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Lecture 7: Vestibular System 
 

• Provides sense of balance with respect to placement of head in space. and is designed to sense motions 
that arise from head movements as well as the inertial effects due to gravity. 

• Generally unconscious, but essential for co-ordination of motor responses, eye movements and posture. 

• Sensory receptors lie in vestibular labyrinth in inner ear and convey information to primary vestibular 
sensory neurons. 

• Primary vestibular sensory neurons relay info via vestibulocochlear nerve (CN VIII) to brainstem and 
cerebellum where they synapse with projection neurons responsible for eye movements and posture. 

• Vestibular signals also reach thalamus and cortex, where, with convergence of visual and proprioceptive 
info, a sense of head position in space is constructed. 

• Unnatural movements of head, produce a conflict between visual and vestibular input, which leads to 
disorientation, and nausea (reticular formation).  

• Vestibular Labyrinth:  

• Bony labyrinth: Convoluted hard walled cave of canals within petrous portion of temporal bone. Filled 
with perilymph (low K+ / high Na+, similar to CSF). 

• Membranous labyrinth: Convoluted delicate walled sac of ‘ducts’ floating in perilymph and following 
shape of bony labyrinth canals. Filled with endolymph (high K+ / low Na+, similar to intracellular fluid). 

• Perilymph secreted by arterioles in periosteum surrounding labyrinth.  

• Drains into subarachnoid space via perilymphatic duct which runs through cochlear aqueduct in temporal 
bone.  

• Endolymph is secreted by tissue in cochlear duct.  

• Drains into an extradural sac via endolymphatic duct which runs through vestibular aqueduct in temporal 
bone. 

• Pressure balances in perilymph and endolymph important for functioning of vestibular system. Excess 
pressure causes vestibular disturbance: Meniere’s disease / Labyrinthitis.   
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

• Semicircular canals: 

• Endolymph-filled ring-like structures. 

• Contain sensory receptors that detect endolymph movement.  

•  Respond to angular accelerations (rotations) of the head and are maximally sensitive to rotational 
motions that lie in the plane of the canal: yes … no … maybe. 

• Oriented ‘orthogonally’ at right angles to each other.  



• Organised into 3 ‘functional’ pairs (based on orientation) → one half of each pair on each side of head. 

• Left anterior vs. right posterior 

• Left lateral vs. right lateral 

• Left posterior vs. right anterior 

• Sensory receptors in semi-circular canals are maximally sensitive to rotational motions that lie in the 
plane of the canal. 

• Anterior:  

• Detects rotations of head in sagittal plane. 

• Nodding head forward and back as in ‘yes’. 

• Doing a somersault. 

• Lateral:  

• Detects rotations of head in transverse plane.  

• Turning head side to side as in ‘no’. 

• Doing a pirouette. 

• Posterior:  

• Detects rotations of head in coronal plane. 

• Tilt head towards shoulder as in ‘maybe’. 

• Doing a cartwheel 

• Ampullae house receptive tissue 

• Sensory receptors in semi-circular canals are located in the ampullae. 

• Dilated ends of each canal near their attachment to utricle inside vestibule. 

• Endolymph in semicircular canals is continuous with endolymph in utricle but at end where the ampulla 
is, endolymph is partitioned off by flexible septum of receptive tissue called the crista ampullaris. 

• Semicircular canals – Crista ampullaris 

• Ridge of crista ampullaris projects into lumen of ampulla of semicircular canal and is bathed in 
endolymph.  

• Covered by neuroepithelium made of sensory hair cells and supporting cells. 

• Sensory hair cells’ cilia embedded in gelatinous mass called the cupula. 

• Hair cells are either excited or inhibited when cupula sways in endolymph and moves with respect to 
neuroepithelium (see hair cell functional anatomy).  

• Upon rotational acceleration of the head, the endolymph in the semicircular canals, which are oriented in 
the plane of the acceleration, is subjected to inertia and bends cupula. 

• Biophysics: 

• At the beginning of head rotation within the plane of a semi-circular canal (i.e. spinning = rotational 
acceleration in transverse plane= lateral canal) endolymph is subjected to inertia and lags behind in canal 
and so endolymph temporarily moves in opposite direction to head rotation.  

• Cupula has same specific gravity as endolymph and so  ‘sways’ in same direction as endolymph as it 
experiences inertia. Swaying cupula effectively bends the sensory hair cells embedded in it in the opposite 
direction to the direction of head rotation. 

• Otolith organs – Utricle and Saccule 

• Endolymph-filled sac-like structures. 

• Contain sensory receptors that detect movements dependent on gravity.  

• Respond to changes in angle (tilt) and linear movements of the head and are maximally sensitive to 
straight-line changes in acceleration and direction… forward back … left right … up down. 

• Utricle:  

• Detects tilt / linear movements of head in transverse plane. 

• Moving forward and back. Moving left and right. 

• Doing a handstand. Riding a bike. Swaying side to side.  

• Saccule: 

• Detects linear movements of head in sagittal plane.  

• Moving up and down. 

• Jumping. Riding an elevator. 



• Sensory receptors in otolith organs are maximally sensitive to changes in linear accelerations that occur in 
the plane along which receptive tissue is oriented. 

• Receptors are embedded in receptive tissue (neuroepithelial) ‘patches’ which are positioned on either the 
floor or the wall of the otolith organs. 

• Utricle:  

• Receptive tissue ‘patch’ positioned horizontally on floor. 

• Receptors oriented to detect linear movements in transverse plane. 

• Saccule: 

• Receptive tissue ‘patch’ positioned vertically on medial wall. 

• Receptors oriented to detect linear movements in sagittal plane.  

• Vestibular Macula: 

• Receptive tissue ‘patches’ are comma shaped accumulations of neuroepithelial tissue called maculae. 

• There is one located on the floor of the utricle: macula utriculi → wobbles in transverse plane. 

• One located on wall of saccule: macula sacculi → wobbles in sagittal plane. 

• Although bathed in same endolymph that circulates in semicircular canals, unlike the cristae, maculae are 
heavier than endolymph and so are more responsive to the pull of gravity rather than changes in 
endolymph current. 

• Macula: 

• Patches of maculae project off floor / wall into cavities of utricle / saccule and are bathed in endolymph 
(but not moved by endolymph).  

• Composed of neuroepithelium made of sensory hair cells and supporting cells. 

• Sensory hair cells’ cilia embedded in gelatinous mass called the otolithic membrane and this is studded 
with ‘weighty’ calcium carbonate otoliths.  

• Hair cells are either excited or inhibited when otolithic membrane moves with respect to neuroepithelium 
(see hair cell functional anatomy). Because otolithic membrane is weighted, it is subject to gravitational 
changes (pulled down when head tilts) as well as to inertia (lags behind when head accelerates).  

• Biophysics: 

• If head is tilted (i.e. handstand = tilt in transverse plane = wobbles macula utriculi horizontally), the 
‘heavy’ gelatinous otolithic membrane is subject to gravity and flops towards the direction of the tilt. 

• If head is subjected to linear acceleration (i.e. jumping up = acceleration in sagittal plane = wobbles 
macula sacculi vertically), the ‘heavy’ gelatinous otolithic membrane is subjected to inertia and ‘lags’ 
behind in otolith organ.  

• Otolithic membrane is denser than endolymph so doesn’t ‘sway’ in it. 

• Upon head tilt or linear acceleration, it’s ‘flop’ and ‘lag’ characteristics effectively bend sensory hair cells 
embedded in it in same direction as tilt, and in opposite direction to direction of acceleration. 

• Receptors of the vestibular system: 

• Sensory hair cells (vestibular hair cells) are accumulated in the ridge of the cristae within the semi-circular 
canals and in the patches of the maculae within the otolith organs. 

• 2 types have been recognised:  

• Type 1:  

• Flask shaped. 

• Completely surrounded by receptive end of bipolar primary sensory neurons.  

• Type 2: 

• Cylinder shaped. 

• Contacted directly by receptive end of bipolar primary sensory neurons and motor neurons. 

• Surrounded by supporting cells and accumulated in sheets of neuroepithelium (cristae or maculae). 

• Both types have hair tuft made of 30-50 stereocilia protruding from surface closest to endolymph. 

• Kinocilia: 

• Vestibular hair cells are similar to auditory hair cells (Organ of Corti) except that within each hair tuft  of 
stereocilia there is also a single, longer, kinocilium projecting on only one side of the cell. 



• The stereocilia and kinocilium in the hair tuft of a single hair cell all connect via linkages and are 
embedded in the gelatinous mass that makes up the cupula (semicircular canals) or otolithic membrane 
(otolith organs). 

• Movement of gelatinous mass either in response to endolymph flow (semicircular canals) or gravitational 
pull (otolith organs), bends / displaces the hair tuft.  

• Displacing of hair tuft towards or away from the kinocilium determines whether or not the sensory hair 
cells release neurotransmitter that stimulates the receptive ends of bipolar primary (vestibular) sensory 
neurons... 

• Displacement of hair tuft towards kinocilium excites hair cell, increases neurotransmitter release, 
resulting in increased firing rate of bipolar primary sensory neurons contacting hair cell. 

• Displacement of the hair tuft away from the kinocilium inhibits hair cell, decreases amount of 
neurotransmitter release, resulting in a decreased firing rate of bipolar primary sensory neurons 
contacting hair cell. 

• Vestibular hair cells in cristae of semicircular canals are designed to detect rotational acceleration. 

• Over the entire crista, hair cells are arranged in a single orientation. e.g. in the lateral semicircular canal 
each kinocilium is consistently located on the side of the hair cell that is closest to the utricle.  

• Endolymph flow from the ampulla into the utricle will cause depolarisation (excitation) of the hair cells 
(bending hair tuft towards kinocilium). Endolymph flow from the utricle into the ampulla will cause 
hyperpolarisation (inhibition) of the hair cells (bending hair tuft away from kinocilium).  

• Functional anatomy in Maculae: 

• Over the maculae, hair cells are arranged with kinocilium placement in 2 different orientations depending 
on the ‘side’ of the macula they are located    on in relation to a central dividing line called the striola. 

• Macula utriculi - Kinocilia located on side of hair cell towards striola. 

• Macula sacculi - Kinocilia located on side of hair cell away from striola 

• Striola curves through macula, so kinocilia are arranged in many different orientations and maculae 
capable of detecting many different head movements. 

• Vestibular ganglion and vestibular nerve 

• Excitation or inhibition of hair cells in the cristae or maculae depolarises or hyperpolarises bipolar primary 
vestibular sensory neurons.  

• Axons of bipolar primary vestibular sensory neurons project towards the brain in the superior and inferior 
branches of the vestibular nerve. 

• The superior branch of the vestibular nerve contains the primary sensory neurons innervating the cristae 
of the anterior and lateral semicircular canals and the macula of the utricle. 

• The inferior branch of the vestibular nerve contains the primary sensory neurons innervating the crista of 
the posterior semicircular canal and the macula of the saccule. 

• The cell bodies of the bipolar primary vestibular sensory neurons are clustered in the (2) vestibular 
ganglion located in the internal auditory meatus. 

• Within the internal auditory meatus, and proximal to the vestibular ganglion, the superior and inferior 
branches of the vestibular nerve, merge with the cochlear nerve to form the vestibulocochlear nerve (CN 
VIII). 

• The merged vestibulocochlear nerve enters the anterior-lateral surface of the brain stem at the ponto-
medullary junction.    

• Vestibular area: 

• Upon entering brainstem, central processes of primary vestibular sensory neurons travel posteriorly 
towards an area just beneath the floor of the 4th ventricle called the vestibular area. 

• Vestibular area divided into 4 major groups of cell bodies called the vestibular nuclei. 

• Superior vestibular nucleus (SVN), lateral vestibular nucleus (LVN), inferior vestibular nucleus (IVN) and 
medial vestibular nucleus (MVN). 

• Vestibular nuclei are the main location at which information from semicircular canals and otolith organs 
regarding position and movement is processed.  

• The majority of primary vestibular sensory neurons terminate in ipsilateral vestibular nuclei and synapse 
with projection neurons which give rise to a number of vestibular pathways (and reflexes). 

• Vestibulo-Cerebellar Pathways: 



• Involved in regulatory control of eye movements and head movements, and modulation and coordination 
of muscle activity for maintaining basic tone and posture. 

• Medial Vestibulo-Spinal Pathways: 

• Involved in the Vestibulo-Collic Reflex which triggers an upward and backward neck movement, when the 
body falls forward, in an effort to protect the head from impact. 

• Vestibulo-Ocular Pathways: 

• Involved in the Vestibulo-Ocular Reflex, which brings about yoked eye movements to compensate for 
movements of the head and neck. Responsible for maintaining eye fixation during head movement, 
preserving visual focus. 

• Vestibulo-Thalamo-Cortical Pathways  

• Involved in cognitive perceptions of motion and spatial orientation through convergence of information 
from vestibular, visual and proprioceptive systems.  

 
Lecture 8: Proprioception 
 

• Provides sense of body position in space. Close eyes and touch nose .. You ‘know’ how your body is 
positioned without seeing it.  

• Conscious: via lemniscal system (dorsal column tract) … Paul to expand. 

• Subconscious: via spinocerebellar system  

• Monitors muscle length and tension, joint angle position and associated movement of musculoskeletal 
system. Responsible for subconscious co-ordination and finesse of motor responses, balance and posture. 

• Sensory receptors - proprioceptors - lie in muscles, tendons, ligaments and connective tissue coverings of 
bone and muscle and convey information via primary sensory / primary afferent / first order sensory 
neuron axons (type IA and IB). 

• Proprioceptive primary afferents from muscles and tendons relay info via dorsal root, through dorsal                               
root ganglion and into spinal cord where they synapse with second order neurons at various                                   
levels of the neuraxis, which then project to the ipsilateral cerebellum via spinocerebellar tracts. 

• For skeletal muscles to perform effectively, the brain must be continually informed of their ‘state’ and 
they must have healthy ‘tone’ – be in an optimal position / length to either contract or relax. 

• Muscle Spindles: 

• Stretch receptors. 

• Embedded in muscles amongst extrafusal muscle fibres. 

• Made up of a connective tissue capsule containing specialised muscle fibres and various (sensory and 
motor) myelinated axons.  

• Prevent damage from excessive stretch. 

• Golgi Tendon Organs: 

• Tension sensors. 

• Embedded in tendons amongst fascicles of collagen / connective tissue. 

• Made up of large myelinated axons which split and intermingle with and encircle the collagenous fascicles 

• Prevent damage from excessive contraction.  

• Muscle spindles consist of a capsule in which there are 8-10 specialised Intrafusal muscle fibres lying 
parallel to, and attached at either end to, Extrafusal skeletal muscle fibres. 

• Two types of Intrafusal fibres: 

• Nuclear chain fibres, which are, narrow and have a single row of central nuclei.  

• Nuclear bag fibres, which are wider and have a central cluster of nuclei at the central bag-like dilation. 

• Two types of afferents arise from Intrafusal fibres:  

• Annulospiral endings innervate the central part of both chain and bag fibres … wrapped around like a 
spiral.    

• Flower-spray endings innervate the ends/poles of both chain and bag fibres, either side of the centrally 
positioned annulospiral endings.                        

• Two types of afferents elaborated: 



• Annulospiral endings: are primary afferents (type IA axons), which are activated by brief stretch (tendon 
tap) or vibration of the muscle as well as by a sustained stretch on the muscle. Tonically active, ensuring 
optimal muscle length.    

• Flower-spray endings: are secondary afferents (type II axons), which are only activated when there is a 
sustained stretch on the muscle. 

• Because intrafusal muscle fibres are attached at either end to extrafusal muscle fibres, whenever the 
muscle stretches, it also stretches the muscle spindle. 

• Muscle spindles detect and respond to both active and passive changes in muscle stretch (length).  

• When a muscle is stretched, the annulospiral endings and flower-spray endings are stimulated and send 
action potentials along their primary afferent (sensory) axons to the spinal cord.   

• In the spinal cord, the primary afferent axons (type Ia axons) of annulospiral endings make direct 
synapses with alpha motor neurons, which provide motor input to extrafusal muscle fibres. 

• Activation of alpha motor neurons causes contraction of extrafusal muscle fibres (shortening of the 
muscle). 

• When you pick up a weight (bowling ball), extrafusal and intrafusal muscle fibres are pulled down by the 
weight / stretched initially. 

• Type IA axons wrapped around intrafusal fibres in muscle spindle are activated by stretch and send action 
potentials to spinal cord. 

• Alpha motor neurons in spinal cord are excited by type IA axons and trigger extrafusal muscle fibre 
contraction. 

• When a muscle is contracted, it shortens and this effectively reduces the length of the muscle spindle as 
well. A shortened muscle spindle contains shortened intrafusal fibres resulting in ‘slack’ and less 
responsive type IA axons, … so there is an inbuilt mechanism to keep the muscle spindle at optimal length 
or for optimal type IA axon ‘responsiveness’ at all times.   

• Intrafusal muscle fibres also receive motor input from spinal gamma motor neurons originating in the 
spinal cord. 

• Gamma motor neurons regulate the intrafusal fibres sensitivity to stretch by triggering the two poles of 
the muscle spindle to contract to effectively tighten the centre portion. 

• This intrafusal fibre contraction keeps type IA axons ‘tight’ and responsive even when extrafusal fibres are 
contracted.  

• Gamma motor neuron function: 

• Gamma motor neurons provide motor input to the poles of intrafusal fibres to keep them ‘tight’ when 
extrafusal fibres are contracted. 

• Alpha motor neurons provide motor input to extrafusal muscle fibres, triggering muscle contraction / 
muscle shortening. 

• Activation of type IA axons of primary afferents (by muscle stretch) excites alpha motor neurons to trigger 
muscle contraction, which in turn slackens the muscle spindle. 

• Gamma motor neurons provide motor input to tighten the muscle spindle and keep it responsive. 

• Myotactic Reflex: 

• When patellar tendon is tapped it pulls on quadriceps (extensor) muscle, stretching both extrafusal 
muscle fibres and intrafusal muscle fibres inside the muscle spindles. 

• Type IA axons wrapped around intrafusal muscle fibres in muscle spindle are activated by stretch and send 
action potentials to spinal cord. 

• Alpha motor neurons in spinal cord are excited directly (monosynaptic) by type Ia axons and trigger 
extrafusal muscle fibre contraction in the stretched quadriceps. 

• This, contraction of the quadriceps (in concert with relaxation of the hamstring (flexor) muscles due to 
inhibition of extrafusal muscle fibres of the hamstring (due to inhibitory interneuron involvement)) results 
in a forward kick of the lower leg and signifies that proprioceptive connections in the spinal cord are 
intact and functioning.  

• Golgi Tendon Organs are located at the junction between muscle and tendon. 

• Consist of a connective tissue capsule ensheathing a meshwork of collagen fibres, intermingled with and 
encircled by Type IB primary afferent axons. 



• Active contraction of a muscle changes the tension of the collagen bundles in its tendon, squashing the 
intermingling type IB axons of the Golgi Tendon Organ. 

• Golgi Tendon Organs detect, and respond to, active changes in muscle tension ultimately to protect 
muscles from excessive contraction 

• Inverse Myotactic Reflex: 

• Muscle contraction shortens muscle belly, increasing tension along the long axis of the associated muscle 
tendons. 

• The increased tension in collagen bundles in the muscle tendon Golgi Tendon Organ squashes type Ib 
axons stimulating them to send action potentials to the spinal cord. 

• In the spinal cord type IB axons make an excitatory synapse with inhibitory interneurons, which release 
inhibitory neurotransmitter in their synapse with alpha motor neurons (poly-synaptic). 

• Inhibition of alpha motor neurons causes a dampening, or cessation all together, of extrafusal muscle 
fibre contraction in the muscle linked to the tensed tendon. 

• As muscle tension increases, firing of type IB axons in the Golgi Tendon Organ increases and inhibition of 
the alpha motor neuron increases to slow, and even stop (drop load), muscle contraction.  

• As muscle tension decreases, firing of type IB axons in the Golgi Tendon Organ decreases and inhibition of 
the alpha motor neuron also decreases, increasing muscle contraction.  

• Primary afferents, dorsal root ganglion, roots & spinal chord: 

• Information from Muscle Spindles and Golgi Tendon Organs is conveyed to the spinal cord via myelinated 
type IA and IB axons respectively (proprioceptive primary afferents) within the mixed spinal nerve.  

• The pseudounipolar axons of proprioceptive primary afferents project towards the spinal cord in the 
dorsal root (motor neurons project out of the spinal cord in the ventral root). 

• The cell bodies of the pseudounipolar proprioceptive primary afferents are clustered in the dorsal root 
ganglion located just outside the vertebral column in the intervertebral foramen. 

• The myelinated axons project into the spinal cord where they either synapse in various ‘Laminae’ (I-VII) of 
the dorsal horn or project to higher levels of the neuraxis without synapsing. 

• Conscious proprioception – Dorsal Column Pathways 

• Information conveyed from type Ia and Ib axons of primary afferent proprioceptors in periphery to the 
spinal cord. 

• Primary afferents ascend spinal cord in the dorsal column tracts to synapse with second order neurons in 
the dorsal column nuclei in the medulla. 

• Second order neurons cross to the contralateral side of the medulla in the medial lemniscus and project 
to synapse with third order neurons in the thalamus. 

• Third order neurons project to somatosensory cortex of the cerebrum contralateral to proprioceptive 
input.  

• Spinocerebellar pathways: 

• Information conveyed from type Ia and Ib axons of primary afferent proprioceptors in periphery to the 
spinal cord. 

• Primary afferents: Either ascend spinal cord in dorsal column tract to synapse with second order neurons 
in a dorsal column nucleus in the medulla. Or synapse with second order neurons within the dorsal horn 
of the spinal cord. 

• Ultimately, second order neurons project in the various spinocerebellar tracts to the cerebellum 
ipsilateral to proprioceptive input. 

• Dorsal Spinocerebellar Tract: 

• Proprioceptive information from trunk and lower limb is conveyed from type IA (and some IB) primary 
afferents to the spinal cord below T6. 

• Primary afferents terminate in medial part of Lamina VII of the dorsal horn of the spinal cord within 
Clarke’s nucleus (Clarke’s nucleus runs within the dorsal horn from C8/T1 - L2 spinal cord segments) 
where they synapse with second order neurons.  

• Second order neurons originating in Clarke’s nucleus traverse the ipsilateral lateral funiculus and collect 
on the dorsolateral surface of the cord in the dorsal spinocerebellar tract.   

• Neurons in the dorsal spinocerebellar tract project to the ipsilateral cerebellum via the inferior cerebellar 
peduncle.  



• Responsible for conveying information about muscle stretch and muscle tension from the lower limb 
muscles to allow for adjustment of posture. 

• Ventral spinocerebellar tract: 

• Proprioceptive information from trunk and lower limb is conveyed from type IB primary afferents to the 
spinal cord below L3 (no Clarke’s nucleus here … remember). 

• Primary afferents terminate in Laminae V to VII in the base of the dorsal horn of the spinal cord where 
they synapse with second order neurons.  

• Second order neurons immediately cross the midline in the ventral white commissure and traverse the 
contralateral lateral funiculus to ascend to the pons in the ventral spinocerebellar tract (contralat.) 

• In the pons, neurons in the Ventral spinocerebellar tract project to enter the contralateral superior 
cerebellar peduncle before recrossing to terminate in the cerebellum ipsilateral to input. 

• Responsible for conveying muscle tension information from the lower limb, but related to attempted 
movement as well. 

• Cuneocerebellar tract: 

• Proprioceptive information from trunk and upper limb is conveyed from type IA and IB primary afferents 
to the spinal cord above C8 (no Clarke’s nucleus here … remember). 

• Primary afferents do not synapse in dorsal horn of cord but ascend to medulla in cuneate fasciculus (part 
of dorsal column tract- only above T6) to synapse with second order neurons in lateral/accessory cuneate 
nucleus (analogous to an upper continuation of Clarke’s nucleus). 

• Second order neurons in lateral cuneate nucleus project via the cuneocerebellar tract to the cerebellum 
via the inferior cerebellar peduncle. 

• Responsible for conveying both muscle stretch and muscle tension information from the arms. 

• Rostral spinocerebellar tract: 

• Proprioceptive information from trunk and upper limb is conveyed from type Ib primary afferents to the 
spinal cord above C8 (no Clarke’s nucleus here … remember). 

• Primary afferents terminate in Laminae VII in the base of the dorsal horn of the cervical (C4-C7) spinal 
cord where they synapse with second order neurons.  

• Second order neurons in dorsal horn traverse the ipsilateral lateral funiculus and collect on the lateral 
surface of the cord in the rostral spinocerebellar tract.  

• Neurons in the rostral spinocerebellar tract project to the ipsilateral cerebellum via the inferior cerebellar 
peduncle and the superior cerebellar peduncle. 

• Responsible for conveying muscle tension information from the upper limb. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



• Spinocerebellar dysfunction: 

• The importance of proprioception becomes apparent when it is lost. 

• Friedreich’s Ataxia is caused by atrophy of the spinocerebellar tracts. 

• Characterised by cerebellar ataxia (loss of co-ordination during walking- wide gait and disturbed balance) 
that occurs because cerebellum is not receiving sensory feedback to regulate movement. 

 
Lecture 9: Somatosensory Pathways 
 

• Different types of skin have different sensory receptors, e.g. hairy and glabrous (hairless), epidermis 
(outer) and dermis (inner). 

• Meissner’s corpuscles are found in glaborous skin. 

• Mechanoreceptors: 

• Superficial mechanoreceptors are located in epidermis → Meissner’s corpuscles and Merkel’s disks. 

• Deep mechanoreceptors are located in the dermis → Pacinian corpuscles and Ruffini’s endings. 

• Merkel disk: 

• Found in the superficial layers of the skin.  

• A single epithelial cell (the Merkel cell) that can detect the touch sensation, which signals to a synapse on 
a nerve ending → good at detecting pressure. 

• Has a very small receptive field. 

• Meissner’s corpuscle: 

• A number of Schwann cells with a single nerve ending inside, wrapped in an outer sheath. 

• Better at detecting changing stimuli such as vibrations. 

• Insulated from pressure. 

• Small receptive field → good for small tactile discrimination. 

• Only found in hairless skin. 

• Pacinian corpuscle: 

• 1-2mm in size so quite large and have a larger receptive field. 

• Wrapped in multiple layers of epithelial cells (20-60 layers with fluid in between), meaning that the nerve 
is well insulated and adapted to detecting changing stimuli such as vibration.  

• Insulated from pressure. 

• Ruffini’s endings: 

• Deep in skin, good at detecting pressure deep in skin. 

• Collagen fibres wrap around nerve ending creating stiffness. 

• Lack of insulation allows nerve terminals to be activated as pressure is applied to skin. 

• Receptive field size: 

• Area of skin that, when stimulated, can be detected by a single mechanoreceptor.  

• The deeper mechanoreceptors are able to detect a stimulus over a larger area. 

• Adaptation: 

• Rapidly adapting receptors detect vibration → good at detecting onset and offset of a stimulus. 

• For example, Meissner’s corpuscle and Pacinian corpuscle. 

• Slowly adapting receptors detect pressure → good at detecting a constant stimulus. 

• For example, Merkel disk and Ruffini’s ending. 
 

 
 
 
 
 
 
 
 



• Two-point discrimination is far more sensitive in the fingertips than the palm of the hand as there are more 
Meissner’s corpuscles and Merkel disks in the fingertips. 

 
 
 
 
 
 
 
 
 
 
 
  

• Primary Afferent Fibres: 

• Largest to smallest → Aα, Aβ, Aδ, C 

• Aβ mediate touch sensations 

• Aδ, C fibres mediate pain and temperature 

• Aα are heavily myelinated and have a large diameter, conduct information very quickly. Connected to things 
like muscle spindles → proprioceptive receptors. Information about position of body in space is transmitted 
rapidly to brain. 

• Touch is carried by Aβ, which are also myelinated though to a lesser extent; also have a slightly smaller 
diameter. 

• Aδ are lightly myelinated with small diameters. 

• C fibres are unmyelinated and have a slow speed of transmission → dull, aching pain. 

• Aβ fibres transmit information to spinal chord: 

• Spinal chord has 31 segments associated with a pair of mixed spinal nerves; signal enters via the dorsal horn. 

• Dermatomes have a 1 to 1 correspondence with spinal chord segments → evidence for this can be seen in 
shingles virus, which is restricted to a single dorsal root. 

• Spinal chord: 

• The cell body of the Aβ fibre is in the dorsal root ganglion. 

• Aβ fibre enters the dorsal horn of the spinal chord and branches. One branch terminates in spinal chord 
while other branch enters the dorsal column tract and ascends to the medulla. 

• Branch that terminates in spinal chord is responsible for stretch reflexes. 

• Dorsal column-medial lemniscus pathway: 

• Gracile fasciculus carries information from below T6 – lower limbs. 

• Cuneate fasciculus carries information from above T6 – upper limbs. 

• You don’t see the cuneate fasciculus in any spinal chord level below T6. 

• Touch and proprioceptive information ascends to the dorsal nuclei → Cuneate nuclei and gracile nuclei 

• Second order neuron decussates in the medulla (sensory decussation). 

• Following decussation the medial lemniscus projects to the ventral posterior lateral nucleus of the thalamus. 

• Trigeminal Touch Pathway: 

• Carries sensory information from the face and synapses at the primary nucleus of trigeminal. 

• Information then travels to the ventral posterior medial nucleus of the thalamus.  

• Both ventroposterior sections of the thalamus have a somatosensory core region and a proprioceptive outer 
region. 

• Aβ fibres enter trigeminal nerve through principal sensory trigeminal nucleus; project to thalamus and then 
up to primary somatosensory cortex. 

• Somatosensory cortex: 

• All sensory information ends up here. 

• Upper body is mapped to lateral cortex, lower body mapped more medially. 

• Area 3b is the primary somatosensory cortex → first place that information ends up. 



• Primary somatosensory Cortex (area 3): 

• Primary somatosensory cortex: Brodmann area 3b (or S1)  

• Receives dense input from VP ‘core’  

• Neurons selectively responsive to touch  

• Lesions impair somatic sensations  

• Area 3a also receives dense input from VP ‘shell’ concerned with proprioception  

• Area 3 cells have receptive fields which represent activity in specific receptor types  

• Area 3b organisation: 

• An adjacent area of cortex represents each finger. 

• Thalamic projections terminate in layer IV. 

• Cells that respond to similar inputs stacked vertically across cortical layers → rapidly adapting and slowly 
adapting. 

• A labelled-line from individual mechanoreceptors is maintained → no mixing of receptor inputs. 

• Compound sensation: 

• Areas 1 + 2 → complex receptive fields, less direct thalamic input, integrated inputs  

• Area 1 receives a dense input from area 3b, primarily concerning rapidly adapting mechanoreceptors and is 
critical in the perception of texture. 

• Area 2 receives input from areas 3b + 3a → integration of hand posture, grip force and tactile stimulation to 
help assess the shape and size of an object  

• Lesioning areas 1 or 2 leads to predictable deficiencies in discriminating texture, or size and shape  

• Secondary Somatosensory Cortex (S2)  

• Parietal operculum: buried in the lateral sulcus  

• Somatotopically organised: starting with the face region, and the toes on the insula  

• S2 has bilateral receptive fields  

• Inputs from S1 and the VP thalamus  

• Activation of S2 shows proportionality in discriminative tasks, rather than a high fidelity copy of signal 
intensity. 
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Cerebellar Pathways 
 

Cerebrocerebellum: 
 
Cortex projects to the pons and the pontine nuclei project fibers through the middle cerebellar peduncle 
to the contralateral cerebellum. 
 
The cerebellum processes the input and projects to the contralateral thalamus via the deep cerebellar 
nuclei. 
 
The thalamus then projects the information back to the motor cortex. 
 
The information received through the cerebrocerebellar pathway projects out of the cortex to the 
contralateral spinal cord.  
 
Spinocerebellum: 
 
The spinal cord projects to the ipsilateral cerebellum, primarily through the dorsal spinocerebellar tract.  
 
The signal is processed in the cerebellum, which subsequently projects to the contralateral thalamus and 
contralateral red nucleus.  
 
The red nucleus projects back to the spinal cord via the rubrospinal tract (minimal in humans). 
 
The red nucleus also projects to the inferior olivary complex, which sends fiber tracts (called climbing 
fibers) back up to the cerebellum. This pathway may be involved in cerebellar learning (through long-term 
depression). 
 
The thalamus projects up to the cortex, which processes the information and projects back to the 
contralateral spinal cord.  
 
The spinocerebellar tract may play a role in comparing intended and actual movement.  
 
Cerebellar learning and circuitry: 
 
Within the cerebellar cortex, mossy fibers bifurcate to form rosettes. These rosettes each synapse with 
around 20 granule cells and these granule cells in turn produce parallel fibers.  
 
Parallel fibers form excitatory contacts with Purkinje cells and basket cells. The basket cells send axons 
across adjacent rows and grab adjacent Purkinje cells in baskets, inhibiting the Purkinje cell. Each parallel 
fiber therefore excites the Purkinje cell in its path and inhibits the Purkinje cell in the path of the parallel 
fiber next to it. The most excited fiber overall will ‘win’. 
 
Parallel fibers also contact Golgi cells, which send inhibitory feedback to the rosette and cut off the signal.  
 
The end result of this process where parallel fibers directly excite and laterally inhibit Purkinje cells is a 
spatial and temporal sharpening of the signal.  
 
Further input to the circuitry comes from climbing fibers, which originate in the contralateral inferior 
olivary complex. These climbing fibers also contact Purkinje cells, with each climbing fiber exciting 2-10 
Purkinje cells while each Purkinje cell receives only one climbing fiber. 
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Olfaction 
 

Olfactory receptors are located in the nasal mucosa. These receptors are G-protein coupled 
receptors that activate adenylate cyclase.  
 
When the receptors are activated by odorant particles, action potentials are transmitted via 
olfactory nerve axons to the apical dendrites of mitral and tufted cells, with these dendrites 
located in the glomerular layer of the olfactory bulb.  
 
Axons of the mitral and tufted cells form the olfactory tract. Some of these fibers project to the 
pyriform lobe (posterior orbital surface of the frontal lobe and dorsomedial surface of the 
temporal lobe).  
 
The olfactory tract splits into a medial branch and a lateral branch at the olfactory trigone. 
 
The medial branch of the olfactory tract projects to the anterior olfactory nucleus and the septal 
area. The anterior olfactory nucleus projects to the ipsilateral olfactory cortex. Some fibres from 
the anterior olfactory nucleus cross the midline at the anterior commissure to innervate the 
contralateral olfactory bulb and the contralateral pyriform lobe. 
 
The lateral branch of the olfactory tract projects to the olfactory tubercle and the olfactory cortex 
directly. The olfactory tubercle receives a massive dopaminergic input in addition to olfactory 
input and projects to the medio-dorsal thalamus. The olfactory tubercle puts together past 
experiences and future expectations to guide behaviours in the present. Some fibres from the 
olfactory bulb cross the midline at the anterior commissure to innervate the contralateral 
olfactory bulb and the contralateral pyriform lobe. 
 

Purchase full document for remaining textbook content. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Prac Video Notes: Week 6 – Merging the senses 
 

The longitudinal fissure separates the two cerebral hemispheres. 
The lateral fissure separates the temporal lobe. 
 
The pre-central and post-central gyri sit either side of the central sulcus. 
The central sulcus divides the frontal lobe from the parietal lobe.  
 
The insula cortex sits inside the lateral fissure. 
 
The primary motor cortex is the pre-central gyrus. 
The primary somatosensory cortex is the post-central gyrus. 
 
The superior, middle and inferior frontal gyri run from medial to lateral in the frontal lobe. 
 
There is also a superior, middle and inferior temporal gyrus in the temporal lobe. 
 
The central sulcus runs to the middle of the paracentral lobule. 
The anterior part of the paracentral lobule is the primary motor cortex while the posterior part is the 
primary somatosensory cortex. 
 
The calcarine sulcus runs horizontally through the occipital lobe and delineates the primary visual cortex on 
either side of it. 
The gyrus below the calcarine sulcus is the lingual gyrus. 
 
The parieto-occipital sulcus separates the parietal lobe from the occipital lobe.  
The portion of parietal cortex above the parieto-occipital sulcus is called the pre-cuneus while the portion 
of occipital cortex below the sulcus is called the cuneus.  
 
The callosal sulcus surrounds to corpus callosum and the cingulate gyrus is outside this sulcus. 
The cingulate sulcus surrounds the cingulate cortex. 
 
The cingulate gyrus is important for emotional and motor processing. 
 
The rostrum is the antero-inferior part of the corpus callosum below the genu. 
The body extends along the main top part of the corpus callosum and the posterior part is called the 
splenium. 
 
Inferior surface of the temporal lobe: Medial to lateral 
 
Parahippocampal gyrus → Collateral sulcus → Fusiform gyrus → Inferior temporal gyrus 
 
Lateral view of whole brain: 
 
Broca’s area is a motor association area found in the inferior frontal gyrus, specifically in the pars 
triangularis and the pars opercularis. 
 
Wernicke’s area is an auditory association area for the comprehension of language. It is located near the 
primary auditory cortex in the transverse temporal gyrus of Heschl in the floor of the lateral fissure. 
 
Wernicke’s area stretches from the planum temporale across the posterior part of the superior temporal 
gyrus and into the inferior parietal lobule, which is known as the supra marginal gyrus. 
 
The parietal association area is located in the superior parietal lobule. 



The superior parietal lobule is important for spatial orientation, visuomotor coordination and directing 
attention.  
 
Damage to the superior parietal lobule can cause a neglect syndrome where a patient will ignore the visual 
field contralateral to the lesion, including his or her own body. This is due to a failure in the 3D 
representation of that space. 
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Brain Imaging Videos 
 

T1 and T2 MRIs 
 
In an MRI a short, strong electromagnetic pulse causes protons to align in the transverse direction. 
When this pulse is turned, off the protons realign with the MRI magnetic field.  
The rate of this return is called the longitudinal relaxation time or T1 time. 
The rate of decrease of the transverse relaxation is called the transverse relaxation time or T2 time. 
 
Different tissues have different T1 and T2 times. 
Water has high T1 and T2 times while fat has low times. 
 
T1 Images: Grey matter is grey, white matter is white, CSF is black 
T2 Images: CSF is white, white matter is dark grey and cortex is light grey 
 
T1 is used to look at brain anatomy 
T2 is better for detection of brain pathologies 
 
fMRI 
 
Neuronal activity is associated with changes in regional blood flow. 
When a blood vessel is full of deoxygenated haemoglobin it will disrupt the magnetic field whereas when 
the haemoglobin is oxygenated, the magnetic field will not be disrupted.  
 
BOLD fMRI measures changes in regional blood flow. 
The amount of de-oxygenated haemoglobin decreases in areas of increased activity and the BOLD signal is 
enhanced. 
 
The increase in neural demand is only compensated for by an increase in oxygenated blood flow after a 
period of seconds.  
BOLD fMRI is a relative measure, so you need to measure signal changes relative to a baseline period.   
 
Researchers need to place a model into the fMRI software that will allow the analysis to reveal which voxels 
(3D pixels) in the brain have signal intensity changes that match the input model. 
This statistical map is then overlaid onto an anatomical image.  
 
Advantages: 
Good spatial resolution 
Good temporal resolution 
Non-invasive, not requiring injection of radioactive materials like PET → Subject can be repeatedly scanned 
 
Disadvantages: 
Noisy 
Susceptible to motion artifacts 
Areas near bone tissue interfaces are susceptible to artifacts 
Metal implants can be dangerous 
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