
A few questions on the content of the 
previous lecture
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The spatial arrangement of where sounds of different frequency 
are processed in the brain is called...

ⓘ Start presenting to display the poll results on this slide.
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Sound localisation is enabled by specialized 
neurons in the....

ⓘ Start presenting to display the poll results on this slide.
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Auditory receptors located alongside the basilar 
membrane in the cochlea are called...

ⓘ Start presenting to display the poll results on this slide.
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Any questions/remarks before we begin 
today’s lecture?
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Movement, motor control 
and motor learning
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Outline
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1. The vestibular system

2. The motor system 

3. Motor system disorders



The vestibular system
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contains endolymph & sensory epithelium

also called “otic capsule”; surrounds and 

houses the membranous labyrinth, 

separated by a layer of perilymph

https://tinyurl.com/b37rx6wt 

perilymph

extracellular fluid located in

the  scala tympani and scala 

vestibuli of the cochlea;

major cation is sodium

endolymph

fluid located in the membranous 

labyrinth of the inner ear; major 

cation is potassium
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Remember…

https://tinyurl.com/b37rx6wt


The inner ear

Bear et al., (2015), p. 404

large chambers near the center 

of the labyrinth; detect the force 

of gravity, tilt and acceleration

of the head; contain hair cells 

(similar to those in the cochlea)

they lie in approximately 

orthogonal (90°) planes; 

sensitive to head rotation

“vestibular ganglion”;

contains the cell bodies 

of sensory neurons

formed by the axons (~20,000 

 in each ear) of the sensory 

neurons in Scarpa’s ganglion

form the vestibulocochlear 
nerve (cranial nerve VIII)
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The otolith organs (utricle and saccule) enable the detection of linear acceleration (changes in the head angle)

https://tinyurl.com/38d478u8 

Each otolith organ is filled with fluid,

and contains a sensory epithelium 

called a macula, which is vertically

oriented within the saccule and 

horizontally oriented within the 

utricle when the head is upright

=> detect movements in both the 

horizontal and vertical direction.

utricle saccule
otolithic 
membrane

stereocilia &
kinocilia

hair cells

nerve cells

axons

The macula consists of a row of hair cells    

embedded in a row of supporting cells. 

The hairs (i.e., stereocilia and kinocilia    ) 

are connected to a gelatinous mass 

called the otolithic membrane    . 

The other side of the hair cell is connected 

to sensory neurons, whose axons form the 

vestibular nerve. https://tinyurl.com/38d478u8 

hair cells

stereocilia and kinocilia

otolithic membrane

kinocilium stereocilia

hair cell

nerve cell

axon

https://tinyurl.com/38d478u8 

The kinocilium is longer

than the stereocilia. It plays

a crucial role in the firing rate 

of the hair cell.
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https://tinyurl.com/38d478u8
https://tinyurl.com/38d478u8
https://tinyurl.com/38d478u8


utricle

Bear et al., (2015), p. 405

crystals of calcium carbonate

https://tinyurl.com/yc2wrf39 

Hair cells are constantly causing the sensory neurons at their 

base to fire (i.e., the tonic firing rate). When the cilia/hairs bend 

towards the kinocilium => the cell is depolarized and the  

firing rate increases, and when they bend away => the cell is 

hyperpolarized and the firing rate decreases. 

​When a hair cell in a semicircular canal is bending towards 

the kinocilium on one side of the head, the functionally paired 

hair cell on the other side of the head is decreasing its activity.​

12

https://tinyurl.com/yc2wrf39


The semicircular canals enable the detection of angular acceleration (turning movements of the head) 

https://tinyurl.com/m3wzvtdm 

Bear et al., (2015), p. 407

Moini & Piran, (2020), p. 375
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https://tinyurl.com/m3wzvtdm


The central vestibular pathways

Bear et al., (2015), p. 408

Coordinate and integrate information about head and body movement 

and use it to control the output of motor neurons that adjust head, 

eye, and body positions. 

cranial nerve VIII

medial and lateral vestibular 

nuclei on the same side  of 

the brain stem

cerebellum

via the vestibulospinal tract

e.g., spinal motor neurons controlling muscles 

in the legs that help maintain posture

via the medial longitudinal fasciculus

excite motor neurons of trunk and neck muscles

that orient the head

the ventral posterior (VP) nucleus of the thalamus
Projects to regions close to the representation of the face in the 

primary somatosensory and primary motor areas of cortex 14



The vestibulo-ocular reflex

https://tinyurl.com/brhffhks 

Unblurred vision is only possible if the eye is stationary (fixed) with respect to a viewed object => the vestibulo-ocular

reflex helps maintain stationary vision when we move our head. 

If the head is turned to the left, this reflex causes the eyes to move to 

the right (i.e., in the opposite direction of the head movement). 

The oppositely directed eye movement occurs at the same velocity as 

the head movement, and therefore generates an eye movement which 

keeps our line of sight fixed on the same point in visual space both 

during and following the movement.

Already present at birth (i.e., “doll’s eyes reflex”): 

https://www.youtube.com/watch?v=MpjR5eyu9Pc 
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https://tinyurl.com/brhffhks
https://www.youtube.com/watch?v=MpjR5eyu9Pc


https://www.youtube.com/watch?v=ryGMI3SpxCE 

Let’s visualize everything we talked about
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https://www.youtube.com/watch?v=ryGMI3SpxCE


https://www.youtube.com/watch?v=KaFVueNzLy8 

Let’s visualize everything we talked about
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https://www.youtube.com/watch?v=KaFVueNzLy8


The motor system
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motor system usually references the 

parts of the nervous system that are most 

directly involved in sending information 

to the spinal cord to produce movement.

Kolb & Whishaw, (2021), p. 788

Motor system overview

The motor system includes different 

areas with specific roles: neocortical 

regions (e.g., the parietal and frontal 

cortex; planning), the basal ganglia 

(appropriate amount of force) , the 

cerebellum (movement’s timing and 

accuracy) , and regions of the brainstem 

and spinal cord (instructions to muscles). 
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Descending spinal tracts

control voluntary movements of 
the distal musculature

control postural muscles

Bear et al., (2015), p. 486

REMEMBER: the ascending tracts refer to 

the neural pathways by which sensory 

information from the peripheral nerves is 

transmitted to the cerebral cortex => more 

on this in the next lecture.

20

Lateral
pathways

Ventromedial
pathways



Bear et al., (2015), p. 492

Motor control areas: the motor cortex

primary motor cortex / M1

(i.e., Brodmann’s area 4, 

the precentral gyrus)

secondary motor cortex

 (i.e., Brodmann’s areas 6 (& 8))

premotor area (PMA)

supplementary motor area (SMA)

connects primarily with 
reticulospinal neurons that 
innervate proximal motor units

sends axons that innervate distal motor units directly

Areas 4 and 6 contribute most of the axons to the descending corticospinal tract (in the lateral pathways). 21

BA 8



Motor control areas: the prefrontal and posterior parietal cortex
inputs from the primary 

somatosensory cortical areas 

(BA 1, 2, and 3)

inputs from higher order visual 

cortical areas such as MT (V5)

MT/V5

The prefrontal and posterior parietal

cortices  are the highest levels of the 

motor control hierarchy, where 

decisions are made about what actions 

to take and their likely outcome. 

The prefrontal cortex and parietal cortex

both send axons that converge on cortical 

area 6 => this area lies at the junction where 

signals encoding “what” actions are

converted into signals that specify 

“how” the actions will be carried out.

BA 8

BA 8: frontal eye fields 

control of eye movements; damage => tonic 

deviation of the eyes towards the side of the injury

Bear et al., (2015), p. 492
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Motor control

Kolb & Whishaw, (2021), p. 791

1. Receives and integrates information 

from vision, touch, and hearing => can 

initiate movements in response to 

information from any of our senses.

BA 5 & 7

2. Generates plans for movements that 

it passes along to the premotor and 

motor cortex. Prefrontal cortex plans 

are based on previous experience as 

well as ongoing sensory input.

BA 9, 10, 11, 
45, 46, & 47

BA 6 (& 8)

3. Involved in making whole-

body movements, rhythmic 

movements (e.g., walking), and 

coordinated movement (e.g., 

involving both hands) => 

organizing action sequences 

(e.g., when playing a sport or 

when organizing a meaningful 

sequence of words).

BA 4

4. Involved in making more 

elementary movements 

(e.g., hand movements to

manipulate tools, pick up 

objects, or bring food to the 

mouth, and mouth movements 

for grasping and chewing food).
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The discovery of the motor cortex

Gustav Fritsch
(1838 – 1927) 

Eduard Hitzig
(1838 – 1907)

John Hughlings Jackson
(1835 – 1911)

- was studying epilepsy, when he noted that epileptic seizures gradually propagated from the 

hands towards the face (“Jacksonian march“);

- hypothesized that different parts of the body were controlled by different parts of the cortex;

- surmised that aberrant electrical activity in the brain gave rise to epileptic seizures.

- in 1870, they identified the motor cortex experimentally, by electrically 

stimulating the motor cortex of a dog;

- they showed the contralateral correspondence between stimulation site

and the elicited movement;

- further supported their conclusion with targeted lesion studies of the 

motor cortex, in dogs.
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Functional organization of the primary motor cortex: the “homunculus”

Gordon et al., (2023)

Wilder Penfield
(1891 – 1976)

https://www.youtube.com/watch?v=A-H9dmn4pMg 
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https://www.youtube.com/watch?v=A-H9dmn4pMg


The cerebellum

https://tinyurl.com/35j2snvh 

https://tinyurl.com/35j2snvh 

Bear et al., (2015), p. 492
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https://tinyurl.com/35j2snvh
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The basal ganglia

Pinel & Barnes, (2021), p. 93

https://tinyurl.com/395649ae 

The caudate and putamen are collectively known as the striatum.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3543080/ 27

The term basal ganglia in the strictest sense refers to nuclei embedded deep in the brain hemispheres 

(striatum and globus pallidus), whereas related nuclei consist of structures located in the diencephalon 

(subthalamic nucleus), mesencephalon (substantia nigra), and pons (pedunculopontine nucleus).

https://tinyurl.com/395649ae
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3543080/


Bear et al., (2015), p. 499

The major subcortical input to area 6 (SMA & PMA) arises in the 

ventral lateral (VL) nucleus (in the dorsal thalamus). The input to this 

part of VL (i.e., Nucleus ventralis lateralis pars oralis/ Vlo), arises from 

the basal ganglia. 

The basal ganglia, in turn, are targets of the cerebral cortex (i.e., the 

frontal, prefrontal, and parietal cortex). 

Thus, we have a loop where information cycles from the cortex 

through the basal ganglia and thalamus and then back to the 

cortex (particularly the SMA). One of the functions of this loop 

appears to be the selection and initiation of voluntary movements.
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Bear et al., (2015), p. 501

In the direct pathway through the 

basal ganglia, synapses from cortical 

cells excite cells in the putamen, 

which make inhibitory synapses on 

neurons in the internal segment of the 

globus pallidus (Gpi) , which in turn 

make inhibitory connections with the 

cells in Vlo (part of the ventral lateral

nucleus in the in the dorsal thalamus). 

The thalamocortical connection 

(from VLo to SMA) is excitatory and 

facilitates the discharge of 

movement-related cells in the SMA. 

In general, the direct pathway allows 

the basal ganglia to enhance the

initiation of voluntary movements. 

The indirect pathway through the 

basal ganglia tends to antagonize 

the motor functions of the direct 

pathway. 

The most unique features of the 

indirect pathway are the external 

segment of the globus pallidus (GPe), 

and the subthalamic nucleus. Striatal 

neurons inhibit cells of the GPe, which 

then inhibit cells of both the internal 

segment of the globus pallidus (Gpi) 

and the subthalamic nucleus. 

The subthalamic nucleus is also excited 

by axons from the cortex, and its 

projections excite the neurons of the 

GPi, which inhibit thalamic neurons.
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Motor system disorders
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Parkinson’s disease

Loss of substantia nigra (SN) neurons causes Parkinson's disease. 

Pathological examination of a healthy patient (A) reveals typical 

pigmented DA neurons in the SN (arrows); in contrast, loss of SN 

neurons leads to pigment disappearance in the PD brain (B, arrows).

Aron, (2010), https://tinyurl.com/yuk3ktjt 

Also see: https://www.youtube.com/watch?v=ckn9zybpYZ8 

Dopamine

GABA

https://tinyurl.com/bdc6ab4d 
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https://tinyurl.com/yuk3ktjt
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Huntington’s disease

https://tinyurl.com/2f5hx29r 

In persons with HD, the structures of the basal ganglia are a lot 

smaller than normal because nerve cells of the striatum are the 

first to die as HD progresses. 

Although other parts of the brain are also affected during HD, 

the basal ganglia appear to be the most heavily damaged. 

HD is a hereditary disease, and it affect both the direct

and the indirect pathways through the basal ganglia.

The loss of motor function can present as:

- uncontrollable dance-like movements (chorea);

- rigidity (akinesia);

- unusual fixed (unchanging) postures (dystonia);

- slurred speech and problems with swallowing

(dysphagia), eating, speaking, and especially walking.

See more at: https://tinyurl.com/2f5hx29r 

Also watch: https://www.youtube.com/watch?v=M6Z9bkd7zF8 
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Further reading

https://pubmed.ncbi.nlm.nih.gov/37076628/ 
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https://pubmed.ncbi.nlm.nih.gov/37076628/
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https://www.youtube.com/watch?v=ygrT34F0Hrc 

Further resources
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https://www.youtube.com/watch?v=ygrT34F0Hrc
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