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The basal ganglia is a very complex structure. It is located in the centre of the brain and used to be referred to as the “Dark Basement” of the brain. The basal ganglia is a very important modulator of activity in the cerebral cortex, particularly regarding motor function but also in regards to different forms of higher cortical function that we are beginning to learn about.

What is important to understand about the basal ganglia as a whole is that there are stereotypical movements that are very rule dependant and the function of the basal ganglia is to optimize these so you can really hit that tennis ball, skip that rope or even hit that baseball. It’s not just the cerebellum that is involved in making these events synchronous. If it is a repetitive act, of which many of our day-to-day activities are, it’s the basal ganglia. When the basal ganglia get diseased it is these repetitive acts that are affected. 

The Anatomy: Figure 43-2

There are four principal nuclei:

1. Striatum (caudate nucleus, putamen and ventral striatum)

2. Globus pallidus (internal and external segments)

3. Substantia Nigra (pars reticulata and pars compacta)

4. Subthalamic Nucleus

The caudate relays to the anterior portion of the frontal lobe and to the limbic aspects of the cortex as well. It is probably very important in terms of memory and also in “limbic function” (i.e.: normal feelings and emotions). 

The putamen receives a lot of input from all different areas of the cerebral cortex. The input is mainly motor and does mainly come from the frontal cortex but the putamen is an important regulator of “rule dependant” information. 

The caudate and the putamen then connect to the internal and external segments of the globus pallidus and importantly also to the subthalamic nucleus (we’ll deal with this more later).

One thing to remember about the basal ganglia that will make this whole pathway much more understandable is what goes into the basal ganglia goes in through the putamen and the caudate and is mediated by dopaminergic neurotransmission. The output is through the internal globus pallidus. The globus pallidus is GABA-ergic in its nature so it is inhibitory, and it inhibits motor function. So everything that leaves the basal ganglia must go by way of the internal pallidum and since this output is inhibitory, the role of the internal pallidum is to inhibit unwanted movements. It is a break. The globus pallidus slows the loop that came from the cortex to the basal ganglia and out through the thalamus back up to the cortex (Figure 43-1). For that loop not to run wild it requires a lot of inhibition from the pallidum and this inhibition is dependant on the influence that the caudate and the putamen exert of the pallidum. 

Basic Overview: 

 Cortex   (dopamine) ( (+) Caudate and Putamen  (  internal pallidum (GABA) (  (-) thalamus (Ventral Anterior and Vertrolateral)

Back to figure 43-1, which illustrates different modulators of synchrony movement. While the cerebellum is important, so is the basal ganglia, and the two work in synchrony. The cortex gets feedback from the cerebellum via the thalamus, so there a cortico-cerebello-thalamo-cortical network. The cerebellum has an excitatory connection to the thalamus via the dentate nucleus. As we spoke of above, the basal ganglia has an inhibitory input to the thalamus via the internal pallidum. 

So the cerebellum excites the thalamus and the basal ganglia inhibits the thalamus. These connections are not however, directly antagonistic. The input into the thalamus is segregated to different parts. The pallidum exhibits its influence over the ventral tier thalamic nuclei (VA and VL) and the cerebellum connects with the ventro-intermediate portion of the thalamus. While they are segregated in terms of anatomy, there does seem to be a fair amount of cross talk between the two in terms of function, which has been discovered by surgical lesioning.

 The cerebellum is most likely to be involved in spatial optimization and accuracy. This explains the hyper and hypometria which is exhibited in patients with cerebellar lesions.  What the basal ganglia is doing is regulating the amplitude and ramping up of movements so that you will hit a target on time. It is not just synchrony spatially which the cerebellum does, it’s the timing and accuracy of hitting the target. The cerebellum will put you in the right place, the basal ganglia makes sure you do it at the right time.

Figure 43-4: (tape cuts here)

 This figure explores the various components of the basal ganglia-thalamocortical circuits. These are the various zones involved in motor planning, such as the occulomotor cortex and the prefrontal cortex, which is involved in motor choices. (tape comes back here) To choose to move your arm to hit target A or target B is a conscious decision. The motor choice dependant actions project to the dorsal part of the putamen. However, the limbic region projects mostly to the caudate nucleus. Both conscious (motor choices) and unconscious movements must go through the basal ganglia but they are segregated from one another. Each segment originates in a specific area of the cerebral cortex and engages different portions of the basal ganglia and thalamus. 

 So the motor connections to the basal ganglia are segregated according to function (simple motor, motor learning, motor preparation, occulomotor and limbic). They are also segregated by which body part you will be using (Figure 43-5). There is a somatotopic organization of the basal ganglia. The face tends to be near the bottom and the leg and the trunk and leg ten to be near the top. So therefore, what kind of movement you are processing depends on you vertical position in the basal ganglia (somatotopic organization) and your horizontal position (conscious versus unconscious movement).  

The Two Pathways: Figure 43-3

There are two parallel pathways by which the putamen speaks to the globus pallidus and can thereby affect the VA and VL thalamus. (Tape cuts here, for good)

1. The indirect pathway: Originates in the putamen and then passes to the external globus pallidus and then to the subthalamic nucleus. This is a purely GABA-ergic path. It then passes from the subthalamic nucleus to the output nuclei in the internal globus pallidus

via an excitatory glutaminergic projection. This is the only excitatory intrinsic connection. Therefore increased stimulation of the indirect pathway leads to increased inhibition of the thalamus. These neurons have D2 type dopamine receptors that have reduced transmission in response to dopamine.

2. The direct pathway: Originates in the putamen and synapses directly on the output nuclei of the internal globus pallidus. This synapse is inhibitory. Therefore the direct pathway inhibits inhibition of (therefore excites) the thalamus. These neurons have D1 type dopamine neurons that facilitate transmission in response to dopamine.

The direct pathway provides positive feedback and the indirect pathway negative feedback in the loop between the basal ganglia and the thalamus.

Clinical Implications:
In the case of Parkinson’s disease (figure 43-6), which is caused by a decrease in the production of dopamine in the substantia nigra, there is over activity of the indirect pathway, which leads to increased inhibition of the thalamus. This can be diffulcult to understand.  Let’s review the indirect pathway. Dopamine inhibits activity of the neuron which connects the striatum to the external globus pallidus (GPe) which in turn inhibits the activity of the neuron running from the GPe to the sub-thalamic nucleus (STN). The STN then activates the GPi, which inhibits the thalamus. So when we have low dopamine levels, that first neuron can fire, which inhibits the firing of the second neuron that was inhibiting the STN, which can now excite the GPi. (Still confused? Check out Martin box 11-1 pg. 332). The dopamine was silencing the pallidal activity, which was allowing you to move. Now with the over activity the break is pressed firmly down on the loop and actions become more difficult. As well, there is a decrease in the activity of the direct pathway, which also causes increased inhibition of the thalamus.  All of this leads to a decrease of input back to the pre-motor cortex and overall slowness (bradykinesia).

Treating Parkinson’s can be difficult. One extreme treatment that is used when the medication doesn’t work is to lesion the internal globus pallidus and stop the over active input to the thalamus. This has been shown to alleviate many of the symptoms of Parkinson’s disease. There is technology that allows for the placement of electrodes deep within the brain that can either block the globus pallidus or allow it to fire and gives the patient more control. The new frontier of Parkinson’s treatment involves the placement of electrodes right into the subthalamic nucleus, which relaxes the “break” but doesn’t remove it completely. Another new therapy designed in part here at Columbia was the implantation of dopamine producing fetal cells within the putamen. Placebo patients' symptoms got worse, whereas the patients given the fetal mesencephalic cells got better. To read more about this research check out the March 17 edition of the New England Journal of Medicine.

Underactivity of the indirect pathway is a major factor in hyperkinetic disorders. Hemiballism is caused by a stroke to the subthalamic nucleus, thereby eliminating the indirect pathway and allowing the thalamus to fire at will and movement becomes unregulated. The movements of patients suffering from hemiballism are fast and energy costly.  In some cases, hemiballsim resolves itself due to healing of the region of the stroke, or because the lesion is unilateral. Use of a dopamine blocking agent, such as Haldol as proven to be an effective treatment of the symptoms.

Huntington’s Disease is an autosomal hyperkinetic disorder and is therefore bilateral. It produces symptoms similar to those found in hemiballism with random, jerky movements of the face and limbs (chorea), dementia and behavioural disturbance. The production of Huntington protein, from chromosome 5, interferes with the indirect pathway, specifically the pathway from the putamen to the external globus pallidus. There is also degeneration of the caudate nucleus, which is responsible for the dementia. There is currently no cure for Huntington’s Disease. The current research seems to suggest the best method of treatment will be blocking the Huntington protein.  

(The following Essay Questions were provided by Dr. Eidelberg)

Essay Questions:

1) According to topics discussed in the lecture (1) please describe the two different pathways, which facilitate movement in the Basal Ganglia?  (2)  As described in the lecture Hemiballism is caused by a lesion to the Subthalamic nucleus.  How would lesioning or modulating this area benefit a Parkinson’s disease patient?

2) Please describe the differences between the cerebellum’s role in the facilitation of movement compared to the role of the Basal Ganglia.  In your answer include neuronal pathways and neurotransmitter transmission.

