerful control on spike timing in projection neurons, thereby providing the substrate for fastforward intrastriatal inhibition of projection neurons in response to cortical activation [61]. The cholinergic interneurons, of which more than 50% co-express calretinin in humans [62], likely correspond to the “tonically active” neurons (TANs) that can be physiologically identified in the rat and monkey striatum [63–65]. These neurons, which receive strong synaptic inputs from GABAergic axon collaterals of substance P-containing striatofugal neurons in rats [66], play a pivotal role in reward-related learning and motivated behaviors [67–72] that are also tightly linked to the dopaminergic nigrostriatal system, although the two populations of neurons encode task episodes differentially. The dopamine neurons encode mainly the cue and outcome delivery, whereas the TANs mainly encode outcome delivery and omission at termination of the behavioral trail episode [73,74]. In rats, cholinergic interneurons are connected to one another through GABAergic interneurons, which provide a mechanism whereby activation of cholinergic interneurons can induce widespread recurrent inhibition of these neurons via nicotinic excitation [75]. They are also key mediators of dopamine-dependent striatal plasticity and learning [76].

The GABA/nitric oxide synthase/neuropeptide Y/somato-statin interneurons are categorized physiologically as “persistent and low-threshold spike” neurons [61]. These cells induce large inhibitory currents in projection neurons and release nitric oxide that modulates plasticity at glutamatergic synapses [15]. On the other hand, somatostatin actions are responsible for the entrainment of projection neurons to the rhythms generated by other interneurons, and are thereby capable of modifying the processing and output of the striatum [77].

The medium-sized GABA/calretinin interneurons represent the largest population of striatal interneurons in humans [62]. They display physiologic characteristics similar to the persistent- and low-threshold spike neurons, and exert powerful monosynaptic inhibition on medium spiny projection neurons.

A small population of dopaminergic interneurons have also been described in the striatum of dopamine-depleted rats and monkeys, and in the caudate nucleus and putamen of human patients with PD [78–82]. These aspiny neurons co-express various markers of dopaminergic neurons, glutamic acid decarboxylase, and, for a small subset, calretinin [78,81]. They receive very scarce synaptic inputs and are preferentially expressed in the precommissural putamen and caudate nucleus [81]. Their density increases significantly following dopamine depletion and after administration of growth factors in the striatum [83], suggesting that they may serve a potential compensatory mechanism in PD.

The corticostriatal system: the main source of extrinsic information to the basal ganglia

The cerebral cortex is the main source of glutamatergic projections to the striatum. The corticostriatal projection originates from all cortical areas and displays a highly topographic and functionally organized pattern of distribution in the striatum. The sources of these projections impose functional maps upon the striatum which appear to be largely segregated throughout the basal ganglia–thalamocortical circuitry [84]. The anatomic organization of the corticostriatal system has been examined using a wide variety of neuroanatomic approaches in rodents [85–93], carnivores [94–98], nonhuman primates (see below), and most recently humans using functional neuroimaging methods [99–106]. Because of the limited space, we will devote this section to a brief overview of the key features of the corticostriatal system in primates.


Figure 4.1 Segregated basal ganglia-thalamocortical (black arrows) and thalamostriatal (gray arrows) functional loops. Each functional modality is processed and travels through segregated regions of basal ganglia and thalamic nuclei (VA/VL and CM/PF) involved in motor, limbic and associative/cognitive functions.
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A large number of neuroanatomic studies have been published on the topographical and functional organization of the corticostriatal system in monkeys. This has led to a basic scheme outlining the functional connectivity between the cerebral cortex and striatum. The somatosensory, motor, and pre-motor cortices project somatotopically in a band-like pattern to the postcommissural region of the putamen, the associative cortical areas from frontal, parietal and temporal lobes project to the caudate nucleus, and the precommissural putamen, and the limbic cortices, the amygdala, and the hippocampus terminate preferentially in the ventral striatum [1,84,107,108] (Figure 4.1). The main source of cortical inputs to different striatal sub-regions in monkeys is shown in Table 4.1. There is also evidence for either convergence or segregation of functionally-related associative or sensorimotor cortical inputs in specific striatal territories [109–112].

Table 4.1 Summary of major corticostriatal connections in nonhuman primatesa.
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In rats, the corticostriatal system originates from two distinct subsets of cortical pyramidal neurons; the so-called “intratelencephalic (IT)” neurons in superficial layers project solely to the striatum and the cerebral cortex, whereas the “pyramidal tract (PT)” neurons in deep cortical layers send their main axonal projections to the brainstem and spinal cord with collaterals to the striatum [113]. Although anatomic evidence suggests that cortical terminals from IT and PT neurons target preferentially “direct” or “indirect” pathway medium spiny projection neurons (see below) [114], recent electrophysiologic data demonstrate that IT neurons are the main source of excitatory inputs to both populations of striatal projection neurons [115], raising significant concerns about the functional significance of striatal projections from PT axon collaterals. The existence and functional significance of PT corticostriatal neurons thus remains controversial in primates [116–120].


Box 4.1 Dual thalamostriatal systems




	CM/PF

	Other thalamic nuclei






	
	Neurons have reticular dendrites

	Innervate preferentially the striatum with collaterals to cortex

	Focal highly convergent sites of termination in the striatum

	Form axo-dendritic synapses (75%)

	Do not display any relationships with dopaminergic afferents

	Discharge single spikes during cortical slow-wave activity

	Sensitive to attention-related multisensory information

	Provide the striatum with attention-related information from brainstem?

	Key components of sub-cortical loops with basal ganglia and brainstem (superior colliculus, PPN, etc.)

	Partly degenerate in PD




	
	Neurons have bushy-like dendrites

	Innervate preferentially the cortex with collaterals to striatum

	Diffuse less convergent innervation of the striatum

	Form axo-spinous synapses (>95%)

	Converge with dopaminergic inputs on to common dendritic spines

	Discharge low-threshold calcium bursts during cortical slow-wave activity

	Respond to specific modalities (sensory, motor, limbic, etc.)

	Provide the striatum with context-dependent functionally related cortical information

	Key components of basal ganglia–thalamocorticothalamic loops

	Do not degenerate in PD











Dendritic spines are, by far, the main targets of corticostriatal afferents [66, 119], although the GABA/PV-containing interneurons also receive significant cortical inputs in rats and monkeys [120]. Recent in vivo electrophysiologic data demonstrate that spike responses in GABA/PV interneurons occur earlier and can be induced by a lower intensity of cortical stimulation than that required for medium spiny projection neurons [121]. In general, increased cortical activity facilitates responses in GABA/PV interneurons, whereas opposite effects are found in projection neurons, which indicates that feedforward inhibition of GABA/PV interneurons filters cortical information effectively transmitted to striatal output neurons [121]. However, recent findings showing that fast spiking interneurons activity is not correlated with major task events suggest that these neurons play a more complex role than currently suggested based on theoretical models of striatal microcircuits [122]. Cortical inputs and feedforward inhibition from GABA/PV interneurons contribute to the imbalance of activity between the two main populations of striatofugal neurons in the rat model of PD [121]. Cortical inputs to cholinergic interneurons are sparse and often located on distal dendrites [123,124]. Cortical inputs to other populations of interneurons have not been studied in great detail. There is anatomic evidence for differential cortical innervation of the two main populations of striatofugal neurons from motor cortical inputs in monkeys [125,126], but the functional significance of such possible segregation remains to be determined.

The dual thalamostriatal systems: two major extrinsic sources of striatal excitability

The thalamus has long been known as another source of glutamatergic projections to the striatum. However, because of limited information on the anatomic and physiologic organization of this system, very little is known about the functional integration of the thalamostriatal pathways in the basal ganglia network. Recent studies have suggested the existence of anatomically and functionally segregated dual thalamostriatal systems that originate from the caudal intralaminar thalamic nuclei versus other thalamic nuclei (Box 4.1). Significant interest in this system has recently been generated with evidence that deep brain stimulation of the caudal intralaminar nuclei, the main sources of thalamostriatal projections, alleviate some symptoms of PD and Tourette's syndrome (see below). This section will provide an overview of the main anatomic, physiologic, and pathologic features of the thalamostriatal systems in normal and diseased brains.

Thalamostriatal projections from the caudal intralaminar nuclei

The intralaminar thalamic nuclei are a major source of excitatory afferents to the striatum. In primates, the caudal intralaminar nuclear group, the centromedian (CM) and parafascicular (PF) nuclei, provide inputs that largely terminate in different functional territories in the striatum. The medial part of CM projects to the postcommissural sensorimotor putamen. The PF innervates predominantly the associative part of the caudate nucleus and the ventral striatum, while the dorsolateral PF projects selectively to the precommissural putamen (for reviews, see [14,33]) (Figure 4.1). Although CM/PF neurons send sparse projections to the cerebral cortex, their main termination target is the striatum [127], where they preferentially innervate the striatal matrix compartment [14]. At the ultrastructural level, CM and PF inputs innervate preferentially the dendritic shafts of striatal output neurons [128–131]. Striatal interneurons, immunoreactive for choline acetyltransferase, parvalbumin, and somatostatin, but not calretinin, also receive inputs from CM in monkeys [132]. In line with these electron microscopic data, there is evidence that projections from CM/PF tightly regulate the electrophysiologic activity of cholinergic interneurons [133,134] and are required for the sensory responses of TANs (likely cholinergic) that are acquired through sensorimotor learning in monkeys [135–137].

Thalamostriatal projections from other thalamic nuclei

The CM/PF complex is not the sole source of thalamostriatal projections. In fact, most thalamic nuclei contribute a varying degree of striatal innervation [14,37], but these projections display different anatomic and, most likely, functional features compared with striatal inputs from the CM/PF (Box 4.1). Albeit sparse compared with those from CM/PF, these projections are topographically and functionally organized in the rat and monkey striatum [14,37,131,138,139].

The synaptic connectivity of striatal projections from CM/PF is strikingly different from that of other thalamic nuclei. CM/PF terminals form synapses predominantly with dendritic shafts of medium spiny neurons, whereas projections from other nuclear groups, including the rostral intralaminar, midline, and relay thalamic nuclei, target almost exclusively dendritic spines [14,37,131,140]. Another main difference between striatal inputs from CM/PF and other thalamic nuclei relates to the degree of axon collateralization to the cerebral cortex; projections from CM/PF are mainly directed towards the striatum with minimal innervation of frontal cortical areas, whereas relay and rostral intralaminar nuclei project predominantly to the cerebral cortex with light to moderate striatal innervation [37,127]. In general, striatal projections from CM/PF are much more focused and give rise to a significantly larger number of terminals than individual corticostriatal axons [37,127,118]. The functional relevance of these differences in the striatal innervation pattern between thalamic and cortical inputs remains poorly understood (see below [134]).

The vesicular glutamate transporters 1 and 2 as segregated markers of cortical or thalamic inputs to the striatum

Vesicular glutamate transporter 1 and 2 (vGluT1 and vGluT2) immunostaining can be used as a selective marker of corticostriatal and thalamostriatal glutamatergic terminals, respectively [37,131,141]. More than 95% of vGluT1 terminals contact the heads of spines, whereas only 50–60% of vGluT2 terminals do so in monkeys, a pattern that does not change in parkinsonism [141]. In rats, there is a significant difference in the microcircuitry of vGluT2 terminals between the patch and matrix striatal compartments so that most axo-dendritic vGluT2 synapses are found in the matrix, consistent with the idea that the CM/PF complex is the main source of these synaptic inputs [14,37,131].

Functional roles of the thalamostriatal systems

The role(s) of the thalamostriatal system remain(s) poorly understood and likely differ(s) between projections that arise from CM/PF and those arising from other thalamic nuclei. In primates, the CM and PF supply striatal neurons with information that have attentional values, thus acting as detectors of behaviorally significant events occurring on the contralateral side [135,136]. In humans, changes in CM/PF activity are induced in response to attention-demanding reaction-time tasks [142]. Stimulation of the monkey CM induces complex excitatory and inhibitory electrophysiologic responses in striatal projection neurons and cholinergic interneurons [134]. On the other hand, stimulation of rostral intralaminar nuclei induces complex changes in cognitive processing, probably through regulation of cortical and striatal activity [143,144]. The function of other thalamostriatal systems might be to provide a positive reinforcer of specific populations of striatal neurons involved in performing a selected cortically driven behavior [14,37,139,145].

The CM/PF degenerates in Parkinson's disease

As many as 50% of CM/PF neurons degenerate in patients with progressive supranuclear palsy, Huntington's disease, and PD. In parkinsonian patients, subpopulations of parvalbumin-containing neurons are mainly affected in PF, whereas in CM non-parvalbumin/non-calbindin neurons are specifically targeted [14,37]. Asymmetries in the shape of thalami between patients with PD and healthy controls were recently reported [146]. Preclinical studies in rodents led to controversial data regarding cell loss in PF after nigrostriatal dopamine depletion; some studies showed significant loss of PF thalamostriatal neurons in 6-hydroxydopamine-treated rats and MPTP-treated mice, whereas others did not find any PF neuronal loss under similar conditions [14,37]. Although data from nonhuman primates are not available, electron microscopic data recently showed a significant reduction in the relative abundance of vGluT2-positive terminals forming axo-dendritic synapses in the putamen of MPTP-treated monkeys, suggesting a possible loss of CM-striatal neurons [141] in this animal model.

The striatal dopaminergic systems: major modulators of basal ganglia networks

The nigrostriatal system

The ventral midbrain dopaminergic neurons are subdivided into three main groups: the A8 (retrorubral field; RRF), A9 (substantia nigra pars compacta; SNc), and A10 (ventral tegmental area; VTA). Each of these regions is comprised predominantly of dopaminergic neurons with small groups of GABAergic interneurons, except in the VTA, where GABAergic projection neurons have also been documented [9]. Various neuropeptides have been identified in subsets of neurons in the medial SNc and VTA. In addition, calbindin D28K (CB) is strongly expressed in neurons of the VTA and RRF and also dorsal tier neurons of the SNc (SNc-d), but is not found in ventral tier SNc neurons (SNc-v) [9,147,148]. This differential expression of CB may play a neuroprotective role in SNc-d and VTA neurons in PD, whereas its absence might account for the vulnerability of SNc-v neurons in PD [149–151]. SNc-v neurons express a higher level of dopamine transporter than other dopaminergic cell groups [152], which presumably accounts for the vulnerability of SNc-v neurons in MPTP-treated mice and monkeys [153,154].

The main groups of midbrain dopaminergic neurons differ in their projection patterns to the striatum: (1) the sensorimotor striatum in the postcommissural putamen is mainly innervated by dopaminergic cell columns in the SNc-v, (2) the limbic ventral striatum is targeted preferentially by VTA and SNc-d neurons, and (3) the associative striatum in the caudate nucleus is mainly targeted by dopaminergic neurons in the densocellular part of SNc-v [9,33]. The pattern is different in rats; where SNc-d neurons project predominantly to the dorsal striatum [155]. Two main types of nigrostriatal axons have been identified based on their origin and pattern of striatal innervation; thin, varicose, and widespread fibers that arise from neurons in the SNc-d, VTA and RRF and terminate preferentially in the matrix striatal compartment, and thick, more varicose fibers which originate from the SNc-v and terminate mostly in the patch striatal compartment [156]. The dichotomy between dopaminergic projections to patches or matrix, and the extent of striatal dopaminergic innervation, were recently challenged using a highly sensitive viral tracing method that resulted in much more extensive labeling of the axonal arbor of individual SNc dopaminergic neurons that did not show any preferential innervation of the patch or matrix compartments [157].

Although most midbrain dopaminergic neurons show a certain degree of degeneration in PD, the pattern of progressive cell loss is not homogeneous, but rather displays a complex topographic and regional organization. Two main features characterize the pattern of nigrostriatal degeneration in PD patients and MPTP-treated monkeys: (1) nigrostriatal projections to the sensorimotor striatal territory (postcommissural + lateral precommissural putamen) are more sensitive than those to the associative (caudate nucleus) and limbic (nucleus accumbens) striatal regions [158,159], and (2) VTA projections to the ventral striatum are selectively spared and show a far lesser degree of degeneration than other midbrain dopaminergic neurons [160,161]. There is also evidence for differential dopamine denervation of patches versus matrix compartments in MPTP-treated monkeys, but data remain controversial [151,162].

The pattern of nigrostriatal degeneration at the striatal and nigral levels correlates with the expression level of CB. At the striatal level, the most sensitive sensorimotor postcommissural putamen is devoid of CB-containing neurons [163]. In the substantia nigra, the relatively spared SNc-d and VTA neurons are enriched in CB, whereas the more sensitive SNc-v neurons express a low level of CB immunoreactivity [152,164]. Finally, SNc neurons in regions that receive strong CB innervation from the striatum are more resistant than those in CB-poor pockets called nigrosomes [160]. Together, these findings highlight the potential neuroprotective role of CB in PD pathogenesis.

Dopamine plays a critical role in regulating striatal activity through both pre- and post-synaptic mechanisms. The five dopamine receptor subtypes are expressed in projection neurons and interneurons of the striatum providing multiple targets whereby dopamine mediates its effects. Dopamine-mediated modulation of glutamatergic and cholinergic activity is severely affected in parkinsonian states, likely contributing to the abnormal basal ganglia network activity changes described in PD. The morphological and functional plasticity of dendritic spines is also tightly regulated by dopamine–glutamate interactions, providing a substrate for integration and processing of extrinsic information to the basal ganglia circuitry [6,9,33,55].

Other important modulatory systems that will not be discussed in this chapter include the serotonergic system from the raphe nuclei and the noradrenergic ascending projections from the locus coeruleus. Although not as much studied as the dopaminergic system, there is evidence that these two neurotransmitters regulate physiologic activity in various basal ganglia nuclei and possibly contribute to non-motor deficits and motor side effects of long-term dopaminergic therapy in PD [165–172].

Extrastriatal dopaminergic systems

Although the striatum is by far the main basal ganglia target of midbrain dopaminergic neurons, considerable evidence for extrastriatal dopamine function has been put forward to explain some of the paradoxical changes observed in basal ganglia circuitry in PD. Because of space limitations, we cannot expand much on this topic in this chapter, and readers are referred to recent publications and reviews that discuss evidence for nigropallidal, nigrosubthalamic, and nigrothalamic dopaminergic projections. The role of dendritic release of dopamine in the SNr has also been established as another major contributor of extrastriatal dopamine function in the basal ganglia [9,33].

The direct and indirect basal ganglia circuits: “a simplified model that brought us a long way”

A significant breakthrough in our understanding of the basal ganglia circuitry came in the early 1990s with the introduction of the model of “direct and indirect” pathways of the basal ganglia [173–175]. Although overly simplistic, this model has driven the field of basic and clinical basal ganglia research in recent decades. Obviously, since its introduction, our gain in knowledge of the basal ganglia circuitry has led to several revisions and updates that make it much more complex. However, it remains the most reliable working model that both physicians and basic scientists use to develop and refine functional hypotheses about the normal physiology and pathophysiology of basal ganglia in diseased states. In brief, the term “direct pathway” refers to the monosynaptic connection between the striatum and the basal ganglia output nuclei, the internal globus pallidus (GPi), and the substantia nigra pars reticulata (SNr), while the term “indirect pathway” refers to the polysynaptic pathway linking the striatum and GPi/SNr via the external globus pallidus (GPe) and the subthalamic nucleus (STN). Striatal neurons that give rise to either of these pathways are GABAergic, but can be segregated into two populations according to their peptide content (substance P-direct; enkephalin-indirect) and by the preferential expression of dopamine receptor subtypes (D1-direct; D2-indirect). By virtue of the neurotransmitters and basal activity in these neuronal networks, it has been proposed that activation of the direct and indirect pathways produces functionally opposite effects in GPi/SNr neurons. A balance between the activity of the two pathways is, therefore, essential for the normal functioning of basal ganglia. In PD, the loss of striatal dopamine leads to increased activity of indirect striatofugal neurons and decreased output from direct striatofugal neurons. Because of the polarity of connections in the direct/indirect pathways, this results in increased GABAergic basal ganglia outflow to the thalamus which, in turn, may reduce cortical excitability and decrease motor behaviors (Figure 4.2).


Figure 4.2 Direct and indirect pathway model of the basal ganglia. The gray box indicates tightly interconnected basal ganglia nuclei that receive extrinsic inputs from cortical, thalamic and brainstem regions. The black arrows indicate inhibitory connections, while the gray arrows illustrate excitatory connections. The extrastriatal SNc dopaminergic projections to GPe, STN and GPi/SNr have been omitted from this diagram. The connections between the basal ganglia and the PPN/SC/LH are depicted in more detail in Fig. 4.4. Abbreviations: CM, centromedian nucleus of the thalamus; D1 and D2, dopamine D1-type and D2-type receptors; GPe, globus pallidus external segment; GPi, globus pallidus internal segment; LH, lateral habenula; PF, parafascicular nucleus of thalamus; PPN, pedunculo pontine nucleus; SC, superior colliculus; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus; VA/VL, ventral anterior and ventrolateral nuclei of thalamus.
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The segregation of direct and indirect striatofugal pathway neurons: an ongoing dilemma?

This traditional scheme of the basal ganglia circuitry has been challenged in past decades based on some anatomic and molecular data suggesting that the two pathways may not be as segregated as previously thought. On the one hand, the use of single-cell filling studies has demonstrated that most striatofugal neurons of the direct pathway give off collaterals to the GPe [8,176,177,178]. However, it is noteworthy that many neurons in the primate striatum that innervate the GPe, GPi, and SNr often provide significantly more axon terminals to one of these structures than others, thereby maintaining a certain level of preferential targeting in their axonal projections [178]. The functional significance of these collateralized projections still remains poorly understood, but surely deserves consideration in the interpretation of functional changes in basal ganglia circuitry in normal and diseased states.

Another set of data that have generated strong interest and controversy about this model over the past 15 years come from molecular studies showing that D1 and D2 receptor mRNAs may not be as segregated as originally thought. Rather, they suggest that a significant proportion of striatal output neurons express mRNAs for both receptor subtypes [175,179,180,181]. This controversy originally came from the use of different techniques to examine the localization of D1 and D2 mRNA in striatal neurons. On the one hand, Gerfen and others, using the in situ hybridization approach, reported a clear and almost complete segregation of dopamine receptor mRNAs in striatonigral (D1-containing) and striatopallidal (D2-containing) neurons in rats and monkeys [175,179,182,183,184]. On the other hand, Surmeier and co-workers, using a more sensitive single-cell mRNA amplification technique, reported that most striatofugal neurons expressed a significant level of both dopamine receptors subtype mRNAs, shedding significant doubt on the segregation of the direct and indirect basal ganglia pathways originally proposed [180,181,185]. The hypothesis of co-expression was further supported by in vitro electrophysiologic data showing that a majority of striatal neurons are functionally responsive to both D1 and D2 family receptor agonists [181]. Significant controversy about dopamine receptor segregation was also raised based on immunocytochemical studies, some reports showing that D1 and D2 receptor protein immunoreactivity was largely segregated in two distinct populations of striatal spines [114,186], whereas others demonstrated a high level of D1 and D2 receptor immunoreactivity at the single-cell level in the rat striatum [187].

More recently, bacterial artificial chromosome (BAC) transgenic mice in which striatal neurons express D1- or D2-enhanced green fluorescent protein (EGFP) have been engineered [188,189]. These mice have become a very useful tool to study the physiology, pharmacology, and anatomy of the two main populations of striatofugal neurons in normal and diseased states [25,49, 53,59,76,190,191,192]. However, it is worth noting that there is a striking difference between the chemical phenotype of striatofugal neurons in these transgenic mice compared with data reported previously for normal rats (see above). The BAC-D1 and BAC-D2 mice indeed display a complete segregation of D1 and D2 receptor mRNA, even when measured with the highly sensitive single-cell mRNA amplification method, an approach that revealed significant D1/D2 co-localization in normal rats [25,53,180,181,185]. Whether this strict segregation of the two dopamine receptor subtypes underlies distinct functional dopamine-mediated physiologic effects or variable mechanisms of synaptic plasticity between normal animals and these transgenic mice remains to be established.

Another important fact to keep in mind when interpreting dopamine-mediated effects in individual striatofugal neurons is the possible co-expression of other D1 or D2 receptor family subtypes (i.e., D3, D4, and D5 receptors) in the two main populations of striatofugal neurons. In contrast to D1 and D2, the D3, D4, and D5 receptors are not as strictly segregated between the two striatofugal pathways, thereby providing a substrate for cross-talk and dual D1/D2-like dopamine-mediated effects on striatal projection neurons [6,185,193–198]. To our knowledge, there is no report on the relative expression level of D3, D4, or D5 receptors in striatofugal neurons of BAC-D1/EGFP or BAC-D2/EGFP transgenic mice. We believe that such information is absolutely essential to determine clearly the chemical phenotype of striatofugal neurons in these animals and ensure that functional data gathered from these mice can be translated to normal brains.

The hyperdirect corticosubthalamic system: anatomic and functional significance

In addition to the striatum, the STN represents another major entrance of extrinsic information to the basal ganglia circuitry. There is electrophysiologic evidence that information flowing along this tract is transmitted to the basal ganglia output nuclei, the SNr and GPi, at a faster pace than information flow along the direct and indirect corticostriatofugal systems [199]. A majority of SNr and GPi neurons, indeed, respond with a fast, likely monosynaptic, excitation following electrical stimulation of motor cortices. This excitation is abolished following STN lesion. In monkeys, the corticosubthalamic projection mainly originates from motor cortical areas and displays a strict somatotopic arrangement along the dorsolateral two-thirds of the STN. Inputs from M1 flow along the lateralmost part of the nucleus, while projections from the supplementary motor area (SMA), pre-motor cortices (PM), and the cingulate motor cortex (CM) terminate dorsomedially in an overlapping fashion. The somatotopy in the dorsolateral “M1 domain” and the dorsomedial “SMA/PM/CM domain” are reversed [199–201]. The ventrolateral half of the STN receives its main cortical inputs from the frontal and supplementary eye field areas, whereas the medial tip of the STN is related to the processing of limbic-related information (Figure 4.3).


Figure 4.3 Afferent and efferent connections of functional subregions of the subthalamic nucleus. The sensorimotor region is further subdivided according to the source of primary motor (light gray) versus premotor, supplementary and cingulate motor cortical inputs (white). Abbreviations: Cing. mot., cingulate motor area of cortex; CM, centromedian nucleus of the thalamus; GPe, globus pallidus external segment; GPi, globus pallidus internal segment; LC, locus coeruleus M1, primary motor area of cortex; PF, parafascicular nucleus of thalamus; PPN, pedunculopontine nucleus; Pre-motor, pre-motor area of cortex; SMA, supplementary motor area of cortex; SN, substantia nigra; SNc, substantia nigra compacta.
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A functional “center-surround model” has been proposed to explain the role of the hyperdirect pathway in the selection of motor programs. According to this hypothesis, the cortical information flowing along the hyperdirect pathway is transmitted to the GPi in a diffuse manner, thereby providing an overall excitation over a large pool of basal ganglia output neurons not related to the selected motor act (i.e., the “surround neurons”). In contrast, the corollary signal transmitted along the corticostriatal system is much more focused and conveyed to a restricted pool of GPi neurons (i.e., the “center neurons”). Despite its potential interest, this hypothesis relies on a questionable foundation, shedding doubt on its significance. First, the anatomic relationships between the STN and both pallidal segments are highly specific and topographic, opposing the assumption made by the model that the STN provides a diffuse projection to the GPi [202,203]. Second, most STN neurons increase their firing around the time of movement onset or after the movement during active step tracking movements in monkeys [204], thereby reducing the likelihood that the cortico-STN projection is involved in the preparation of movements as suggested by the center-surround hypothesis. However, most STN neurons are active before self-paced movements in human parkinsonians [205]. The relative importance of the corticosubthalamic versus corticostriatal projections in regulating motor behavior therefore necessitates further investigations.

The exact cellular origin of the hyperdirect corticosubthalamic projection remains poorly characterized. Although there is evidence that some of these axons might be collaterals of descending pyramidal tract axons in rats [206] and cats [207], recent single-cell filling of pyramidal tract neurons in M1 resulted in only a few scarcely distributed fibers in the monkey STN [118], suggesting that this projection may have a more complex origin than previously thought in primates.

Non-motor components of the “hyperdirect” pathway

There is behavioral evidence that the corticosubthalamic projection from the prefrontal cortex plays a role in preparatory processes, attention, perseveration, and other important cognitive or limbic functions in rodents [208–213]. These behavioral effects are likely mediated by direct projections from the prefrontal cortex to the medial STN in rats [214–217]. Although the sources of associative and limbic cortical afferents to the STN remain poorly characterized in primates, recent diffusion-weighted magnetic resonance imaging methods have revealed connections between high-order associative areas of the frontal lobe and the STN in humans [218], providing a substrate for cognitive effects induced by bilateral STN DBS in some PD patients [219–226]. It is also important to keep in mind that areas in the ventromedial STN are tightly linked with the caudate nucleus and related associative regions of the GPe, providing another substrate for STN stimulation-mediated effects on complex cognitive functions [202,203,227,228]. In contrast to the striatum, the STN does not receive sensory cortical inputs [216,229]. The caudal intralaminar nuclei and the brainstem pedunculopontine nucleus are two additional sources of glutamatergic inputs to the STN [203] (Figure 4.3). In turn, the STN send glutamatergic projections back to the cortex and pedunculopontine nucleus [203,227,228,230].

The pedunculopontine nucleus: an intricate component of the basal ganglia circuitry

Intrinsic cellular organization of the PPN

The PPN comprises a chemically heterogeneous collection of neurons in the upper brainstem that lies around the superior cerebellar peduncle. It is bounded laterally by fibers of the medial lemniscus, medially by the decussation of the superior cerebellar peduncle, dorsally by the retrorubral field, rostrally by the dorsomedial sector of the caudalmost tip of the substantia nigra, and caudally by the cuneiform nuclei. It is made up of two major neuronal groups; the PPN compacta (PPNc), which is comprised of a densely packed population of cholinergic neurons located in the caudolateral half of the nucleus, and the PPN diffusa (PPNd), which is located more medially and is made up of sparsely distributed non-cholinergic neurons residing along the dorsoventral extent of the superior cerebellar peduncle. The human PPN contains about 10 000–15 000 cholinergic neurons [231,232], which make up more than 90% of cells in the PPNc [233]. In monkeys, as many as 40% of cholinergic neurons in the PPN express glutamate immunoreactivity. Smaller subsets of GABAergic, dopaminergic, and noradrenergic neurons have also been identified within the boundaries of the PPN. In addition, various neuropeptides are expressed in this region [234–239].

PPN connectivity

Many lines of anatomic and electrophysiologic evidence indicate that the PPN is reciprocally connected with the basal ganglia. The PPN receives substantial projections from the GPi and SNr (see below) and a more minor input from the STN. In turn, the PPN sends ascending projections to all basal ganglia nuclei. In rats and primates, the SNc and the STN are, by far, the most densely innervated basal ganglia structures by PPN efferents [240,241]. Both glutamate and acetylcholine are used as a neurotransmitter by these projections. The PPN innervation of the pallidal complex is not as dense as that of the STN and SNc, arborizes preferentially in the GPi, and uses both glutamate and acetylcholine as neurotransmitters. A light pedunculostriatal projection has also been described in rats and monkeys, but the chemical nature of this projection is still unknown. Taking into consideration these tight interconnections with basal ganglia structures combined with prominent descending projections to pontine, medullary, and spinal structures, the PPN is considered as a possible relay station where the striatum connects with neurons from the reticular formation and the spinal cord. Additional inputs to the PPN originate from the spinal cord, raphe nuclei, locus coeruleus, deep cerebellar nuclei, the superior colliculus, and the SNc [237–239]

The PPN sends massive cholinergic and non-cholinergic projections to various thalamic nuclei. These projections play a major role in mediating cortical desynchronization during waking and rapid eye movement (REM) sleep. Cholinergic and glutamatergic PPN inputs to thalamostriatal neurons have been demonstrated. A subpopulation of PPN neurons innervates simultaneously the basal ganglia and thalamic regions via axon collaterals. These findings suggest that the PPN conveys information to the basal ganglia not only directly, but also indirectly via thalamostriatal neurons. Therefore, the PPN occupies a strategic position that allows for modulation of neuronal activity in functional basal ganglia–thalamocortical and thalamostriatal loops [235,239,242]

The connectivity of the PPN described above using traditional tract-tracing methods in rats and nonhuman primates has recently been confirmed and extended in humans using diffusion tensor imaging. Despite the obvious shortcomings of this method to differentiate afferent versus efferent fiber pathways, and the likelihood that small fiber tracts may not be detected with tractography, this approach surely warrants attention because of its noninvasive nature and its possible use for tracing neural connections in the human brain [243–246].

PPN as a target for functional deep brain stimulation

Through this complex connection with basal ganglia, thalamus, and lower brainstem regions, the PPN is involved in the initiation and modulation of gait and other stereotyped movements in experimental animals [237,247,248,249], and there is evidence suggesting that the nucleus is involved in PD. Bilateral lesions of the PPN in normal nonhuman primates elicits bradykinesia [250,251]. Neuropathologic studies have shown as much as a 50% loss of cholinergic neurons in the PPN of human with PD [252,253]. In MPTP-treated parkinsonian monkeys, blockade of GABA-A receptors or low-frequency stimulation in the PPN reverses parkinsonian akinesia [254–256]. Based on this series of preclinical studies, the area of the PPN has been investigated as a possible target for DBS in parkinsonian patients who suffer from gait impairment, freezing, and poor balance that cannot be adequately controlled with dopaminergic therapy, and positive results have been reported in preliminary open-label studies [237,257–261]. However, the exact site to stimulate remains controversial. Some authors have argued that the peripeduncular nucleus, an aggregate of neurons located rostral and lateral to the PPN, is a main candidate target for DBS in patients with PD that warrants further exploration [262–266].


Figure 4.4 Main output projections of the GPi and SNr. This diagram also illustrates some of the subcortical inputs to SNc/VTA dopaminergic neurons that have been considered as sources of reward- or sensory-related influences to midbrain dopaminergic neurons. Abbreviations: CM: Centromedian nucleus; GPi: Globus pallidus, internal segment; LHb: Lateral habenular nucleus; MD: Mediodorsal nucleus; PF: Parafascicular nucleus; PPN: Pedunculopontine nucleus; RF: Reticular formation; SC: Superior colliculus; SNc: Substantia nigra compacta; SNr: Substantia nigra pars reticulata; Str: Striatum; VA: ventral anterior nucleus; VL: ventral lateral nucleus; VTA: ventral tegmental area.
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Basal ganglia outflow to the thalamus and brainstem

The GPi and SNr are the two main output nuclei of the basal ganglia. They receive functionally segregated inputs from the striatum and send this information through massive GABAergic projections that profusely innervate the thalamus, lateral habenula, superior colliculus, pedunculopontine tegmental nucleus, and reticular formation. These projections, which, in some cases originate from collaterals of the same axons, are highly specific and functionally compartmentalized in their respective targets (Figure 4.4). This section briefly reviews the anatomic organization of these various tracts and discusses their relevance in the transmission of basal ganglia information through cortical and subcortical loops that likely play a major role in mediating changes in neural activity in normal and pathologic conditions.

Efferent projections of GPi

The pallidothalamic projection

The pallidothalamic projection travels via the ansa lenticularis and lenticular fasciculus to terminate in a topographic fashion in the ventral anterior/ventral lateral (VA/VL) nuclei of the thalamus [1,267,268]. The exact origin of the fibers that make up the two major pallidal outflow tracts remains controversial. According to recent anatomic data, pallidothalamic fibers originating from the caudal portion of the GPi, including the motor territory travel predominantly medially through the lenticular fasciculus en route to the thalamus, while fibers coursing below the ventral border of the pallidum in the so-called ansa lenticularis originate mostly from cells located in the rostral half of the GPi [269]. This scheme is much simpler than that published in other studies, which imply that fibers coursing through the ansa lenticularis frequently follow lengthy courses through the caudorostral extent of the GPi to reach the thalamus [270,271]. This apparent discrepancy may be the result of a higher degree of neuronal heterogeneity than previously thought in the primate GPi [271]. Understanding this delineation may be critical in optimizing the surgical treatment of various movement disorders [269].

Efferent projections from the sensorimotor GPi remain largely segregated from the associative and limbic projections at the level of the thalamus. In squirrel monkeys, the sensorimotor GPi outputs are directed towards the posterior VL (VLp), whereas the associative and limbic GPi innervate preferentially the parvocellular VA (VApc) and the dorsal VL (VLd). The ventromedial nucleus receives inputs from the limbic GPi only [268]. These findings, therefore, reveal that some associative and limbic cortical information, which is largely processed in segregated cortico-striatopallidal channels, converges to common thalamic nuclei in monkeys. These anatomic studies and many others provide clear evidence that the basal ganglia outflow from the GPi reaches cortical areas that extend far beyond motor-related cortices but also involve cognitive and associative regions of the prefrontal cortex [84,272–275].

The pallidal-, nigral-, and cerebellar-receiving territories are largely segregated in the primate thalamus, whereas they slightly overlap in rodents [276–278]. It has long been thought that pallidothalamic outflow to the cerebral cortex was restricted to supplementary and pre-motor cortices, while information from the cerebellothalamic tract was solely directed to the primary motor cortex [279,280]. This simplistic view has now been replaced by a more sophisticated and complex view of thalamocortical projections which suggests that both pallidal and cerebellum information gains access to all motor-related cortices. However, the sources of GPi or cerebellar projections to specific motor cortical areas are quantitatively different and largely segregated. For instance, the GPi outflow to thalamic regions that innervate the supplementary and presupplementary motor is more massive than the dentate nucleus projections to these areas [275]. The high level of calbindin D28K expression in the ventrolateral thalamus provides clear landmarks between GPi and cerebellar termination sites [267]. About 10–20% of pallidothalamic neurons in the monkey GPi project to the contralateral VA/VL [281].

Most pallidal neurons that project to thalamic motor nuclei send axon collaterals to the caudal intralaminar nuclei (Figures 4.1 and 4.4). These branched neurons are located in the central portion of GPi. Pallidal axons arising from the sensorimotor GPi terminate exclusively in CM, where they form synapses with thalamostriatal neurons projecting back to the sensorimotor territory of the striatum. In contrast, associative inputs from the GPi terminate massively in the dorsolateral extension of PF (PFdl), which does not project back to the caudate nucleus but rather innervates preferentially the precommissural region of the putamen. Finally, the limbic GPi innervates selectively the rostrodorsal part of PF, which, in turn, projects back to the nucleus accumbens. Therefore, it appears that CM/PF is part of closed and open functional loops with the striatopallidal complex [14,37,282] (Figure 4.1).

Recent single-cell filling studies have identified two major types of projection neurons in the monkey GPi: the type I neurons project to the ventral motor nuclei with collaterals to the pedunculopontine nucleus and/or the CM/Pf, whereas the type II neurons, located along the border of GPi, project to the lateral habenula with rare collaterals to the anterior thalamic nuclei [271].

The pallidotegmental projection

The pallidotegmental fibers terminate in the PPN. In monkeys, more than 80% of GPi neurons projecting to the PPN send axon collaterals to the ventral motor thalamus (Figure 4.4). Because the PPN gives rise to descending projections to the pons, medulla, and spinal cord, and also ascending projections to the thalamus and basal ganglia [237,238,239,241], the pallidotegmental projection may be a route by which cortical information processed in the basal ganglia can reach lower motor and autonomic centers. Another possibility could be that PPN acts as an important interface between different functional territories of the GPi and sends back the processed information to the basal ganglia. In contrast to the thalamus, there is significantly more overlap between projections from different functional regions of GPi in the PPN [283]. Pallidal fibers largely avoid cholinergic neurons in the pars compacta of the PPN, suggesting that the medial pars diffusa of the PPN is the potential site for the integration of information arising from different functional territories of the GPi in primates.

The pallidohabenular projection

In contrast to the pallidothalamic and pallidotegmental projections, which are largely collateralized, the pallidohabenular projection arises from a distinct population of neurons in the monkey GPi [271]. In rats, pallidohebenular neurons are located in the rostral part of the entopeduncular nucleus, whereas pallidothalamic and pallidotegmental projections arise preferentially from the caudal half of the nucleus. Interestingly, pallidohabenular cells receive afferents from striatofugal neurons in the patch compartment, whereas pallidothalamic and pallidotegmental neurons are innervated by striatal neurons in the matrix compartment. The ventral pallidum also contributes to the pallidohabenular projection in rats and cats.

In primates, retrograde labeling studies showed that pallidohabenular neurons are far less numerous than pallidothalamic cells and are mainly confined to a peri-GPi region which extends medially in the lateral hypothalamus. More recent studies in squirrel monkeys using sensitive anterograde labeling methods demonstrated that the pallidohabenular projection is functionally organized and more massive than previously thought [271]. The sensorimotor GPi innervates preferentially the centrolateral part of the lateral habenular nucleus whereas the limbic and associative GPi project massively to the medial part of the nucleus. The pallidohabenular projection is mainly GABAergic, although cholinergic neurons in the entopeduncular nucleus also contribute to this projection in rats. Because of its prominent connections with various limbic structures, the lateral habenula is considered as a functional interface between the limbic system and basal ganglia [284–290].

In addition, the lateral habenula is a major source of GABAergic inhibitory projections to midbrain dopaminergic neurons [284,291], although the details of the anatomic organization of this system remain to be characterized in primates (Figure 4.4). Recent studies have demonstrated that the pallidohabenular neurons located in the periphery of GPi change their activity in relation to expected rewards, thereby conveying reward-related signals to the lateral habenula. These in turn can influence the striatum and other basal ganglia nuclei through regulation of the dopaminergic and serotonergic systems [289] (Figure 4.4). There is also functional evidence that the lateral habenula plays important roles in learning, memory, and attention [292,293]. Because of its tight relationships with the different monoaminergic systems, the lateral habenula has been proposed as a potential target site for DBS in patients with severe depression [294].

Efferent projections of SNr

The nigrothalamic projection

In primates, the SNr and GPi inputs to the ventral thalamus are largely segregated from each other and from cerebellar afferents, but in nonprimates, the ventromedial nucleus receives convergent inputs from both basal ganglia output structures and the cerebellum. In monkeys, the nigrothalamic cells are distributed throughout the mediolateral extent of the SNr and form the largest population of nigrofugal neurons. Inputs from the medial part of the SNr terminate mostly in the medial magnocellular division of the VA (VAmc) and the mediodorsal nucleus (MDmc) that, in turn, innervate anterior regions of the frontal lobe including the principal sulcus and the orbital cortex. Neurons in the lateral part of the SNr project preferentially to the lateral posterior region of the VAmc and to different parts of MD mostly related to posterior regions of the frontal lobe including the frontal eye field areas of the pre-motor cortex (Figure 4.4). SNr outflow also gains access to thalamocortical neurons that project to the area TE in the inferotemporal cortex, providing a substrate whereby basal ganglia can influence higher order aspects of visual processing [273]. A dysfunction in this system may, therefore, contribute to alterations in visual perceptions, potentially accounting for the occurrence of visual hallucinations in basal ganglia disorders. In rats, a lamellar organization of nigrofugal neurons has been proposed as the main constituent for the parallel processing of information flow through the SNr. According to this model, functionally segregated striatal neurons project to different lamella of SNr neurons, which, in turn, convey the information to different thalamic nuclei. The dendrites of individual SNr neurons largely conform to the geometry of striatonigral projections, which strongly supports the concept of a parallel architecture of striatonigral circuits [295–297].

SNr neurons also project to rostral and caudal intralaminar thalamic nuclei. In monkeys, the nigro-intralaminar thalamic projection terminates exclusively in PF where nigral boutons form GABAergic synapses with thalamostriatal neurons that project to the caudate nucleus [14,37,282].

The nigrotegmental projection

The nigrotegmental projection displays a dorsoventral topography and terminates preferentially on non-cholinergic neurons in the medial two-thirds of the PPNd in rats. A much smaller number of nigral fibers innervate cholinergic neurons in the PPNc. In monkeys, the cells that give rise to the nigrotegmental projection are found throughout the mediolateral extent of the SNr and form the second largest population of SNr nigrofugal neurons. Most nigrotegmental cells send axon collaterals to the ventral anterior thalamic nucleus and receive direct inputs from the striatum. The pattern of distribution and postsynaptic targets of nigrotegmental neurons remain to be established in primates [1].

The nigrocollicular projection

The SNr sends a massive and topographically organized GABAergic projection to the intermediate layer of the superior colliculus. The nigral terminals form distinctive clusters in the deep and intermediate layers of the superior colliculus where they innervate neurons that project to the spinal cord, medulla, and periabducens area (Figure 4.4). This projection plays an important role in the control of saccadic eye movements orienting the eyes toward a stimulus in response to auditory of visual stimuli. This is consistent with the fact that SNr receiving neurons of the intermediate layer of the superior colliculus are targeted by visual inputs from the cortex and project to brainstem regions that control eye movements. In turn, the superior colliculus sends a significant projection to dopaminergic neurons in the SNc in rats and primates [298–303]. This projection is considered as a prime source of sensory-related events to dopaminergic nigrostriatal neurons, thereby suggesting that the phasic responses of midbrain dopaminergic neurons in complex tasks may be related to “sensory prediction errors” instead of “reward prediction errors” [304–312] (Figure 4.4).

The nigroreticular projection

The SNr also sends projections to the medullary reticular formation. In rats, this projection arises form a population of neurons in the dorsolateral SNr and terminates in the parvicellular reticular formation. Identified nigroreticular neurons receive GABAergic inputs from the striatum and the globus pallidus. This projection is thought to play a role in orofacial movements since the SNr receiving the neurons of the reticular formation are directly connected with orofacial motor nuclei [313,314].

Concluding remarks

Our knowledge of the functional anatomy of the basal ganglia has grown dramatically over recent decades. It has now become clear that the basal ganglia function extends far beyond the sensorimotor system, but also comprises major cognitive and limbic components. The complexity of the basal ganglia anatomy underlies some of the main symptomatic and pathophysiologic features of basal ganglia disorders which encompass multifarious motor and non-motor deficits which, in many cases, also include complex neuropsychiatric symptoms. We believe that continued growth of our understanding of the connections and cellular micro- and macrocircuits of the basal ganglia is the foundation for a deeper knowledge of normal basal ganglia function and further improvement of pharmacotherapeutic and neurosurgical approaches used to treat basal ganglia disorders.
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SAPS Notspecified R phenomenology of PD psychosis and therefors recommends the investment
NOSIE Not specified L in the development of a dedicated scale

cais Notspecified S

UPDRS Part  Notspecified L

*Parkinson Psychosis Rating Scale (PPRS), Parkinson Psychosis Questionnaire (PPQ), Rush Hallucination Inventory (RHI) Baylor
Hallucinations Questionnaire (BHQ), Neuropsychistric Inventory (NP, Behavioral Pathology n Alzheimer s Discase Rating Scale
(BEHAVE-AD), Bief Psychiatric Rating Scale (BPRS), Positive and Negative Syndrome Scale (PANSS), Schedule for Assessment
of Positive Symptoms (SAPS), Nurses' Observation Scale for Inpatient Evaluation (NOSIE-30), Clinical Global Impression Scale
(CGIS), Unified Parkinsorfs Disease Rating Scale (UPDRS) Part .

°R, Recommended; 5, Suggested; L, Listed.

C. Anxious mood

Goal: diagnostic

scroening or

Scale? rating severity Grading®  General comments.

BAI Screening s 1. Scales selection (riterial: scales analyzed have been designed to
Only for panic assess anxiety and tht have been either validated or used in
attacks studies with PD patients. Mutti-dimensional scales were excluded.

An exception was made for the amsiety subscale of the
Severity s Neuropsychiaric Inventory (NPY, because of the frequency with

HADS Screening s ‘which this instrument is used to assess psychiatrc symptoms in
Severity L PD. Although obsessive compulsive disorder s considered an

Zung SAS Screening s anxisty disorder in the DSM classifcation (but not i the ICD
Severity s clssification, scales assessing obsessive-compulsive symptoms

Zung AS| Screening s ‘were not considered here
Severity s

STl Screening s 2. Temporal window: up to February 2007
Severity s

HARS Sereening s 3. Based on Leentiens et al1®
Severity s

NPIttems  Screening s 4. The Task Force considered it is not clear i efforts to develop a new
Severity s scale for Anxiety in PD willbe cost effective. They recommended

further investment in characterizing and validating the available
scales

"Beck Anxiety Iventory (BAI), Hospital Anxiety and Depression Scale (HADS), Zung Self-rating Aiety Scale Zung SAS), Zung
Ansiety Status Inventory Zung ASI, Spielberger State Trait Anxisty Inventory (STAJ, Hamitton Anxiety Rating Scale (HARS),
Neuropsychiatric Inventory (NPI).

°5, Suggested; L, Listed.
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A. Depression

Goal: diagnostic
screening o

Scale? rating severity. Grading®  General comments
HAMD  Screening R 1. Scales selection (criteria): scales analyzed have sither been used
Severity R previously to assess depression in PD in more than one study or, based
MADRS  Screening s onliteraturs review and expert evaluation, have potentia utity in PD
Severity R based on their content, their widespread use, and clinimetric evidence
BDI Screening R from studies in depressed patients without PD. The ltter citerion was
Severity s just applicable to CES-D and CSDD. Only depression-specific scales
HADS Screening s were considered. Multiimensional scales were excluded
Severity L
sDS Screening s 2. Temporal window: up to June 2006
Severity s
c0s Screening R 3. Based on Schrag ot a.° with input from the MDS-UPDRS Appendix
Severity L Committee (C. Sampaio, Chair)
UPDRS|  Screening s
Severity L 4. The Task Force considered that it was not appropriate to invest efforts
cESD Screening L in developing a new scale of PD depression rather one of the
Severity L rocommended should be systemticaly studied and characterized
csoD Screening L clinimetically
Severity L

*Beck Depression Inventory (BDI), Hamilton Depression Scale (Harm-D), Hospital Anxiety and Depression Scale (HADS), Zung
Self-Rating Depression Scals (SDS), Geriatrc Depression Scale (GDS), Montgomery-Asberg Depression Rating Scals (MADRS),
Unified Parkinson's Disease Rating Scale (UPDRS) Part |, Comell Scale forthe Assessment of Depression in Dementia (CSDD),
and Center for Epidemiologic Studies Depression Scale (CES-DI.

PR Recommended: S. Suagested: L Listed.
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Goal: diagnostic

screening or
Domain  Scale® ratingseverity  Grading®  General comments
Pan®  VAS Screening R 1. Scales selection (criteria): scales considered n the EFNS systematic revisw on the.
Severiy R assessment of neuropathic pain were considered. Pain associated with PD is
NRS Screening s considered central in orgin, which makes it a type of neuropathic pain. However, itis
Severity s also admitted that there are cases whers peripheral stimuli are the pain trigger; this
VRS Screening s pain is probably nocioeptive. Pain in PD is not full understood but for the purpose of
Severity s this table we consider that primary pain associated with PD is neuropathic
11dikert  Screening s
Severity s 2 Temporal window: up to June 2007
PRS Screening NA
Severity L 3. Based on Cruceu etal.”?
aps Screening L
Severity L 4. Grading was infarred by the MDS-UPDRS Appendix Committee Chair from the
mpa Screening L auoted paper plus the specific references on pain and PD retrieved from PubMed
Severity L
SFMPQ  Screening R 5. A full report from the Task Force is st in preparation but it seems import to invest n
Severity s characterizing the pain phenomenology in PD before taking the decision about
ss5 Screening L developing a specific scale or not
Severity L
NS Screening L
Severity L
NPsI Screening s
Severity s
cal Screening NA
Severity L

*Subjsct to modifcation when full valuations by the MDS Task Force on PD Rating Scales are complete.
“Visual Analog Scale (VAS), Numeric Rating Scale (NRS), Verbal Rating Scale (VRS), 11-point Likert Scale (11-Likert, Parin Relief Scale (PRS), Global
Pain Scale (GPS), McGill Pain Questionnaire (MPQY, Short Form of McGill Pain Questionnaire (SFMPQ), Symptom Severity Scale (SSS), Neuropathic
Pain Scale (NPS), Neuropathic Pain Scale Inventory (NPSI), Clinical Global Impression (CGI).

2R, Recommended; S, Suggested; L, Listed; NA, not applicable.

Goal: diagnostic

Temporal scresning o General
Domain Scale selection (crteria) window  Scale? rating severity  Grading?  comments
Cognition (not  Relative to age-matched normal controls, Upto MM Notspecifed L Based on the
dementia) most non-demented patients with PD are Apiil2004  SCOPA-Cog  Notspecfied S Appendices
impaired in several cognitive tasks. Poor BAECD Notspecifed S Committee
performance even oceurs in early stages. FAB Notspecifed L original
Only scales specifically develop for cognitive report

impairment in PD were considered

*Mini Mental Parkinson (MMP], Scales for Outcomes of Parkinsorfs Dissase — Cogition (SCOPA-Cog), Brief Assessment of Executive Control
Dysfunction (BAECD), Frontal Battery Dysfunction (FAB).
55, Suggested; L, Listed.

Goal: diagnostic

Temporal scresing o

Domain Scale selection (crteria) window  Scale? rating severity  Grading”  General comments

Parkinson's  Scales analyzed were usedin  Up to MMSE  Notspeciied L Based on the Appendices

disease published, pesrreviewed PD  April2004  ADASCog  Notspecied S Committes original report and the

dementia  dementia studies MDRS Notspectied R MDS PDD Task Forcs second
NPl Notspectied L paper, in press

*Mini Mental Scor (MMSE), The Alzheimer's Disease Assessment Scale — Cogritive Subscale (ADAS-Cog, The Matis’ Dementia Ratings Scale
(MDRS), The Neuropsychiatric Inventory (NP
°R, Recommended; S, Suggested; L, Listed.
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D. Apathy/anhedonia

Goal: diagnostic

scroening or
Scale? rating severity  Grading® General comments
AES Screening s 1. Scales selection (citeria): scales analyzed have been designed to assess
apathy or anhedonia and that have been either validated or used in studies
Severity s with PD patients. Muti-dimensionl scales were excluded. Scales
A Sereening R ‘assessing momentary mood states, such as the Profile of Moods States
Severity R Questionnaire (POMS), were also excluded. Becauss of ts special status in
A Screening L the assessment of PD patients, and also it wide use, an excaption was
Severity L made for item 4 (motivation) of Part | of the Unified Parkinsons Disease
LARS Sereening s Rating Scale (UPDRS)
Severity L
UPDRS ftem 4 Screcning R 2. Temporal window up to February 2007
Severity L
NPlltem?7  Screcning s 3. Based on Leentiens et ol
Severity L
SHAPS Screening s 4. The Task Force considered that thers is a need to characterize better the
Severity s defintions of apathy and anhedonia before engaging in further validation
Chapman Screening L studies for the existing scales that are considered necessary
Severity L

*Apathy Evalustion Scale (AES), the Apathy Scale (AS), the Apathy Inventory (Al and the Lille Apathy Rating Scale (LARS)

In addition, iter 4 (motivation/iitiative) of the

Unified Parkinsorfs Dissase Rating Scale (UPDRS) and item 7 (apathy) of the

Neuropsychistric Inventory (NP) wers included. Anhedonia scales identiied fo review were the Sraith-Hamilton Pleasure Scale
(SHAPS) and the Chapman scales for physical and social anhedonia.

“R, Recommended; S, Suggested; L, Listed.

E. Dysautonomia. Upper and lower gastrointestinal dysautonomia symptoms (GIDS)

Goal: diagnostic
screening o
tterm Seale? rating severity  Grading?  General comments
Sialorthea DSFSS  Notspeciied S 1. Scale selection (citsial: scales analyzsd wers used i the
DRL. Notspecified S assessment of sialorthea, dysphagia and constipation.
SCSPDS  NotSpeciied S Scales previously used as outcome measures in studiis
Dysphagia spa Notspecified S of patients with PD were selected for evaluation. ff o
SWAL  Notspecfied S such scales were identified, scales used in other
QoLs populations were selected for evaluation
Constipation  No scales identified
ROME Ill module: 2. Temporal window: up o June 2007
Gonericscales  SCOPA  Screening R
AT Followeup L 3. Based on Evatt ot a2
NMs Screening R
Followup L
NMSS  Screening s
Followup L

“Drooling Seveiity and Frequency Scale (DSFS), Drooling Rating Scale (DRS), Sialorthea Ciincal Scale for Parkinsoris Dissase
(SCS-PD), Swallowing Disturbance Questionnaire (SDQ), Generic Scale for Dysphagia-Related Outcomes (Qualty of Lif) -
SWALQOL, The Scales for Outcomes in Parkinson's Disaase — Autonornic, or SCOPAAUT, Nonmotor Symptoms Questionnaire
for Parkinson's Diseass (NMS Quest), Nonmotor Symptoms Scale (NMSS).

PR Recommended: S. Suagested: L Listed.
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Goal: diagnostic

Temporal screening or

Domain  Scale selection (criteria) window Scale®  rating severity Grading  General comments

Faigue  Scales analyzed were usedin  Upto Fss Not specified R Based on the Appendices
published, peerreviewed PD  March MFI Not specified s Committes original report and a
studies 2008 PFS Not specified R new ssarch of PubMed mads i

March 2008. Analysis was only
preliminary, made by CS

*Fatigue Severity Scale (FSS), Mutidimension Fatigus Inventory (MFI), Parkinson Fatigue Scale (PFS).

°R, Recommended; S, Suggested.

Goal: diagnostic

Temporal screening o
Domain  Scale selection (crteria) window  Scalef rating severity  Grading®  General comments
Nocturmal  Scales analyzed have besn  Up to psal Screening R Based on the Appendices
sioep designed to assess March Severity R Committes original report and a
insomia and/or qualty of 2008 SCOPASLEEP  Screening s new ssarch of PubMed mads i
sleep in PD studies. Severity s March 2008
spa Screening L
Severity NA
NSFSS Screening L
Severity NA
PDSS Screening R
Severity R
MPDSS Screening L
Severity L

*The Pittsburgh Sleep Quaity Index (PSQl), SCOPA-SLEEP nighttime sleep sub-scale (SCOPA-SLEEP), Slesp Disorders Questionnaire (SDQ), National
Sleep Foundation Sleep Survey (NSFSS), Parkinson's Disease Sleep Scale (PDSS), Modified Parkinson's Dissase Sleep Scale (MPDSS).

°R, Recommended; S, Suggested; L, Listed.

Goal:diagnostic

Temporal scresning o
Domain Scale selection (crteria) window  Scale? rting severity  Grading”  General comments
Daytime  Scales analyzed have boen Upto Ess Scresning R Based on the Appendices
slocpiness  designed to assess daytime  March Severty R Committee orginal report and
Slespiness or “slesp attacks” 2008 SCOPASLEEP  Scresning s a new search of PubMed
in PD stucies Day Seveity s made in March 2008
PDSStem 15 Screoning L
Seveity L
ss5 Scresning L
Seveity L
Kss Scresning L
Seveity L

*Epworth Sleepiness Scale (ESS), SCOPA-SLEEP daytime slespiness sub-scale (SCOPA-SLEEP Day), Parkinson's Dissase Sleep Scale (PDS), The
Stanford Slespiness Scale (S55) The Karolinska Sleepiness Scale (KSS).

°R, Recommended; S, Suggested; L, Listed.
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Paramoter PD(N=58) POD (N=52) palue

Age at death (years; mean + standard deviation) 75410 7747 ns.
Sex (9% men) 78 7 ns.
Family history (% postive) 19 33 ns.
APOE s4 (% positive) 33 40 ns.
MAPT H1H1 (5% positive) & &7 ns.
Vascular pathology (% positive) 14 1’ ns.
Brain weight (g) (mean - standard deviation) 12804150 12104130 ns.
Senile plaque score (median: 25%-, 76%-tile) 00,0 2(0,2) <0.001
Braak NFT stage (median: 26%-, 75%-tle) Q. m i, ) <0.001
DLB type (median: 25%, 76%tle) TE.D) DD <0.001

*Comparison of autopsy-confitmed cases of PD and PDD tht have Lewy body pathology as the substrate of parkinsonism. There are no significant
difforences between PD and PDD for age at death; male to female rato; presence of family history of parkinsonism or dementis;or carfierfrequency o
spolipoprotein E ¢4 or tau gene (MAPT) H1H1 genotype. Brain weight and presence of cerebrovascular pathology (i, nfarcts orleukosncephalopathy]
were also not different. On the other hand, thers were significantly more senile plagues (senile plaque scor one, 1 = sparse corticalplaques;
2 = moderate to frequent difuse amyoid plagues; 3 = moderate to frequent neuritc plagues); a higher Braak neurofibillry tangle stage (145
(ranging from 0 to VI, with stages V and VI associated with a diagnosis of high fikelihood ADI; and more cortical Lewy boies (Lewy body type 146
B = brainstem predominant, T = transitional or imbic Lewy bodes; D = diffuss cortical Lewy bodiss). Statstical analysis: SigmaStat ver. .09 (Systat
Software, Point Richmond, CA, USAY; -tests for age and brain weight; Mann-Whitney rank sum test for senle plague score, Braak stage, Lewy body
type: chi-squared for sex. family history vascular pathology: and Fisher exact test for APOE and MAPT .
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Goal:diagnostic

Temporal scresning o
Domain Scale selection (riteria) window  Scale® rting severity  Grading?  General comments
Orthostatic  Scales analyzed included a number ~ Up'to SCOPAAUT  Screening L Based on the
hpotension  of eneric scales assessing March Seveity L Appendices Committee

autonomic related symptoms, 2008 NMS Quest  Sereening L original report and a

including OH. Some of these scales Seveity L new ssarch of PubMed

are specific for PD. Thers aro also NMss Scresning L made in March 2008

generic autonomic scales with OH Seveity L

subdomains not specific for PD, but COMPASS  Sereening L

usedin studies of PD. Additonally, Seveity L

there are scales developed to oes Scresning L

evaluate symptoms associated with Seveity L

orthostatic intolerance (not OHsA Scresning L

exclusively elated to OH, but they. Seveity L

have not been appiied to PD
cohorts (ses text]

*Autonomic Subscale of the SCOPA program (SCOPA-ALT, NorrMotor Symptom Questionnaire (NMSQuest), Nor-Motor Symptoms Scale (NMSS),
Composite Autonomic Symptom Scale (COMPASS), Orthostatic Grading Scale (OGS), Orthostatic Hypotension Symptoms Assessment (OHSA.

oL, Listed.
Goal: diagnostic
Scale selection  Temporal scresning or
Domain (citeria) window  Scale'  ratingseverty  Grading’  General comments
Erectile Seetext Upto IIEF Not specified s Based on the Appendices Committse original
dysfunction March IEFS Nt specified s report and a new search of PubMed mad in

2008 SHIM

Mearch 2008

“Intsrnation Index of Erectile Function (IEF), Internationl Index of Erectile Function & ltem (short version) (IERS), also known as Sexual Health

Inventory for Men (SHIM).
°5, Suggested.

Goal:diagnostic

Temporal screening or
Domain Scale selotion citerie) window  Scale!  rtingseverity  Groding’  Generol comments
Utinary tract  Scales analyzed ncluded standard Upto AUASI Screering s Based on the
symptoms  urinery symptom scoring methods, but  March (men)  Severiy L ‘Appendices Committoe
for men these scales do not 2008 Ui Screening s orginal report and a
iffrentiate symptoms due to fwomen)  Soverty L now search of PubNied
neurolgical dysfunction rom berign Sokakbora  Screening L made in March 2008
prostati hypertrophy. Other scales Severity L
ool ith overall polvic organ 1pss Screening s
dysfunction (sse tex) Severity L

*American Urological Association Symptom Index (AUASI), Urogenital Distress Inventory-8 (UDS€), International Prostate Symptoms Score (IPSS).

bS Suggested: L Listed.
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Symptom usa Europe Total

Total enrolment 3 7 160
Hallucinations & 75 %
Visual 81 7 o7
Auditory. a7 39 a8
Tactie 20 18 2
Offactory. 18 7 18
Delusions o1 & 7
Stealing 2 2 EY
Not my house 25 2 2
Infidelity 23 23 2
Abandonment 20 2 %
Spouse imposter 15 ” 2

Data from Chou et al. [6l.
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Odds 5% confidence 95% confidence

Parameter ntio interval interval palus
Senile plaque score 1.1 0.65 17 ns.

DLB type 23 11 a8 0019
BraakNFT stage 22 13 38 0.004

Muiple logistic regression of pathologic varisbles that were signif-
icantly different between PD and PDD (Tabls 14.1). Effects of senile
plague on dementia are negated, whersas both Lewy bodies and neu-
rofibrillary tanales remain significant.
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Outcome measure

Study Study design N usedt Resuts
Sertraline
Antonin et . 2008) 81] Randomized, single-bind comparison of 31 HDRS Improvement in depression without
sertraline and amitrptyline on depression changes in motor symptoms rating
and quality-of ife Scale; only sertraline had positive effect
on qualityofffe
Leentiens ot al.(2003) [56]  Randomized, double-blind, 12 MADRS No effect
placebo-controlled
Hauser and Zesiewicz (1997)  Operiabel 15 BDI Improvement in depression without
82 changes inmotor symptoms; 13%
dropout due to adverse effects
Paroxeti
Tesei ot al. (2000) [83] Operabel tolerabilty study 6 HDRS Improvement in depression with 20%
dropout due to adverse effects
Ceravolo et a. (2000) (84] Operriabel 33 HDRS Improvement in depression; one subject
had reversible worsening of tremor
Paroxetine CR
Menza ot a. (2008) 56] Randomized, placebo-controlled study of 52 HDRS Nortriptyline was superior to placebo,
paroxtine CR and nortiptyline but paroxetine CR was not; no
‘worsening of motor symptoms in sither
group.
Citalopram
Devos et l. (2008) [69] Randomized, double-blind 48 MADRS Both citalopram and desipramine
placabo-controlled comparison of improved symptoms; desipramine
desipramine and citalopram ‘worked more quickly but had more mild
adverse events. No significant
‘worsening of motor symptoms
Menza ot a. (2004) 67] Operrabel 10 HDRS Improvement in depression and anxisty
without motor impairment
Wermuth ot al. (1998) [85]  Randomized, placebo-controlled trial 37 HDRS No offect
Nofazodono, fluoxstine
Avils ot al. (2003) [86] Randomized, unblinded comparisonof 16 BDI Both interventions improved depression,
nefazodone and flucxetine on depression and nefazodone had benefical effect on
‘and motor symptoms motor symptoms
Escitalopram
Weintraub ot . (2008)[57]  Operrabel, flexible dose 12 s Improvement in depressive scores and
global impression
Bupropion
Open-abel, designed to examine motor 20 CGHChange 5 out of 12 depressed patients improved
Goetz et al. (1984) (881 ‘symptoms on global impression scale; no
impaitment in motor symptoms
Mirtazapine No controlled triaks - - -
Venlafaxine No controlled trials - - -
Duloxatine No controlled trials - - -
Reboxatine
Pintor et l. (2008) 89] Operriabel,single-blind assessment 17 HDRS Improvement in depression and anxity,

no impaifment in motor symptoms

31D, Inventory of Depressive Symptomatology: CGLChange, Clinical Global Impression — Change.
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Scale? Rater Suggested cutoff  Sensitvity  Specifiity PPV NPV Recommended use

HDRS (HAM-D)  Cinician 1818 - 099 083 - Diagnosis (761
1314 088 089 074 ose Diagnosis (761
o 095 - - o0ss Screening [76]

MADRS Ciinician 14ns - - - - Screening [77]
17h8 - - - - Diagnosis (7]

BDI Patient 8 092 052 - - Screening [76]
1817 042 038 - - Diagnosis (78]

HADS Patient 1011 - - - - Screening [10]
2324 - - - - Diagnosis [10]

6DS30 Patient o os1 084 - - Screening [79]

GDS-15 Patient a5 088 085 - - Screening [80]

sDS Patient Not specifcally determined for dPD

csDD Ciinician Not specifically determined for dPD

CESD Patient Not specifcally determined for dPD

UPDRS Ciinician 2 - - - - Screening [10]

Part|

“HDRS, Hamilton Depression Rating Scale; MADRS, Montgomery-Asberg Depression Rating Scale; BDI, Beck Depression Inventory; HADS, Hospita
Anisty and Depression Scale; GDS, Geriatric Depression Scale; SDS, Zung Self-Rating Depression Scale; CSDD, Corell Scale for Depression in
Dementis; CES-D, Center for Epidemiologic Studies Depression Scale; UPDRS, Unified Parkinson Disease Rating Scale.

DPPV positive predictive value: NPV, negative predictive value.
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Frequency of sensory symptoms (%)

Study Sample size  Overall  Unrelatedto PD  PDrelated  Definition used

Snider ot al. [24) 108 - 4 4 Primary sensory symptoms ., without an apparent
‘somatic cause; patients with arthits or diabetes.
xcluded; painful muscle spasm or cramps secondary
t0 sustained muscle contraction also excluded)

Kollr [12) % - - £ Primary sensory symptoms (patients with
musculoskeletal dissase or diabetes excluded)

Goetz et a. 6] E - - 48 Pain that patients believed was directly rlated to
their PD.

Karlsen ot al. (301" 233 &7 - - Pain dimension of the Nottingham Health Profile

Honey stal. [112F % - - 2 Pain attrbutable to PD.

Shulman et al. [149] B - - 63 Commonly experienced pain, numbness, tining, or
buming in association with PD

Vela et . 127] % 64 - - Pain

Quittenbaum and Grahn 1° 85 68 - - Achinglpain during the last month

Mott et a 2517 a4 64 - - Pain

Giuffida ot al. 18] 3 &7 - - Sensory or painful syndromes

Les otal.[19] 123 85 o 63 Pain

Tinazzi et al. [20] 17 0 - - Pain (duration >2 months)

Martinez-Martin et al [224] 545 - - 2 Unexplained pains (not due to known conditions such
as arthriis)
(NMSQuest)

da Sita et . 8] % 56 - - Pain

Negre-Pages et al. 21 a0 & 25" 57 Chronic pain (3 months duration)

Lim ot al. 8] % - - 489 Commonly experienced pain which the patient

attributed to PD

*Unselscted community-based group of PD patients.

®Patients with medically refractory motor features presenting for palidotomy.

“County hospital neurology ciinc.
“PD support group members.
“Goneral neurological practice.
"Mainly osteoarthrii.

9112 (17%) of the stable responders, 9/16 (80%) of the fluctuators (without dyskinesia), and 13/23 (57%) of the dyskinetic patients.

"Pain 29%; tingling 229%; numbness 21%; burning 11%.

INumbness 24%: tingling 16%: pain and achiness 12%: coldness 12

burning 2%.
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Study N Type of test palus
Ansari and Johnson, 1976 22 Threshold 005

Korten and Moulstee, 1960 80 Questionnaire 0001

Ward ot a, 1983 72 Odor detection; threshold ; odor discrimination 0.01;003; Nst
Corwin and Serby, 1985 5 UPSIT - modified Nat

Setby ot al, 1985 5 UPSIT - modified 005

Quinn ot al, 1967 7 threshold D 0001

Doty et al, 1988 81 UPSIT, threshold D 0.001; 0.001
Kesslak ot a, 1988 8 UPSIT, odor matching 0.05; Nst
Doty et al, 1989 a7 UPSIT 0.001
Bostantiopoulou et al, 1991 s Threshold D; odor naming 0.001; 001
Murofushi ot ., 1991 8 Threshold D; threshold R 001,008
Doty et al, 19922 3 UPSIT, threshold R 0.005; 0,001
Doty et al, 19925 0 UPSIT 0.001
Hawkes and Shephard, 1993 % UPSIT 0.0001

Stom et a, 1994 118 upsIT 0001

Doty etal, 1995 180 UPSIT 0001
Lehrmer ot al, 1995 3 Threshold D; odor ID; odor memory. Ne; N Ne
Barz et a, 1997 El Odor discrimination; odor ID; OERP. Nr;0.001; 005
Hawkes, ot al, 1997 % UPSIT, OERP 0.0001; 0.001
Ahlskog et al, 1998 B UPSIT - modified 001
Hawkes and Shephard, 1998 155,36 UPSIT, OERP 0.0001; Nst
Daurn ot al, 2000 W0 Siffr Sticks; threshold D 0.001; 0,001
Montgomery et al, 2000 18 UPSIT 0001
Montgomery et al, 20000 58 UPSIT 0001
Berendse et a, 2001 6 B-SIT,disc., threshold D 0001

Sobel ot al, 2001 20 UPSIT; threshold D fvanilin); threshold D (propionic acid) 0.0001;0.007; 0.003
Tissingh et al. 2001 # BSIT: odor discrimination; threshold D 0.001;0.001; 0.001
Zucco ot al, 2002 6 Odor matching; identification 0.001

Mullr ot af, 2002 50 Siffr Sicks 0.0001
Double et a, 2003 a9 BT 0.001
Henderson ot al, 2003 52 Questionnare 0001

Hudry ot ., 2003 2 D and ratings 0001
Evidento of al, 2004 20 upSIT 0.001
Katzenschlager ot a, 2004 13 UPSIT 0.0001

Khan ot al, 2004 8 upsIT 0.0001
Ondo and Lai, 2004 0 upsIT 0.0007
Ponsen ot al, 2004 se1 B-SIT,discrimination, threshold D 0.001
Hummel etal, 2005 " Siffr Sticks Nst

Maaras ot al, 2005 ] UPpSIT 0001

Leo ot sl 2006 P BT 0001
Bohnen ot al, 2007 27 upSIT 0.0001
Fomeira ot al, 2007 138 UpSIT 0.001

Kim ot a1, 2007 64 BT 0001

Lee ot sl 2007 2 BSIT 0001

Lotsch ef l, 2007 102 Siffr Sticks 0001

Louis ot a, 2007 1078 UPSIT 0001
Masaoka et al, 2007 10 T threshold R 0001
Quagliato et al, 2007 50 BSIT 0.0001
Bohnen ot al, 2008 5 upSIT 0.0001
Dialdeli et al, 2008 18 threshold D 0.0001
Goldstein ot al, 2008 7 upSIT 0.0001
Hawkes, 2008 266 upSIT 0.0001
Herting et al, 2008 27 Siffr Sticks Nst

Ross ot al, 2008 2267 UPSIT 0.0001

Shah ot al, 2008 149 upsIT 0.0001

+The growth of offactory function s a research tool is apparent from the number of studies conducted in the past several years compared with the
provious three decades. The p-values indicate poorer performance in the PD patients.
N, number of subjects; UPSIT, University of Pennsylvania Smell Identification Test; N, not reportad; Nst, no statistcal test. The Snifi’ Sticks battery

usually consists of a composite score of tests of odor identifcation, odor detection threshold, and odor discrimination.
Modified from Doty RL. Handbook of Offsction and Gustation [87]. in which the references to the studies cited can be found.
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Pain type. Goetzstal.lo]  Honeysta. [112) Giufrida et al 18] Tinazzi ot a. [20]

No. of patients with sensory symptoms 43 2 269 a7
Rheumatic
Musculoskelotal 7% 8% 94% ("muscular”) 7%
Joit - - 51% (‘osteoarticular”) -
Somatic pain exacerbated by rigiityor  14% 20% - -
involuntary movements of PD
Dystonic pain 28% 19% - 6%
Radiculrineuritc pain localized to the 4% o% 8% localzod or less-defined 9%
trritory of a nerve root or nerve) “neurogenic” pain)
Primary parkinsonian (central) pain on 10% (*dysesthetic” pain— a%
pooty localzed, burning)
Atathitic discomfort 2% - 10% (akathisia or RLS) -

ALS - - -
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PDpationts  PD pationts’ RLSin
Stucly Study design studied (r) meanage fyears)  RLSInPD(%)  contols (%
Lang and Johnson, 1967, Canada [106] Cohortof PD 100 62 o NA
Ondo et al, 2002, USA [81] Cohortof PD 303 & 208 NA
Kshn and Sahota, 2002, USA [108] Cohortof PD 26 NA 384 NA
Tan ot ., 2002, Singapore [113] Cohortof PD 128 5 o NA
Krishnan et a, 2003, India [111] Case-controlPD 126 57 79 08
Braga-eto et al., 2004, Brazi 107) Cohortof PD 8 5 523 NA
Poralta ot al, 2005, Austri [108] Cohort of PD 13 8 27 NA
Nomura e aL, 2006, Japan [112] Case-controlPD 165 8 2 23
Gomez-Esteban et al, 2007, Spain (110l Cohort of PD. 14 8 28 NA
Loo and Tan, 2008, Singapore [87] Case-control PD 400 65 s 05
Lee ot al, 2009, Korea [113a] Cohortof PD 447 3 16 NA
Calzett et a, 2009, taly [110a] Cohortof PD 118 69 13 NA
Poralta ot al, 2008, Austria [110b] Cohortof PD 13 & 2 NA
Verbaan ot al. 2010, Holland [110c] Cohortof PD 269 Bl " NA

SNA not available.
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Preclinical efficacy

Neurotransrmitter  Receptor class  Receptor subtype  Parkinsonism  Wearingoff ~ LID Clinical spplicabily.
Acstylcholine Muscarinic My, My, possibly  + (tremor) + Nor-selective subtype or
(mACHR) M antagonist May reduce My-selective mACHR
levodopa-induced  antagonists are in clinical use
dystonia but have poor tolerabilty.
Nicotinic ("AChR)  Nonselective +
agonists
@42 nACHR + Not known; SIB-1508Y had
agonists poortolerabilty
Adenosine Adenosine A ontagonist  + + NoLID inprimed  Istradsfyline, as add-on to
antagonist animals optimal levodops, reported
varisble effects on reducing
‘wearing-off. Good tolerabiity.
BIIBOO14, preladenant
ongoing studies
Glutamate NMDA Nonsslective - + Amantadine in clinical use for
receptor Can worsen Can reduce LID; may cause side effects
antagonist. at high doses. chorea butalso  and benefit may wane
worsen dystonia  Amantadine slso has mild
effect on motor symptoms in
arly PD Memantine,
remacemide had no bensfit
on LID; dextromethorphan
reduced LID
NR2ANMDA -
antagonist. Worsens LID
NR2B-NMDA + - Henprod had no effect on LID
antagonist. Canalso or PD disabilty. CP101,608
xacerbate LD and eliprodil—ongoing
AMPA AMPA recsptor + Talampanel RCT not reported.
antagonists Perampanel nsffective on LID
Metabotropic mGIuR, agonist  +
dlutamate mGluRg + AFQ0E8 - ongoing
receptor (MGLUR)  antagonist
Glutamate + Riluzole was ineffective on PD
release inhbition o LID. Safinamide had mild
offect on motor symptoms.
Zonisamide reduced “off”
time buta low dose of
levodopa was used. FP0011
improved PD symptoms
Noradrenaline a adrenoceptors  a; agonist + Clonidine - insffective on
motor symptoms
e antagonist + + + Idazoxan: variable effect on

LID with poor tolerabilty.
Fipamezole - ongoing
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Preciinical efficacy

Neurotransmiter  Recsptorclass  Receptor subtype  Parkinsonism  Wearing-off  LID. Ciincal applicabilty.
Serotonin BHTagonists - + Mitazapine can reduce LID
Orean and PD tremor. Buspirone and
worsen tandospirone reduced LID
parkinsonism and worsend PD. Sarizotan
reduced LID but worsened
PD motor symptoms.
Piclozotan and pardoprunox
under development
BHTigagonists +
SHT May worsen + ACP 103 - under
antagonists parkinsonism development Clozapine
SHT,creceptor 4 . reduces PD tremor; doss not
antagonists ‘worsen other PD motor
symptoms; can reduce LID.
Requires regular blood
monitoring. Quetiapine —no
effect
Endocannabinoids  Exogenous B, agonist - + Nabione reduced LID.
cannabinoids Worsens Cannabidiol/A®-THC extract
parkinsonism o effect. No worsening of
PD; mild sedative and postural
hypotension side effects
CBy antagonist  + + Rimonabant - no effect on PD
or LID. No adverse effects
Enhances FAAHinhibitor 4+ (in
endocannabinoid combination
lovels: with D2
agonists)
Opioids sOpioidagonist  + +
«-Opioidagonist -+~ +
ORL1 antagonist ~ +

Nonselective
antagonist

1-Opioid
antagonist
5Opioid

antagonist

Histamine. Histamine Hy
agonist

Worsens LID with
high-dose
levodopa

-

Variable effects

Naloxone (iv:
effects, reduced LID or had
o effect; increased “on” time
Naltrexone: mild effect at high
dose only. Noeffect on PD;
good tolerabilty

*Key: +, significant positive effect;
receptor.

significant negative effect; ID, levodopa-induced dyskinesia; FAAH, fatty-acid amide hydrolass; ORI, opioid-ike





