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1. Organization of the basal ganglia 

The basal ganglia consist of several interconnected subcortical nuclei with major projections to the cerebral cortex, thalamus, and certain brain stem nuclei. They receive major input from the cerebral cortex and thalamus and send their output back to the cortex (via the thalamus) and to the brain stem. The four principal nuclei of the basal ganglia are (1) the striatum, (2) the globus pallidus (or pallidum), (3) the substantia nigra (consisting of the pars reticulate and pars compacta), and (4) the subthalamic nucleus. The striatum consists of three important subdivisions: the caudate nucleus, the putamen, and the ventral striatum (which includes the nucleus accumbens). 

The striatum is the major recipient of inputs to the basal ganglia from the cerebral cortex, thalamus, and brain stem. Its neurons project to the globus pallidus and substantia nigra. Together these two nuclei give rise to the major output projections from the basal ganglia. The globus pallidus lies medial to the putamen, just lateral to the internal capsule, and is divided into external and internal segments. The internal pallidal segment is related functionally to the pars reticulate of the substantia nigra. The cells of the internal pallidal segment and pars reticulata use ƒΑ-aminobutyric acid (GABA) as a neurotransmitter. 

In addition to its reticular portion, the substantia nigra also has a compact zone (pars compacta). The cells of the pars compacta are dopaminergic and also contain neuromelanin, a dark pigment derived from oxidized and polymerized dopamine. Neuromelanin, which accumulates with age in large lysosomal granules in cell bodies of dopaminergic neurons, accounts for the dark discoloration of this structure. Dopaminergic cells are also found in the ventral tegmental area, a medial extension of the pars compacta. 

The subthalamic nucleus is closely connected anatomically with both segments of the globus pallidus and the substantia nigra. It lies just below the thalamus and above the anterior portion of the substantia nigra. The glutamatergic cells of this nucleus are the only excitatory projections of the basal ganglia. 

2. The striatum is the input nucleus to the basal ganglia

All areas of cortex send excitatory, glutamatergic projections to specific portions of the striatum. The striatum also receives excitatory inputs from the intralaminar nuclei of the thalamus, dopaminergic projections from the midbrain, and serotonergic input from the raphe nuclei. Although the striatum appears homogeneous on routine screening, it is anatomically and functionally heterogeneous. It consists of two separate types of compartments: the matrix and striosomes. These compartments differ histochemically from one another and have different receptors. The striosome compartment receives its major input from limbic cortex and projects primarily to the substantia nigra pars compacta. 

Although the striatum contains several distinct cell types, 90-95% of them are GABA-ergic medium-spiny projection neurons. These cells are both major targets of cortical input and the sole source of output. They are largely quiescent except during movement or in response to peripheral stimuli. The striatum also contains two types of local inhibitory interneurons: large cholinergic neurons and smaller cells that contain somatostatin, neuropeptide Y, or nitric oxide synthetase. Both classes of inhibitory interneurons have extensive axon collaterals that reduce the activity of the striatal output neurons. Although few in number, they are responsible for most of the tonic activity in the striatum. 

3. The striatum projects to the output nuclei via direct and indirect pathways

The two output nuclei of the basal ganglia, the internal pallidal segment and the substantia nigra pars reticulata, tonically inhibit their target nuclei in the thalamus and brain stem. This inhibitory output is thought to be modulated by two parallel pathways that run from the striatum to the two output nuclei: one direct and the other indirect. The indirect pathway passes first to the external pallidal segment and from there to the subthalamic nucleus in a purely GABA-ergic pathway, and finally from the subthalamic nucleus to the output nuclei in an excitatory glutamatergic projection. The projection from the subthalamic nucleus is the only excitatory intrinsic connection of the basal ganglia; all others are GABA-ergic and inhibitory.

The two striatal output pathways are affected differently by the dopaminergic projections from the substantia nigra pars compacta. Striatal neurons making up the direct pathway have D1 dopamine receptors that facilitate inhibitory transmission, whereas those that project in the indirect pathway have D2 receptors that reduce inhibitory transmission. Although their synaptic actions are different, the dopaminergic inputs to the two pathways lead to the same effect - reducing inhibition of the thalamocortical neurons and thus facilitating movements initiated in the cortex. Without the dopaminergic action in the striatum (the situation in Parkinson's disease), activity in the output nuclei increases. This increased output in turn increases inhibition of the thalamocortical neurons that otherwise facilitate initiation of movement. 

4. Parkinson's Disease:

Parkinson's disease (PD) the second most common degenerative disease of the nervous system (Alzheimer's disease being most prevalent). PD is characterized by tremor at rest, slowness of movement (bradykinesia), rigidity of the extremities and neck, postural; disturbance, and reduced facial expression (facial masking). A patient with PD will have short steps, stooped posture, and a paucity of associated movements such as arm swing while walking. To make matters worse, in some patients these abnormalities of motor function are associated with dementia. Following a gradual onset between the ages of 50 and 70, the disease progresses slowly and can be managed well with medication for many years. In PD, movements are difficult to initiate, and once initiated, often difficult to terminate. With current medication, lifespan in PD is not changed. The defects in motor function are due in large measure to the progressive loss of dopaminergic neurons in the substantia nigra pars compacta. 

In contrast to other neurodegenerative diseases, such as Alzheimer's disease or amyotrophic lateral sclerosis, in Parkinson's disease the spatial distribution of degenerating neurons is often largely restricted to the substantia nigra pars compacta. This special restriction, combined with the defined and relatively homogeneous phenotype of the degenerative neurons (i.e., dopaminergic neurons), has provided an opportunity for novel therapeutic approaches to this disorder. 

5. Genetics of Parkinson's Disease

The majority of cases of Parkinson's disease are sporadic. Familial forms of the disease caused by single gene mutations account for less than 10% of all cases. However, identification of these rare genes is giving some insight into molecular pathways that may underlie the disease. Mutations of three distinct genes - a-synuclein, Parkin, and DJ-1 - have all been implicated in rare forms of the disease. Identification of these genes provides an opportunity to generate mutant mice carrying the mutant form of the human gene. Although this was felt to offer great potential for animal model in which the pathogenesis can be elucidated, and new therapies devised, the problem has turned out to be far more complex than thought when these genetic defects were first reported. Nonetheless, this research has led to useful neurobiological advances.

6. Dopamine-related therapy and the clinical neuranatomy of PD

As summarized in sections 1-3 above, the output of the basal ganglia provides an integrated signal that normally modulates thalamic outflow to the motor cortex. The dopaminergic projections into the striatum terminate largely on the shafts of the dendritic spines of medium spiny neurons where they are in a position to modulate (in both excitatory and inhibitory fashions) transmission from the cortex to the striatum. The action of dopamine on striatal neurons depends on the type of dopamine receptor involved. Five genes code for dopamine receptors all of which are in the types of G protein-coupled receptor superfamily. They form two subfamilies: the D1-like (D1 and D5) and the D2-like receptors (D2L, D2S, D3, and D4). The D1-like receptors are coupled to stimulatory G proteins (GS and GOLF) and the D2-like receptors are coupled to inhibitory G proteins (Gi/o)). Although it is commonly thought that action occurs primarily through stimulation of adenylate cyclase via D1-like, or inhibition via D2-like receptors, numerous other signaling pathways are of importance. An interesting fact is that there is a high degree of segregation of receptors in the basal ganglia: the "direct" pathway utilizes largely D1 receptors, and the "indirect" pathway largely utilizes D2 receptors. In the normal brain, there is a complex interaction among these pathways that is changed with dopamine denervation.

In PD the loss of dopaminergic input to the striatum produces a cascade of effects which ultimately leads to a pathologically overactive STN. This overactive STN then overstimulates the GPi/SNr which then over-inhibits the thalamus. The thalamus is then impaired in its ability to entrain the cortical circuits necessary for voluntary motor activity. The net result is the parkinsonian state. Hyperactivity of the STN and over-excitation of its efferent targets is now considered the pathophysiological hallmark of the parkinsonian state. Excessive tonic output, however, is not the only physiological abnormality of the basal ganglia in PD. Pathologic phasic oscillations and hypersynchrony in neuronal firing are also seen, and are likely responsible for the tremor seen in PD. 

Much of this information was learned from studying the effects of neurotoxicant 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). This compound was synthesized accidentally by addicts who were attempting to manufacture a synthetic opioid structurally related to meperidine (Demerol). When they injected the MPTP, they developed severe parkinsonism within a few days. Post-mortem studies showed that the MPTP caused almost complete loss of substantia nigral dopamine neurons, and a similar result is seen in non-human primates given MPTP in laboratory settings. The monkeys not only have near complete toxic loss of nigral dopaminergic cells, but also show signs that parallel human PD to an amazing degree. This model has enhanced our understanding of the pathophysiology of PD, and has been useful in searching fro novel therapies for PD, biological, medical, or surgical. 

7. Overview of PD pharmacotherapy 

Most patients with PD do quite well with medical management, indeed, exceptionally well in the first several years of the disease ("honeymoon period"). Current pharmacotherapy of PD is symptomatic. No treatment prevents disease progression, therefore medication is used when the disease affects quality of life. When symptomatic treatment becomes necessary, dopaminergic medications that work to increase dopamine (by a variety of mechanisms) are the mainstay. Although levodopa (see below) is undoubtedly the most effective drug, there are a number of other medications available, often used in combination, especially as the disease progresses. Acute side effects are often directly attributable to receptor mechanisms (including nausea, light-headedness upon standing, and visual hallucinations. Later, one of the most troubling problems are dyskinesias (involuntary choreiform movements) that are probably a result of neural accommodation to pulsatile drug availability.

Medications commonly used to treat PD include:

Levodopa is the most effective drug, and works by being converted to dopamine in the CNS. It probably allows remaining neurons to release more dopamine than they normally would, accommodating for the loss of neurons. It is generally given in a formulation that includes a peripheral aromatic amino acid decarboxylase (AADC) inhibitor (usually carbidopa in US) that increases therapeutic potency and decreases autonomic and gastrointestinal side effects. This combination (Sinemet) also can be combined with catechol-O-methyl transferase (COMT) inhibitors block the degradation of catechols. Unfortunately, the only approved compound acts primarily in the periphery, functioning mainly to decrease the metabolism of levodopa. A central COMT inhibitor would also decrease the metabolism of dopamine, but no such compound exists.

Dopamine agonists such as bromocriptine, pergolide, ropinirole, cabergoline, and pramipexole can be used as monotherapies or in conjunction with levodopa to reduce to dosages of levodopa needed. There is some circumstantial evidence that this class of medication may slow the progression of the disease, but this remains controversial.

Amantadine and rimantidine are Influenza A antivirals that also are NMDA antagonists. The latter action results in increase release of dopamine, giving them some antiparkinson action. Their primary use, however, is as adjuvants to levodopa and dopamine agonists as disease progresses, presumably from direct NMDA-R actions.  

Selegiline is a monoamine oxidase (MAO) type  B inhibitor that inhibits dopamine metabolism. Although once purported to have neuroprotective effects, large studies have not found such an action. Selegiline has active metabolites (e.g., methamphetamine and amphetamine) that cause release of dopamine.

Anticholinergics are sometimes used and may help tremor, but unlike their efficacy in treating parkinsonism caused by typical antipsychotic drugs, they have much less utility in PD and are not tolerated well due to multiple side effects including confusion.

8. Surgical treatments

Ablation surgical procedures have been used for decades with results that at best were mixed, but during the last decade deep brain stimulation (DBS) therapy has been shown to have remarkable effects in selected patients. This therapy resulted from experiments in which small discrete lesions were purposefully placed in the neural circuitry to attempt to interrupt the pathologic overactive circuits described above. In DBS a small electrode is precisely placed in the STN (or other regions) and then connected to a pulse generator in the chest. The generator delivers supra-physiologic high frequency stimulation to the contacts at the tip of the electrode. This high frequency stimulation interrupts the pathologic signal and in so doing, ameliorates many of the cardinal symptoms of the disease.  DBS has the distinct advantage over prior ablative techniques that permanent damage is marginal, and the area blocked by the stimulation can be altered after the initial surgical procedure by subsequent programming of the device by a trained neurologist. In this way the beneficial effects can be maximized and any adverse effects of the stimulation can be minimized. Surgical intervention, however, caries the risks associated with surgery, and is therefore indicated in only a minority of patients. 
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