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Chapter 43. The Basal Ganglia



Basal ganglia in history

Parkinson’s disease Huntington’s disease



Parkinson’s disease

Parkinson's disease (PD) is a degenerative disorder of 
the central nervous system mainly affecting the motor 
system. Early in the course of the disease, the most 
obvious symptoms are movement-related; these 
include shaking, rigidity, slowness of movement and 
difficulty with walking and gait. Later, thinking and 
behavioral problems may arise, 
with dementia commonly occurring in the advanced 
stages of the disease, and depression being the most 
common psychiatric symptom.
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Structure of Basal ganglia



Structures in Basal Ganglia

• Striatum
• Globus pallidus
• Subtantia nigra
• Subthalamic nucleus



Structures in Basal Ganglia

• Striatum
• Globus pallidus
• Subtantia nigra
• Subthalamic nucleus

• Caudate nucleus
• Putamen

• External segment
• Internal segment

• Pars reticulata
• Pars compacta



Structures of Basal Ganglia

What are the structures in BG?



Caudate nucleus

Long C-shaped structure.
Head, body and tail regions



Putamen

The putamen is a round structure 
located at the base of the forebrain 
(telencephalon). The putamen and 
caudate nucleus together form the 
dorsal striatum. It is also one of the 
structures that comprises the basal 
ganglia.



Globus pallidus

The globus pallidus (Latin for "pale globe") also 
known aspaleostriatum or dorsal pallidum, is a 
sub-cortical structure of the brain.



Substantia nigra

The substantia nigra is a brain structure 
located in the mesencephalon (midbrain) 
that plays an important role 
in reward and movement. Substantia 
nigra is Latin for "black substance", 
reflecting the fact that parts of the 
substantia nigra appear darker than 
neighboring areas due to high levels 
of neuromelaninin dopaminergic neurons.



Monkey basal ganglia



Human basal ganglia



https://www.youtube.com/watch?v=InJByqg1x-
0&index=8&list=PL242bEng6nyIdshvi_ZUid_i3YctT75q9



Neurons in Basal Ganglia



Medium Spiny Neuron (MSN)

Medium spiny neurons (MSNs), also known 
as spiny projection neurons, are a special type 
of GABA-ergic inhibitory cell representing 95% 
of neurons within the human striatum, a 
structure located in the basal ganglia.

The medium spiny neurons are medium-sized 
neurons (~15 microns in diameter, ~12-13 
microns in the mouse) with large and extensive 
dendritic trees (~500 microns in diameter).



Neurons in basal ganglia

• GABAergic neurons
• Medium spiny neuron (MSN)

• Cholinergic neurons
• Tonically active neurons (TAN)

• Glutamatergic neurons



MSN circuit in Striatum

TAN



MSN circuit in Striatum

Around axon hillock
Large interneuron (TAN)

To cell body
Inhibitory interneuron

To dendrite shaft
Dopamine neuron

To dendrite spine
Cortex

To dendrite shaft & shaft
Thalamus



Circuit of Basal Ganglia



Basal ganglia circuit
-Basic circuit

Cortex => Striatum => GP => PPN => motor output

Direct & Indirect pathways

Loop circuit

Hyperdirect pathway



Basal ganglia circuit
-Basic circuit



Basal ganglia circuit
-Basic circuit

Hyperdirect pathway

Why?





Neuronal activity
in BG

Inhibitory

Excitatory



Neuronal activity
in BG
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What’s the advantage of this circuit?



Parallel circuits of basal ganglia



1 2 3 4

Various regions in cortex



Concept of parallel anatomical circuit



Example BG circuits from 4 distinct areas of frontal cortex



Functions
In parallel circuits

Loop circuit

What’s the 
advantage of 
parallel 
processing?



Functions of BG

• Action selection
• Movement preparation
• Motor execution
• Sequential movement
• Voluntary movement
• Memory-guided movement
• Reinforcement learning



Action selection

Action selection is a way of characterizing the most 
basic problem of intelligent systems: what to do next. 
In artificial intelligence and computational cognitive 
science, "the action selection problem" is typically 
associated with intelligent agents and animats—
artificial systems that exhibit complex behaviour in 
an agent environment.

Focusing model

Which one is inhibited and which one is facilitated?





Dopamine neurons



DA neuron activity
In reinforcement learning

Reward prediction error signal

Prediction (expectation)

Error signal

Unexpected reward signal

Reward information is processed by specific neurons in 
specific brain structures. Reward neurons produce 
internal reward signals and use them for influencing brain 
activity that controls our actions, decisions and choices.



D1R or D2R-mediated circuit in BG

D1R: direct pathway

D2R: Indirect pathway



D1R & D2R signaling
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Questions
1. When use the D2R blocker?
2. When block the D2R-containing 

neurons by optogenetics?



Parkinson’s disease



Parkinson’s disease

Parkinson's disease (PD) is a long-term degenerative 
disorder of the central nervous system that mainly affects 
the motor system. The symptoms generally come on 
slowly over time. Early in the disease, the most obvious 
are shaking, rigidity, slowness of movement, and difficulty 
with walking.





GPe

GPi

STN

SNr



MPTP

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) is 
a prodrug to the neurotoxin MPP+, which causes 
permanent symptoms of Parkinson's disease by 
destroying dopaminergic neurons in the substantia 
nigra of the brain.

MPTP causes Parkinsonism in primates including 
humans. Rodents are much less susceptible. 



Now you can understand this model!

What is wrong in the right circuit and how 
to cause the Parkinsonian symptom?
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In patients with Parkinson’s disease and in animal models of this disorder, neurons
in the basal ganglia and related regions in thalamus and cortex show changes that
can be recorded by using electrophysiologic single-cell recording techniques, including
altered firing rates and patterns, pathologic oscillatory activity and increased inter-neuronal
synchronization. In addition, changes in synaptic potentials or in the joint spiking activities
of populations of neurons can be monitored as alterations in local field potentials (LFPs),
electroencephalograms (EEGs) or electrocorticograms (ECoGs). Most of the mentioned
electrophysiologic changes are probably related to the degeneration of diencephalic
dopaminergic neurons, leading to dopamine loss in the striatum and other basal ganglia
nuclei, although degeneration of non-dopaminergic cell groups may also have a role.
The altered electrical activity of the basal ganglia and associated nuclei may contribute
to some of the motor signs of the disease. We here review the current knowledge
of the electrophysiologic changes at the single cell level, the level of local populations
of neural elements, and the level of the entire basal ganglia-thalamocortical network in
parkinsonism, and discuss the possible use of this information to optimize treatment
approaches to Parkinson’s disease, such as deep brain stimulation (DBS) therapy.
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INTRODUCTION
Parkinson’s disease (PD) is primarily characterized by movement
deficits, but encompasses also many non-motor problems. The
term “parkinsonism” refers to a characteristic constellation of
motor impairments that are associated with PD, including
decreased and slow movement (akinesia and bradykinesia),
muscular rigidity, gait instability, and tremor at rest. The
presence of bradykinesia and at least one other signs is
required for the formal diagnosis of PD (Hughes et al.,
1992).

Parkinsonism results, in large part, from the degeneration of
dopaminergic neurons in the pars compacta of the substantia
nigra (SNc; Bernheimer et al., 1973), and the resulting
reduction in the levels of dopamine in the striatum, the
main synaptic target of SNc axons (Hornykiewicz and Kish,
1987). The loss of dopamine is correlated with profound
changes in the activity of neurons in the basal ganglia-
thalamocortical circuits. In this review, we summarize the
current knowledge of some of the electrophysiological changes
that occur in the basal ganglia and related thalamic and
cortical areas in parkinsonism. We focus on results obtained
with extracellular recordings in parkinsonian animals or in
human PD patients. Studies of functional abnormalities can
also be conducted using non-electrophysiological methods
(for instance, by using markers of metabolism or imaging

techniques). The results of these studies are not covered here
in any detail, but have been discussed in other publications
(e.g., Galvan and Wichmann, 2008; Lindenbach and Bishop,
2013).

CIRCUIT ANATOMY AND PATHOLOGY OF PARKINSON’S
DISEASE
FUNCTIONAL ANATOMY OF THE BASAL GANGLIA-THALAMOCORTICAL
CIRCUITS
The basal ganglia (Figure 1, “Normal”) consist of the neostriatum
(caudate nucleus and putamen), the external and internal
pallidal segments (GPe, GPi), the subthalamic nucleus (STN),
the substantia nigra pars reticulata (SNr), and the SNc. These
structures are part of larger functional and anatomical parallel
circuits that also include areas of the frontal cortex and of
the ventral thalamus. Depending on the function of the frontal
cortical area of origin, these basal ganglia-thalamo-cortical
circuits are designated as “motor”, “associative/cognitive” and
“limbic” (Figure 2, Alexander et al., 1986, 1990; Middleton and
Strick, 2000).

The general anatomical arrangement of the basal ganglia is
similar across these circuits. Glutamatergic excitatory cortical
input reaches the basal ganglia via the striatum and STN, and,
to a lesser extent, via the thalamus. The information is then
transferred to the output nuclei of the basal ganglia, the GPi
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What’s the L-DOPA & its function?
Side effects?
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SUMMARY

As a major output station of the basal ganglia, the
globus pallidus internal segment (GPi) projects to
the thalamus and brainstem nuclei thereby control-
ling motor behavior. A less well known fact is that
the GPi also projects to the lateral habenula (LHb)
which is often associated with the limbic system.
Using the monkey performing a saccade task with
positionally biased reward outcomes, we found that
antidromically identified LHb-projecting neurons
were distributed mainly in the dorsal and ventral bor-
ders of the GPi and that their activity was strongly
modulated by expected reward outcomes. A majority
of them were excited by the no-reward-predicting
target and inhibited by the reward-predicting target.
These reward-dependent modulations were similar
to those in LHb neurons but started earlier than those
in LHb neurons. These results suggest that GPi may
initiate reward-related signals through its effects on
the LHb, which then influences the dopaminergic
and serotonergic systems.

INTRODUCTION

The internal segment of the globus pallidus (GPi) is the final out-
put station of the basal ganglia through which body movements
are controlled (DeLong, 1971). The GPi projects to the motor part
of the thalamus which is mutually connected with the motor and
premotor cortices and to subcortical motor structures such as
the pedunculopontine nucleus (Parent et al., 1999). The former
pathway may control learned body movements and the latter
pathway may control innate movements. Indeed, lesions of the
GPi lead to a variety of movement disorders including slowing
of movements (Horak and Anderson, 1984; Mink and Thach,
1991), dyskinesia (Crossman, 1987), and akinesia (Molinuevo
et al., 2003). Many GPi neurons change their activity when
animals or humans move particular parts of their body (DeLong
et al., 1985; Iansek and Porter, 1980). In short, the GPi is instru-
mental for the basal ganglia to control body movements.

One less-well-known fact is that the GPi also projects to the
lateral habenula (LHb), a small nucleus located above the thala-
mus at its posterior end close to the midline (Lecourtier and Kelly,
2007). This is puzzling given the dominant motor role of the GPi.

However, recent studies have shown that many neurons in the
basal ganglia encode nonmotor signals, especially in relation
to expected rewards (Hikosaka et al., 2006). This raises the
possibility that the projection from the GPi to the LHb might be
a key to link the basal ganglia and the limbic system providing
reward-related information.

Indeed, a recent study from our laboratory has shown that the
LHb neurons in monkeys are excited by a visual stimulus that
indicates absence of reward and inhibited by a stimulus that in-
dicates presence of reward (Matsumoto and Hikosaka, 2007).
This negative reward signal may contribute to the well-known
reward coding of dopamine neurons (Christoph et al., 1986;
Ji and Shepard, 2007; Matsumoto and Hikosaka, 2007).

To test the hypothesis that the GPi is a source of reward-
related information in the LHb, we used the antidromic stimula-
tion method to identify GPi neurons that projected to the LHb.
The activity of theses neurons was then examined while the
monkey was performing a visually guided saccade task with
positionally biased reward outcomes. The results showed that
LHb-projecting neurons were located mainly at the borders of
the GPi, had firing patterns different from movement-related
GPi neurons, and they changed their activity in relation to
expected rewards.

RESULTS

We identified LHb-projecting neurons by their antidromic activa-
tion from the LHb (Figure 1) using two rhesus monkeys (Macaca
mulatta), D and N. In each experiment we positioned the first
electrode at the LHb and made sure that its tip was within the
LHb by recording multi-unit activity related to rewards, as
described in Matsumoto and Hikosaka (2007). We then lowered
a second electrode from the putamen to the GP on the same side
as the LHb being recorded, while applying biphasic (negative-
positive) pulses of electric currents through the LHb electrode
periodically (every 0.5 s).

When an antidromically activated neuron was found, the mon-
key was asked to perform one-direction-rewarded task (1DR;
Figure 2A). In the task, a visual target was presented randomly
on the left or right, and the monkey had to make a saccade to
it immediately. Correct saccades were signaled by a tone
stimulus after the saccade. Saccades to one position were
rewarded, whereas saccades to the other position were not
rewarded. Thus, the target instructed the saccade direction
and also indicated the presence or absence of the upcoming
reward. The rewarded position was the same in a block of
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