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1. Methodology 
 

Methods in Neuroscience  

Concepts in science are based on observations, experiments and data. Observations and data depend on the 

methods by which they were obtained. Methods change with technological progress. Therefore, knowledge is 

always relative to the methodology that it is based on. Knowledge changes over time. 

Methods in Neuroscience relate to:   

- Structures, from proteins, organelles and cell types to circuits, brain and nerves   

- Functions, from channels and cells to circuits and behaviour   

- Experimental manipulations   

- Pathological features 

1.1 Structural analysis 
 

Organ level:   

- X-ray, CT: Only bone, cartilage, blood vessels (by contrast agents: Tumors, vascular malformations, 

inflammatory foci!)   

- MRI (magnetic resonance imaging): Soft tissues including grey/white matter, fiber tracts 

- PET (positron emission tomography): Localization of specific receptors, binding components etc., or 

blood flow and metabolism by positron-labelled ligands (e.g. F18, O15, C11, Xe 133) 

e.g. shows  Amyloid deposits “plaques” in Alzheimer’s patients 

Circuit and cellular level:   

- Classical histology, incl. silver impregnations for nerve cells and fibers   

- Tracing of fiber connections by dyes that are transported in axons 

anterogradely (trace from point of source [cell body] to 

termination[synapse]) or retrogradely (from termination to source) 

- Dye filling of single cells (by electrodes [Biocytin]) or virus infection with 

marker virus 

- Immuno-stainings for specific antigens: 

o Nestin: Precursor cell   

o Neurofilament: Neurons   

o Synaptophysin: Synapses 

o Glial fibrillary acidic protein (GFAP): Astrocytes 

o Neurotransmitters   

o Tumor-specific antigens 

Ultrastructural and molecular analysis:   

- Electron microscopy, 3D cyro-electron tomography (3D reconstructions):  Cells, synapses, organelles 

- NMR and  X-ray structural analysis:  Proteins, channels, protein complexes 

- Crystal X-ray analysis: Structure of the Voltage-sensitive Na-channel 

 

 

 

Silver Impregnation 



1.2 Functional analysis 
 

Behaviour:  

- Animals: Locomotion, skilled movements, cognition/memory, emotional reactions (pre and post 

injury) 

- Humans   

- Pathological conditions (neuro-psychiatric diseases), pharmacologic challenges 

Functions of brain areas, circuits:   

- fMRI (functional MRI): Non-invasive, human and animals: Blood flow/volume, BOLD (blood      

oxygenation level dependent contrast) are increased in zones of activity! Resolution: sec!   

- PET: Metabolism, blood flow, biochemical changes. Resolution: mm   

- EEG (electroencephalography): From scull surface, sum potentials. Resolution: msec (!), cm 

o Active, awake brain: Irregular activity   

o Relaxed state:  Synchronized cortical activity: alpha waves   

o Deep sleep: Slow wave sleep    

- 2-photon microscopy (=high resolution laser scanning fluorescence microscopy): Calcium indicators,      

voltage-sensitive dyes: Single cell or circuit activity 

Neurons, fibers and fiber tracts, channels:   

- Electrophysiology:    

o Sensory evoked potentials; stimulations and recordings 

o Action potentials, field potentials (of groups of neurons) 

o Excitatory (EPSP) or inhibitory (IPSP) postsynaptic potentials        

o Patch clamp and intracellular recording: Channel conductance 

o Extracellular recording:  Field potentials (many neurons) - single units (1 neuron)    

o Intracellular recording:  soma or dendrite of single neurons 

- Visual recording of neuronal activity: By calcium- or voltage sensitive dyes and laser scanning 

microscopy, in vitro and in vivo (through implanted scull windows) 

 

Experimental manipulations 

- Pharmacology   

- Electrical or magnetic stimulation or silencing of areas   

- Lesions, transplantations    

- Genetic manipulations (KO, overexpression of specific proteins)   

- Optogenetic and chemogenetic techniques: Artificial light or chemically gated channels that excite or 

silence specific neurons which have been transfected with the respective channel construct (e.g. by 

virus-mediated transfection) 

 



2. Functional Anatomy 
 

The CNS consists of the brain (cerebral hemispheres, diencephalon, cerebellum, and brainstem) and the spinal 

cord. The CNS analyse the sensory and motor information.  

The PNS consists of: 

- Peripheral nerves, mostly mixed: motor, sensory, 

autonomic (vegetative, parasympathetic and 

sympathetic) 

- Sensory ganglia (= dorsal root ganglia): afferent 

- Radix ventralis: efferent 

- White communicating ramus: sympathetic preganglionic 

- Grey communicating ramus: sympathetic postganglionic 

- Sympathetic ganglia (in sympathetic chain) 

- Parasympathetic ganglia (close to the end organ) 

- Enteric ganglia (Nervous system of the gastro-intestinal 

tract) 

- Visceral motor system = smooth and cardiac muscles, 

glands 

- Somatic motor system = skeletal muscles 

Dermatomes 

 

Each dorsal root (or sensory) ganglion and associated spinal nerve arises from an 

iterated series of embryonic tissue masses called somites. This fact of development 

explains the overall segmental arrangement of somatic nerves. 

The territory innervated by each spinal nerve is called a dermatome. 

Dermatomes overlap substantially, so that injury to an individual dorsal root does not 

lead to complete loss of sensation in the relevant skin region, the overlap being more 

extensive for touch, pressure, and vibration than for pain and temperature. 

 

 

Autonomous = vegetative Nervous System 

- “Fight and flight”  maximal performance/stress versus relaxation and recovery 

- Cell bodies are located near the spinal cord (sympathicus) or in a plexus near/in the organ 

(parasympathicus and enteric parts) 

- Contacts between visceral motoneurons and the organs are much less specific than the contacts in the 

somatic motor system. The axons are highly branched. Neurotransmitters diffuse over long distances 

until they bind their receptors. 

- Controlled by a distributed set of cortical and subcortical structures in the central and medial parts of 

the forebrain and in the brainstem.  

- Sympathicus: Preganglionic neurons with their cell bodies in the grey matter of C8-L3   sympathetic 

ganglia/paravertebral ganglia  postganglionic neurons (with spinal nerves) with their cell bodies in 

the sympathetic trunk and in a plexus around the aorta  smooth and cardiac muscles, glands 

- Parasympathicus: Preganglionic neurons with their cell bodies in the grey matter of S2-4 and in 

vegetative Hirnnervenkerne  postganglionic neurons with their cell bodies in cerebral nerve ganglia, 

at the organ or in the plexus hypogastricus 



Subdivisions of the brain 

- Motor and sensory cortex: Somatotopic organization 

(Humunculus) 

- Brodmann Areas: Defined by the cytoarchitecture, 

or structure and organization of cells 

 

 

 

 

2.1 The Somatosensory System - The Ascending Sensory System 
 

The somatosensory system is contralateral. It is divided in: 

Lemniscale System (Dorsal column pathway) Spinothalamic System (Anerolateral pathway) 

Mechanoreception Proprioception Thermoreception Nociception Visceroception 

Tactile sense Position of the body Temperature  Pain visceral sensation 

 

Proprioception 

- Muscle spindles: Muscle stretch (passive) via 1a/Aa fibres measures the change of length. Innervated 

by γ motor neurons 

- Golgi tendon organs, active while muscle contraction via 1b/Aa fibres measures tension in the muscle 

Mechanoreception 

- In skin, joints etc. 

- Type II/Ab fibres; measures the absolute length of a muscle 

- Transducer of mechanical stimulus 

Temperature 

- Type III and IV fibres 

Pain 

- Acute pain: III/Ad fibres 

- Chronic pain: IV/C fibres 

 

Plasticity of homunculus in the somato-sensory cortex 

The homunculus has a somatotopic organization; neighbouring body regions lie also in the somatosensory 

cortex next to each other. The amount of cerebral tissue or cortex devoted to a given body region is 

proportional to how richly innervated that region is, not to its size. 

This homunculus has a high grade of plasticity. If you amputate for example the middle finger, after two 

months you can see that the area in the cortex that represented this finger was taken over by the index finger 

and the ring finger. 

 



2.1.1 Dorsal column pathway 
 

The dorsal column–medial lemniscus pathway carries 

the majority of information from the 

mechanoreceptors that mediate tactile discrimination 

and proprioception. 

The fibres from the periphery enters the spinal cord 

through the dorsal root ganglion and ascend to the 

brain stem (medulla), where they cross to the 

contralateral site and form synapses on the neurons 

in the dorsal column nuclei.  

The Dorsal Column–Medial Lemniscus System 

The action potentials generated by tactile and other 

mechanosensory stimuli are transmitted to the spinal 

cord by afferent sensory axons. The neuronal cell 

bodies that give rise to these first-order axons are 

located in the dorsal root (or sensory) ganglia 

associated with each segmental spinal nerve. Dorsal 

root ganglion cells are also known as first-order 

neurons because they initiate the sensory process. 

The major branch of the incoming axons, however, 

ascends ipsilaterally through the dorsal columns (also 

called the posterior funiculi) of the cord, all the way to 

the lower medulla, where it terminates by contacting 

second-order neurons in the gracile and cuneate 

nuclei (together referred to as the dorsal column 

nuclei). Axons in the dorsal columns are 

topographically organized such that the fibers that 

convey information from lower limbs are in the 

medial subdivision of the dorsal columns, called the 

gracile tract, the lateral subdivision, called the 

cuneate tract, contains axons conveying information 

from the upper limbs, trunk, and neck. 

The second-order relay neurons in the dorsal column nuclei send their axons to the somatic sensory portion of 

the thalamus. The axons from dorsal column nuclei project in the dorsal portion of each side of the lower 

brainstem, where they form the internal arcuate tract. The internal arcuate axons subsequently cross the 

midline to form the medial lemniscus that is elongated dorsoventrally.  

In a cross-section through the medulla, the medial lemniscal axons carrying information from the lower limbs 

are located ventrally, whereas the axons related to the upper limbs are located dorsally. As the medial 

lemniscus ascends through the pons and midbrain, it rotates 90° laterally, so that the upper body is eventually 

represented in the medial portion of the tract, and the lower body in the lateral portion. The axons of the 

medial lemniscus thus reach the ventral posterior lateral (VPL) nucleus of the thalamus, whose cells are the 

third-order neurons of the dorsal column–medial lemniscus system. 

 

 

 

 



2.1.2 The Anterolateral Spinothalamic System 
 

In contrast to the dorsal column pathway, the 

spinothalamic system crosses already in the spinal 

cord to the contralateral site.  

First-order neurons in the dorsal root ganglia send 

their axons via the dorsal roots to terminate in the 

dorsal horn of the spinal cord. Second-order neurons 

in the dorsal horn send their axons across the midline 

to ascend to higher levels in the anterolateral column 

of the spinal cord. Second-order fibres project to a 

number of different structures in the brainstem and 

forebrain. Travelling up the brainstem the tract moves 

dorsally. The neurons ultimately synapse with third-

order neurons in several nuclei of the thalamus. From 

there, signal go to the cingulate gyrus, the primary 

somatosensory cortex, and insular cortex respectively. 

Activity in the insular cortex, anterior cingulate gyrus 

and the amygdala causes awkward feelings associated 

with pain.  

 

Pain: Sensation and pathways 

While pain is a subjective perception, triggered by a 

tissue damaging event, nociception describes the 

mechanisms how noxious stimuli are processed. A 

noxious stimuli can be a mechanical, thermal, or 

chemic stimuli that potentially or currently damages 

the tissue. 

The relatively unspecialized nerve cell endings that 

initiate the sensation of pain are called nociceptors, 

located in the grey matter of the spinal cord. 

Nociceptors are polymodal. 

- Inflammatory pain: Damaged tissue, inflammatory and tumour cells release chemical mediators 

creating an “inflammatory soup” that activates or modifies the stimulus response properties of 

nociceptor afferents. This, in turn, sets up changes in the responsiveness of neurons in the CNS. 

Pain killers: 

o Cox2 inhibitors: inhibit prostaglandin synthesis (Prostaglandins increase the sensitivity of 

nociceptors) 

o Opioids: Neuropeptides, e.g. enkephalins, endorphins (natural ligands for morphine 

receptors): inhibit nociceptive neurons in the spinal cord 

- Neuropathic pain: is pain caused by damage or disease (SCI, MS, strokes, cancer etc.) affecting the 

somatosensory nervous system.  

o Peripheral: after a peripheral nerve lesion, aberrant regeneration may occur. Neurons 

become unusually sensitive and develop spontaneous pathological activity, abnormal 

excitability, and heightened sensitivity to chemical, thermal and mechanical stimuli 

o Central: Spinothalamic tract neurons develop increased background activity, enlarged 

receptive fields and increased responses to afferent impulses 

 With a half side spinal cord injury on the left side, the mechanoreception/proprioception in the left leg are 

impaired while the thermal and nociceptive stimuli in the right leg are impaired.  



2.1.2 The Primary Somatosensory Cortex 

 
The primary somatosensory cortex consists of 4 

different areas: Brodmann area 3a, 3b, 1 and 2. 

Each of these four areas contains a humunculus.  

The neurons of these somatosensory areas process 

different stimuli: 

3a: proprioceptive stimuli 

3b: tactile stimuli 

1: texture 

2: tactile and proprioceptive stimuli, shape and size 

 

All areas from the primary somatosensory cortex project to the secondary somatosensory cortex. BA2 projects 

also into the parietal lobe. The secondary somatosensory cortex serves as representation of complex 

somatosensory stimuli and supports the somatosensory memory. This is important for the integration of both 

sites of the body.  

 

 

2.2 Hearing and balance 
 

The Inner Ear  

The cochlea is a small coiled structure. Both the 

oval window and, the round window, another 

region where the bone is absent surrounding 

the cochlea, are at the basal end of this tube. 

The cochlea is bisected from its basal almost to 

its apical end by the cochlear partition, which is 

a flexible structure that supports the basilar 

membrane and the tectorial membrane. There 

are fluid-filled chambers on each side of the 

cochlear partition, named the scala vestibuli 

and the scala tympani, a distinct channel, the 

scala media, runs within the cochlear partition. 

One consequence of this structural arrangement 

is that inward movement of the oval window 

displaces the fluid of the inner ear (perilymphe), 

causing the round window to bulge out slightly and deforming the cochlear partition.  

An acoustical stimulus initiates a traveling wave of the same frequency in the cochlea, which propagates from 

the base toward the apex of the basilar membrane, growing in amplitude and slowing in velocity until a point 

of maximum displacement is reached. The motion of the traveling wave initiates sensory transduction by 

displacing the hair cells that sit atop the basilar membrane. Because these structures are anchored at different 

positions, the vertical component of the traveling wave is translated into a shearing motion between the 

basilar membrane and the overlying tectorial membrane. This motion bends the tiny processes, called 

stereocilia, that protrude from the apical ends of the hair cells, leading to voltage changes across the hair cell 

membrane.  



2.2.1 Ascending auditory pathway  
 

The ascending auditory pathway is organized in 

parallel. This arrangement becomes evident as 

soon as the auditory nerve enters the brainstem, 

where it branches to innervate the three 

divisions of the cochlear nucleus. From there, 

they travel up in the mid-pons, where the medial 

superior olive receives input from the 

anteroventral cochlear nuclei of both sides.  

The medial superior olive:  

- receives frequencies below 3000 Hz  

- compares the activity burst between 

the left and right ear and so it localize a 

sound  A sound that is closer to the 

left ear will induce an earlier activity in 

the left neurons 

The lateral superior olive: 

- receives frequencies above 3000Hz 

- detects the interaural intensity 

differences 

A second major set of pathways from the 

cochlear nucleus bypasses the superior olive and 

terminates in the nuclei of the lateral lemniscus 

on the contralateral side of the brainstem  

 monoaural 

Auditory pathways ascending via the olivary and 

lemniscal complexes project to the midbrain 

auditory centre (colliculus inferior). From there, they ascend to the medial geniculate complex in the thalamus 

and then to the primary auditory cortex.  

 

2.2.2 The Primary Auditory Cortex and Secondary Auditory Cortex 
 

 

The primary auditory cortex (A1) contains a 

tonotopic map, which correspond to the 

topographic card in the cochlea.  

The left secondary auditory cortex (A2) is 

activated by speech while the right 

secondary auditory cortex is activated by 

music. A2 processes complex noises like the 

human language.  

Broca area: Speech production 

Wernicke area: comprehension of speech 



2.2.3 The Vestibular Pathway 
 

The labyrinth is buried deep in the temporal 

bone and consists of the two otolith organs 

(the utricle and saccule) and three semi-circular 

canals. The utricle and saccule are specialized 

primarily to respond to linear accelerations of 

the head and static head position relative to 

the graviational axis, whereas the semicircular 

canals, as their shapes suggest, are specialized 

for responding to rotational accelerations of 

the head.  

The vestibular hair cells are located in the 

utricle and saccule and in three juglike swellings called ampullae, located at the base of the semicircular canals 

next to the utricle. Within each ampulla, the vestibular hair cells extend their hair bundles into the endolymph 

of the membranous labyrinth.  

 

 

The lateral and superior 

vestibular nuclei project to the 

thalamus. From the thalamus, 

the vestibular neurons project to 

the vicinity of the central sulcus 

near the face representation. 

Sensory inputs from the muscles 

and skin also converge on 

thalamic neurons receiving 

vestibular input.  

 

 

 

2.3 Smell, olfaction 
 

Axons from olfactory receptor neurons that express a particular odorant 

receptor gene converge on a small subset of bilaterally symmetrical 

glomeruli. Most of the 25’000 axons projecting to a single glomerulus 

come from neurons expressing the same odorant receptor. 

Each olfactory nerve projects ipsilaterally to the olfactory bulb, which in 

humans lies on the ventral anterior aspect of the ipsilateral cerebral 

hemisphere. The most distinctive feature of the olfactory bulb is the array 

of glomeruli, more or less spherical accumulations of neuropil. Glomeruli 

lie just beneath the surface of the bulb and are the synaptic target of the 

primary olfactory axons. In vertebrates, ORN axons make excitatory 

glutamatergic synapses within the glomeruli.  



Within each glomerulus the axons of the receptor neurons contact apical 

dendrites of mitral cells, which are the principal projection neurons of the 

olfactory bulb. A mitral cell extends its primary dendrite into a single 

glomerulus, where the dendrite gives rise to an elaborate tuft of branches 

onto which the axons of olfactory receptor neurons synapse. Finally, 

granule cells, which constitute the innermost layer of the vertebrate 

olfactory bulb, synapse primarily on the basal dendrites of mitral cells 

within the external plexiform layer  pyriform cortex 

 

 

2.4 Taste 
 

 Sweet 

 Salty 

 Sour 

 Bitter 

 Tasty (umami) 

Sensory cells on tongue and pharynx  

sensory nerve fibers of cranial nerves  

nucleus tractus solitaries 

Tastes are strongly connected to 

emotions. 

 

 

 

 

 

2.5  The Motor System 
 

Spinal pattern generator circuit for walking 

Each leg makes the same movement but with a time shift. In cats, locomotion also occurs despite of a spinal 

cord injury.  

For each leg, flexor and extensor activity has to be coordinated. This is regulated by local circuits in the spinal 

cord, the so called central pattern generators. Mutual inhibition makes sure that the flexors and extensors are 

activate alternately.  

CPG are capable of controlling the timing and coordination os a complex pattern of a movement. 

 

 

 

 



2.5.1 The primary motor cortex (M1) 
 
The primary motor cortex lies frontal to the sulcus centralis. It is connected with 

descendant efferent pathways and it projects to brainstem, thalamus, and spinal 

cord (pyramidal tract). The primary motor cortex is responsible for the execution of 

fine motor skills.  

The primary motor cortex has a somatotopic organization (homunculus).   

Neurons in M1: 

- influence the muscular strength  amplitude and velocity of a movement 

- codes for the direction of a movement 

- decides which muscle is active 

Through the pyramidal tract M1 neurons excite spinal α motor neurons what is important for the execution of 

fine motor skills.  

 

2.5.2 The premotor Cortex (PM) 
 

The premotor cortex lies frontal to the primary motor cortex.  

Neurons in the premotor cortex are coding for the direction of a movement but not which muscle will be 

activated. So the premotor cortex mainly takes part in the preparation and planning/initiation of a movement. 

It integrates sensory and motor information. 

External/stimulus-generating movements: 

- Lateral premotor cortex  react to an external stimuli 

Internal/self-generated movements:  

- Medial premotor cortex  “supplementary motor area” contains a library of action plans 

The pyramidal tracts connects the PM with the spinal cord where it has an indirect connection to an α motor 

neuron. 

 

2.5.3 Descending pathways 
 

There are extrapyramidal tracts and pyramidal tracts descending from the motor cortex and the brainstem.  

Extrapyramidal tracts 

 

 

  



Pyramidal tracts 

The pyramidal tract is the only monosynaptic, excitatory connection between the motor cortex and the spinal α 

motor neurons.  

The pyramidal tract consists of two main tracts: the corticospinal and corticobulbar tract.  

The corticobulbar tract goes from the motor cortex to the 

nuclei of the brainstem and innervates mainly muscles of 

the head and neck. Most of the nuclei of the brainstem 

are innervated bilaterally. The corticospinal tract goes 

from the motor cortex to the spinal cord and regulates 

mainly muscles of the body. 90% of the corticospinal 

tract crosses in the medulla to the contralateral side and 

migrate via the lateral tracts to the different segments of 

the body (activation of α motor neurons from the distal 

muscles). The other 10% do not cross and migrate 

ipsilateral via the medial ventral tract to different 

segments and innervates mainly the proximal muscles. 

- Distal muscles are only innervated from the contralateral side, while proximal muscles are bilateral 

innervated! 

 

2.5.4 The cerebellum 
 

The cerebral cortex projects to the pontine nuclei, which 

send information to the contralateral cerebellar cortex cia 

mossy fibers. Mossy fibers synapse on neurons of the deep 

cerebellar nuclei and on granule cells in the granular cell 

layer of the cerebellar cortex. The axons of the granule cells 

split up in so called parallel fibres which synapse on the 

dendrites of the Purkinje cells. Those Purkinje cells are target 

of every input on the cerebellum.  

Purkinje cells also receive inputs from the climbing fibers of 

the inferior olive. The Purkinje cells project on the deep 

cerebellar nuclei, which are the only output of the cerebellar 

cortex. As the Purkinje cells are GABAergic, the output is 

inhibitory. 

Main input and output of the cerebellum: Balance and 

movement coordination 

- Cortical inputs: action plans, relay via mossy fibers. 

Most of the input ends up in the 

cerebrocerebellum. The axons of the cerebral 

cortex synapse on the neurons in the pontine nuclei 

on the ipsilateral side. The axons of the pontine 

nuclei cross the midline and enter the cerebellum 

on the contralateral side 

- Spinal and vestibular inputs: Position of limbs and body in space, relay via climbing fibers 

 

 



The cerebellum has three different parts: 

- Vestibulocerebellum: receives information about the balance (mainly through visual informations) 

- Spinocerebellum: receives a copy of the motor cortex’s action plan and an error signal from the 

inferior olive  output via the cerebellar nuclei to the contralateral nucleus ruber in the spinal cord 

and to the contralateral thalamus in the cortex. The spinocerebellum is important for the coordination 

of movements 

- Pontocerebellum: receives informations from the cortex, the pontine nuclei, and the inferior olive. 

The output goes to the cortex, thalamus and the colliculus superior. The pontocerebellum is 

responsible for the planning of a movement and its fine motor skills.  

 

2.5.5 The Basal Ganglia 
 

 

 

The basal ganglia do not cause movement, but they modulate the 

motor activity. 

The basal ganglia consist of 

- Striatum (Putamen and Nucleus caudatus) 

- Globus pallidus internus and externus (GPi, GPe) 

- Substantia nigra pars compacta and reticularis (SNc, SNr) 

- Subthalamic nucleus (STN) 

- Nucleus accumbens 

Input: all cortical areas  to striatum relay in globus pallidus  to 

thalamus  back to motor cortex 

 

Most of the informations reach from the cortex to the striatum. The substantia nigra (SNr) and the globus 

pallidus interna (GPi) project to the thalamus as well as to the brainstem. The thalamus has an excitatory effect 

on the cortex. So SNr and GPi have an inhibitory effect on the thalamus  as long as they are active, the 

activating effect from the thalamus on the cortex is weak.  

 

Between the Striatum and the GPi/SNr are two connections: 

- Direct pathway: activates the cortex and promotes 

movement. With dopamine the SNc is activated via 

the D2 receptor what leads to a direct inhibition of 

the GPi/SNr  less inhibition of the thalamus  

activation of the cortex 

- Indirect pathway: With an active striatum the GPe 

is inhibited via the D1 receptor, this revokes the 

inhibiting effect from the GPe on the STN. The STN 

gets activated and starts to excite the GPi/SNr what 

leads to an inhibition of the thalamus.  

The right balance between those functions is really 

important and is regulated by the release of dopamine in 

the SNc. 



2.5.6 Modulatory systems 
 

Hypothalamic and brainstem nuclei regulate higher brain excitation level and thalamocortical rhythms. 

- Awake: Thalamus neurons are tonic active  synchronize with spike train of a sensory stimuli  

cortex 

- Sleep: Thalamus neurons oscillate  synchronize with spike train of the cortex  uncouples the 

cortex 

 

Circuits for food intake are in the hypothalamus and the brainstem. Stimulation of nucleus arcuatus neurons 

induces food intake within minutes. Additional endocrine regulators are Leptin, insulin (decrease eating), and 

ghrelin (increase eating. 

 

 

  



3. Learning and Memory 
 

 

Humans have two qualitatively different systems of information storage:  

- Declarative memory (explicit):  the storage (and retrieval) of material that is available to 

consciousness and can be expressed by language (e.g. facts & events). The declarative memory is 

grouped in: 

o Episodic: saves events. Storage is in the neocortex, especially in the right frontal- and 

temporal lobe 

o Semantic: saves facts and concepts. Storage is in the neocortex, especially in the temporal 

lobe 

- Non-declarative memory (procedural or implicit memory): involve skills and associations that are, by 

and large, acquired and retrieved at an unconscious level (e.g. motoric skills). The non-declarative 

memory is grouped in: 

o Non-associative: Reflexes, Habituation (decrease of a physiological reaction on a stimuli 

which is repeated over time and gets meaningless), Sensitization (Increase of a physiological 

reaction on a stimuli which is especially intensive or painful) 

o Procedural: sensory and motor skills. Storage is in the basal ganglia, especially the striatum 

o Conditioning: Generation of novel response that is gradually elicited by repeatedly pairing a 

novel stimulus with a stimulus that normally elicits the response being studied 

 Classical (pavlovian): The association is acquired through a temporal quasi 

simultaneous occurring stimuli (e.g. ring a bell while feeding your dog  after 

conditioning he will start salivate when he hears the bell) 

 principle of contiguity 

 Operant (trial- and – error): immediately on the reaction that has to be learned, 

there will follow a rewarding or punishing consequence  positive or negative 

strengthening of a behaviour 

 principle of contingency 

 Extinction: if the conditioned stimulus (bell) is repeatedly present without the 

unconditioned stimulus (food) or on the reaction doesn’t follow a consequence, the 

learned reaction/behaviour will be extinct 

 
 

 

 



3.1 Temporal Categories of Memory 

 

In addition to the types of memory defined by the nature of what is remembered, memory can also be 

categorized according to the time over which it is effective: 

- Immediate memory: hold ongoing experiences in mind for fractions of a second. Big capacity  every 

modality has its own memory register 

- Working memory: Limited capacity and time: relevant information must be continuously reactivated 

by rehearsal if it is to persist. Working memory is able to save 7-9 facts. 

It is possible to remember more than 7-9 numbers by giving them a context (“memory palace”). The 

capacity also depends very much on what the information in question means  Motivation plays an 

important role. 

- Long-term memory: Limited long – time storage. Memories from immediate and working memory 

enter the long-term memory by conscious or unconscious rehearsal or practice. Contains engrams 

which are meaningful or were repeated frequently. 

 

Encoding: “learning”  acquiring of something new 

Engram: the physical embodiment of the long-term memory in neuronal machinery. Depends on long-term 

changes in the efficacy of transmission of the relevant synaptic connections, and/or the actual growth and 

reordering of such connections. 

Consolidation: continual transfer of information from working memory or immediate memory to long-term 

memory 

Priming: Influencing the information processing by activation of a memory content with the aid of an 

association (e.g. smell). Occurs in the neocortex 

 

3.1.1 Forgetting 
 

Forgetting is very important, because otherwise the brain would be overwhelmed with unnecessary material. 

People, which have a defect and can’t forget, are not able to concentrate on the essential things. Although 

forgetting is a normal and apparently essential mental process, it can also be pathological, a condition called 

amnesia:  

- Anterograde amnesia: an inability to establish new memories following neurological insult 

- Retrograde amnesia: difficulty retrieving memories established prior to the precipitating 

neuropathology 

 



3.1.2 Brain Systems underlying declarative Memory Acquisition and Storage 
 

Brain systems relevant for the short-term storage and 

consolidation of declarative information are the midline 

diencephalic and medial temporal lobe structures (particularly 

the hippocampus). Injuries there leads to anterograde amnesia.  

Retrograde amnesia develops rather in the case of a generalized 

lesion associated with head trauma and neurodegenerative 

disorders, such as Alzheimer’s disease. Today we assume that this 

happens primarily in the cerebral cortex rather than the midline 

diencephalic and medial temporal lobe structure. 

In studies with mice they found that the exact location of a lesion has no big influence on the long-term 

memory, but rather the extent and magnitude of the destroyed tissue. 

 The generation of declarative memory is dependent on medial temporal lobe, the long-term storage is 

dependent on large cortical networks 

 The hippocampus is important for the declarative memory  it builds association patterns 

 

3.1.3 Brain Systems underlying Non-declarative Memory Acquisition and Storage 
 

Famous patients like H.M. (medial temporal lobectomy to cure 

epilepsy) had problems to save new declarative information but 

had no problems with non-declarative.  

This involves basal ganglia, PFC, amygdala, sensory association 

cortices and cerebellum. 

Priming depends critically on the integrity of the sensory 

association cortex.  

 

In sum: Long-term memories, whether declarative or non-declarative, are stored throughout the brain. The 

current view is that memories are stored primarily within the brain regions originally involved in processing 

each kind of information. 

 

Summary  

Human memory entails a number of biological strategies and anatomical substrates. Primary among these are 

a system for memories that can be expressed by means of language and can be made available to the 

conscious mind (declarative memory), and a separate system that concerns skills and associations that are 

essentially prelinguistic, operating at a largely unconscious level (non-declarative or procedural memory). 

Based on evidence from amnesic patients and knowledge about normal patterns of neural connections in the 

human brain, the hippocampus and associated midline diencephalic and medial temporal lobe structures are 

critically important in laying down new declarative memories, although not in storing them (a process that 

occurs primarily in the association cortices). In contrast, non-declarative memories for motor and other 

unconscious skills depends on the integrity of the premotor cortex, basal ganglia, and cerebellum, and is not 

affected by lesions that impair the declarative memory system. The common denominator of these categories 

of stored information is generally thought to be alterations in the strength and number of the synaptic 

connections in the cerebral cortices that mediate associations between stimuli and the behavioural responses 

to them.  



4. Sensory Systems I 
 

4.1 Anatomy of the Eye 
 

The eye is a fluid-filled sphere enclosed by three layers of tissue. Only 

the innermost layer, the retina, contains neurons that are sensitive to 

light and are capable of transmitting visual signals to central targets. 

In the retina we have many vessels, they originate from the 

ophthalmic artery and vein, which enter the retina through the optic 

disk. The optic disk is also the site where all the retinal axons leave 

the eye, so this part contains no photoreceptors and is also called the 

blind spot.  

The second layer is the so-called uveal tract, its largest component is 

the choroid, which extends into the ciliary body near the eye. The 

ciliary body is a ring of tissue that encircles the lens. It has a muscular 

component and a vascular component that produces the fluid that 

fills the front of the eye. The most anterior part of the uveal tract is 

the iris, which contains muscles with opposing actions, which allow 

the size of the pupil to be adjusted.  

The sclera forms the outermost tissue layer of the eye and is composed of a tough, white fibrous tissue. At the 

front of the eye, however, this opaque outer layer is transformed into the cornea, a specialized transparent 

tissue that permits light rays to enter the eye.  

In the anterior chamber, just behind the cornea and in front of the lens, lies aqueous humor, a clear, watery 

liquid that supplies nutrients to both of these structures. It is produced by the ciliary processes in the posterior 

chamber (between lens and iris) and flows into the anterior chamber through the pupil. Failure of adequate 

drainage results in a disorder known as glaucoma, in which high levels of intraocular pressure can reduce the 

blood supply to the eye.  

The space between the back of the lens and the surface of the retina is filled with a thick, gelatinous substance 

called the vitreous humor. It maintains the shape of the eye and contains phagocytic cells that remove blood 

and other debris. 

 

 

4.2 The Formation of Images on the Retina 
 

The cornea and the lens have the task to produce sharp images. They do that by refraction (bending) of light 

necessary for the formation of focused images. Refraction can be modified by accommodation. Because water 

has another refractive index than air, images under water are blurred. The cornea has most of the refractive 

power, the lens has less possibilities. The changes in the lens (round for near vision, flat for viewing distant 

objects) result from the activity of the ciliary muscle. The lens is held in place by zonula fibres that are attached 

to the ciliary muscle. The elasticity of the lens keeps it round, the tension exerted by the zonula fibres flattens 

it. If the fibres are loose, the lens is round.  

 

 

 



Adjustments of the pupil also contribute to the clarity of the images. Narrowing the pupil reduces both 

spherical and chromatic aberration and increases depth of sharpness. The size of the lens is controlled by 

sympathetic and parasympathetic innervation of the visceral motor system: 

- Near accommodation: Parasympathetic 

innervation  Ciliary muscle contracts  lens 

relaxes  increased bending of the lens  higher 

refraction power 

- Far accommodation: Sympathetic innervation  

ciliary muscle relaxes  Lens gets tensioned 

stronger  flatter surface of the lens  smaller 

refraction power 

 

4.3 The retina 
 

The retina is a part of the CNS. The retina forms from the floor 

of the diencephalon. 

The retinal pigment epithelium is a thin, melanin-containing 

structure that reduces backscattering of the light that enters 

the eye and plays a critical role in maintaining the photo 

transduction.  

There are five basic classes of neurons in the retina: 

- Photoreceptors 

- Bipolar cells 

- Ganglion cells 

- Horizontal cells 

- Amacrine cells 

We have two types of photoreceptors, rods (black & white, 100 

Mio) and cones (red, green, blue, 5 Mio). Both have an outer 

segment, composed of membranous disks containing light-

sensitive photo pigment, and an inner segment that contains 

the cell nucleus and gives rise to synaptic terminals that 

contact bipolar or horizontal cells. The information pathway is 

a three neuron chain: 

Photoreceptor  bipolar cell  ganglion cell 

The axons of the ganglion cell form the optic nerve.  

The horizontal and Amacrine cells have their cell bodies in the inner nuclear layer and have processes that are 

limited to the outer and inner plexiform layers. The processes of horizontal cells enable lateral interactions 

between photoreceptors and bipolar cells maintain the visual systems sensitivity to contrast. 

 

4.4 Phototransduction 
 
Light activation causes a graded change in membrane potential and a corresponding change in the rate of 

transmitter release into postsynaptic neurons. Rods and cones differ from other receptors by having a high 

dark – membrane potential (-20 to -30 mV) and an appropriate stimulation leads to a hyperpolarization. In the 



dark, there is an outward flow of K+ from the inner segment and a Na+/Ca2+ influx on the outer segment: The 

net effect is a depolarization. 

Absorption of light reduces the concentration of cGMP in the outer segment and causes therefore a closure of 

the channels, which leads to a reduction of inward flow of Na+ and Ca2+.  

Biochemical changes that lead to a reduction of cGMP: 

1. Photon is absorbed by the photopigment in the receptor disk. The membrane of the receptor disks 

contains opsin coupled to 11-cis-retinal.  

2. The 11-cis-retinal molecule absorbs light  one of the double bods between carbon atoms in 11-cis-

retinal breaks  configuration of 11-cis-retinal changes to all-trans-retinal 

3. This triggers several alterations in the opsin, which leads to the activation of an intracellular 

messenger called transucin 

4. Na+/Ca2+ channels are closed while K+ outflow doesn’t stop  this leads to a hyperpolarisation 

5. This leads to hydrolization of cGMP lowered concentration  reduces the number of cGMP 

molecules that are available for binding to the channels in the surface of the outer segment 

membrane, leading to channel closure 

The magnitude of the phototransduction amplification caries with the prevailing level of illumination, a 

phenomenon known as light adaption. The receptors are most sensitive to light at low levels. As levels of 

illumination increases, sensitivity decreases, preventing the receptors from saturation and thereby greatly 

extending the range of light intensities over which they operate. 

 

4.5 Functional Specialization of the Rod and Cone System 
 

Scotopic Vision: Rods (black & white) are much more sensitive to light, but have very poor spatial 

discrimination 

Photopic vision: Cones are less sensitive to light but the spatial discrimination is very good 

Mesopic vision: occurs in levels of light at which both, rods and cones, contribute 

If the cones lose their functionality, you’re legally blind, if the rods don’t work anymore, you just have problems 

with seeing at night. 

Rods and cones converge on the same ganglion cell, but the pathways are very different: Every bipolar cell is 

contacted by a number of rods, but for the cones, the ratio is 1:1. 

 

4.6 Anatomical Distribution of Rods and Cones 
 

 

 

We have far more rods than cones, but in the fovea this 

relationship changes (more cones).Coupled with the fact of 

the 1:1 ratio between cones and bipolar cells this leads to a 

maximum in visual acuity. The acuity declines very fast to the 

outside of the fovea. 

 

 



5. Sensory Systems II 
 

Retinal Circuits for Detecting Luminance Change 

Each ganglion cell responds to stimulation of a small circular patch of the retina, which defines the cell’s 

receptive field. Turning on a spot of light in the receptive field center of an on-center ganglion cell produces a 

burst of action potentials. The same stimulus applied to the receptive field center of an off-center ganglion cell 

reduces the rate of discharge, and when the spot of light is turned off, the cell responds with a burst of action 

potentials. Thus, on-center cells increase their discharge rate to luminance increments in the receptive field 

center, whereas off-center cells increase their discharge rate to luminance decrements in the receptive field 

center. 

The responses of on-center and off-center retinal ganglion cells to stimulation of different regions of their 

receptive fields. Upper panels indicate the time sequence of stimulus changes. (A) Effects of light spot in the 

receptive field center. (B) Effects of dark spot in the receptive field center. (C) Effects of light spot in the center 

followed by the addition of light in the surround. 

 

Most ganglion cells are relatively poor at signaling differences in the level of diffuse illumination. Instead, they 

are sensitive to differences between the level of illumination that falls on the receptive field center and the 

level of illumination that falls on the surround—that is, to luminance contrast. 

The center of a ganglion cell receptive field is 

surrounded by a concentric region that, when 

stimulated, antagonizes the response to stimulation of 

the receptive field center. For example, as a spot of light 

is moved from the center of the receptive field of an on-

center cell toward its periphery, the response of the cell 

to the spot of light decreases. When the spot falls 

completely outside the center (that is, in the surround), 

the response of the cell falls below its resting level. 

 

 

 

 



5.1 Central Projection of Retinal Ganglion Cells 
 

Ganglion cell axons exit the retina through the optic disk, where they bundle together and form the optic 

nerve. The optic nerve goes to the optic chiasm, where about 50% of the fibres cross. Along the optic tract the 

fibres go to the dorsal lateral geniculate nucleus of the thalamus and afterwards they travel further (via the 

optic radiation) to the primary visual cortex (V1).  

A second major target is the pretectum which is the coordinating centre for the pupillary light reflex. Retinal 

ganglion cell axons have also several other important targets, e.g. the suprachiasmatic nucleus or the superior 

colliculus.  

The picture appears mirrored on the retina. The visual field of 

the left and right eye overlap (binocular visual field). The 

primary visual cortex (V1) is organized in a retinotopic way. 

The visual field is divided into a nasal – temporal part and a 

superior – inferior part. Objects in the temporal part of the 

room are detected with the nasal part of the retina and vice 

versa. Ganglion cells in the nasal part of both retinas contain 

axons which cross to the contralateral side in the chiasma 

opticum, those axons from the temporal retina remain 

ipsilateral. 

 

 

 

So the left hemisphere represents the right visual field and the right hemisphere 

represents the left visual field. 

 

 

5.2 Spatiotemporal Tuning Properties of Neurons in 

Primary Visual Cortex 
 

Cortical neurons don’t react on light stimuli like the neurons in the retina, but on orientations of bars and 

edges. The neurons all have preferred orientations. So the neurons fires the most for their preferred 

orientations of light bars. 

 

The primary visual cortex projects also into extrastriat visual areas (V2, V3, V4 & V5/MT):  

- V2: recognizes forms and shapes 

- V3: recognizes moving contours and depth 

information 

- V4: Colours 

- V5/MT: detects movements 

 

 



5.3 Primary Visual Cortex Architecture 
 

The visual cortex is divided into six cellular layers. The axons from the lateral geniculate terminate in layer 4C, 

from where the activity is transferred to other layers. Pyramidal neurons in the surface layer project to 

extrastriat cortical areas, the lower layers send their axons to subcortical targets. 

There is also a strict organization in the radial dimension: 

Columns of neurons that have similar receptive field 

properties, e.g. respond to stimulation arising from the same 

region of visual space and exhibiting preferences for similar 

stimulus properties, such as edge orientation and direction of 

motion. Neighbour columns have similar but slightly shifted 

receptive field locations, which leads to an overlap, but 

progressive shift. The same goes for orientation neurons. 

In V1:  orientation-specific neurons, arranged in columns 

 

  



6. Motor Systems I - Neuronal Control and Assessment of 

Locomotion 
 

Normal gait is defined as following: “Bipedal human gait is smooth, precise, stable, symmetric, rhythmic, 

coordinated, economical and adaptable”. 

This is achieved by an optimal interaction between nervous system, muscles, tendons, ligaments and bones. 

Motor generation asks for: 

- Cognitive function 

- Sensor function 

- Motor function 

6.1 Neural Centres Responsible for Movement 

6.1.1 Upper motor neurons 
 

Upper motor neurons 

Cell bodies within brainstem or cerebral cortex and 

axons descend to synapse with the local circuit neurons 

or more rarely with the lower motor neurons directly. 

They are responsible for the initiation of voluntary 

movements and complex spatiotemporal sequences of 

skilled movements. 

Upper motor neurons originating from the cortex go 

via lateral white matter of the spinal cord to lower 

motor neurons in the lateral ventral horn. 

Upper motor neurons originating in the brainstem are 

responsible for regulating muscle tone and for 

orienting the eyes, head, and body with respect to 

vestibular, somatic, auditory, and visual sensory 

information. Via anterior-medial white matter of the 

spinal cord to lower motor neurons in the medial ventral  

horn. 

The cerebellum acts via its efferent pathways to the upper motor neurons as a servomechanism, detecting the 

difference, or “motor error,” between an intended movement and the movement actually performed. Patients 

with cerebellar damage show persistent errors in ongoing movement  Ataxia. 

The basal ganglia suppress unwanted movements and prepare (or “prime”) upper motor neuron circuits for 

the initiation of movements. A Typical sign for patients with basal ganglia damage is having difficulties in 

movement initiation. 

 

6.1.2 Local Circuits in Spinal cord and Brainstem 
 

Local circuit neurons are the major source of synaptic input to lower motor neurons. Lower motor neurons 

innervate skeletal muscles. 



Two types of lower motor neurons:  

- α motor neurons: innervate extrafusal muscle fibers (striated muscle fibers)  

- γ motor neurons: innervate intrafusal muscle fibers (part of proprioception) 

 

6.1.3 Motor unit 
 

Most mature extrafusal skeletal muscle fibers in mammals are innervated by only a single α motor neuron that 

generate forces needed for posture and movement.  

They have a diffuse distribution of innervated muscle fibers. A motor unit is composed of the α motor neuron 

and its innervated muscle fibers. 

Motor units also differ in the types of muscle fibers that they innervate. In most skeletal muscles, the smaller 

motor units comprise small “red” muscle fibers that contract slowly and generate relatively small forces; but, 

because of their rich myoglobin content, plentiful mitochondria, and rich capillary beds, such small red fibers 

are resistant to fatigue. These small units are called slow (S) motor units and are especially important for 

activities that require sustained muscular contraction, such as the maintenance of an upright posture.  

Larger α motor neurons innervate larger muscle fibers that generate more force; these fibers have sparse 

mitochondria and are therefore easily fatigued. These units are called fast fatigable (FF) motor units and are 

especially important for brief exertions that require large forces, such as running or jumping.  

A third class of motor units has properties that lie between those of the other two. These fast fatigue-resistant 

(FR) motor units are of intermediate size and are not quite as fast as FF units. 

 

 

Activation of motor 

units is according to 

Henneman Size 

Principle:  

(S –FR –FF) 

 

 

 

 

6.2 Spinal cord circuits 
 

Long distance local circuit neurons (medial):  

- Axons extend over a number of spinal cord segments (even cervical - lumbar segments) to coordinate 

rhythmic movements of upper and lower limbs.  

- Axons terminate bilaterally to ensure that axial muscle groups coordinate maintaining / adjusting 

posture. 

Short distance local circuit neurons (lateral):  

- “Short” axons that extend < 5 segments. They terminate on the same side (ipsilateral) of the cord as 

the cell body.  

- Circuits are involved in the fine control of distal extremities. 



Reflex: a negative feedback loop to regulate muscle length. Spinal reflexes can be 

used as a window into spinal neuronal networks. 

 

Stretch reflex: Passive stretching of a muscle spindle leads to increased activity in 

1a afferents which codes changes in length. An action potential goes from the 1a 

afferents to the spinal cord and activates the α motor neuron. Increased activity of 

the α motor neuron, that innervate the same muscle, leads to a contraction of the 

muscle  1a afferents excite motor neurons of synergistic muscles and inhibit 

motor neurons of antagonists. 

 “Bring back the muscle to its original length” 

Flexion – crossed extension reflex: is a polysynaptic and polysegmental reflex. The 

withdrawal (flexion) comes from a noxious stimulus 

 Ipsilateral: activation of flexors and inhibition of extensors 

 Contralateral: inhibition of flexors and activation of extensors 

 

Central Pattern Generator 

Spinal cord circuits play an important role in the generation of locomotion.  

The CPG is an autonomous network of spinal interneurons producing basic movement patterns important for 

locomotion. The CPG works independently of sensory feedback and supraspinal control. But, sensory feedback 

and supraspinal centres typically modulate the CPG. 

  Coordination of flexor and extensor activity of each leg 

 

Changes in spinal networks 

In humans, there are changes in spinal networks after complete spinal cord injury. 

 

6.3 Upper - lower motor neuron lesion 
 

Gait disorders are among the most frequent symptoms in neurology and a risk factor for falls. Most frequent 

reasons are Strokes, Parkinson’s disease, Polyneuropathy and Multiple Sclerosis. Deficit and recovery after CNS 

injury depend on type, location and size of lesion and “other factors”. 

Assessment of walking functions is quite difficult, today the 3D gait analysis is the gold standard. It identifies 

mechanisms underlying gait dysfunction and provides precise kinematic, kinetic, and spatiotemporal data. 

Measures of locomotor function in humans: 

- WISCI (Walking index for spinal cord injury) 

- Functional tests (time trial; covered distance in certain time) 

- Clinical assessment of dynamic balance: Stand up from armchair, walk 3m, turn, walk back, and sit 

down. Depends on: 

o <10 sec: no restriction 

o 11-20sec: minor restriction, now relevance for everyday life 

o 21-29sec: functional relevant restriction of mobility 

o >30sec: severe restriction of mobility 

- Kinematics (angles of joints) 

- Intralimb coordination 



Conventional Gait Parameters 

 

Consequences of Walking Dysfunction: Immobility, retreat, isolation, economic disadvantages, increased risk 

of death in older persons. 

Assessment of locomotor function in humans: 

- Should be qualitative, objective, reliable, valid, sensitive and specific 

- Should include functional, clinically meaningful and biomechanical parameters describing different 

aspects of locomotion 

  



7. Motor Systems II - Spinal Cord Injury and Modern approaches to 

Neurorehabilitation 
 

Causes of Spinal Cord Injuries: 

- Accidents 

- Falls 

- Violent felony 

- Non-traumatic causes (tumours, bleeding, etc.) 

Consequences of Spinal Cord Injuries: 

- Arm and hand function, walking ability and trunk stability impaired 

- Sensory function impaired 

- Pain 

- Bladder, bowel and sexual function 

 

Level of lesion: impact on function 

 Above level of injury: neuronal connections from and to the brain intact function intact 

 Below level of injury: neuronal connections from and to the brain diminished or interrupted function 

impaired 

 

 

Medial motor neurons innervate axial and proximal muscles, lateral motor neurons innervate distal muscles  

if the spinal cord is not totally cut through, it is possible, that some muscles functions anyway. 

Topography across spinal cord 

 

 

 

 

 



Differences between neurological and anatomical level 

Cervical roots are named according to the vertebra above which they exit (exception C8). Thoracic and lumbar 

nerve roots are named according to the vertebra below which they exit. Spinal cord ends at approximately L1-2 

vertebral level. 

 

 

 Only legs are affected 

 

 Some limitations in leg movement, limited knee 

extension 

 Bowel function affected 

 

 

Severity of lesion- ASIA Impairment Scale (AIS) 

- AIS A: Complete. No motor or sensory function is preserved below level of lesion (sacral segments) 

- AIS B: Sensory incomplete. Sensory but not motor function is preserved below lesion level (incl. Sacral 

segments) 

- AIS C: Motor incomplete. Less than half of key muscles can work against gravity. 

- AIS D: Motor incomplete. More than half of key muscles below level of lesion can work against gravity. 

- AIS E: Normal. Sensory and motor function normal. 

7.1 Spinal Cord Injury 
 

50% traumatic - 50% non-traumatic (tendency increase of non-traumatic)  

50% sensorimotor complete – 50% incomplete 

Clinical symptoms:  

44% paraplegia  

56% tetraplegia 

Epidemiology:  

Relatively rare disease  

Incident: 1.0-8.3 / 100’000 per year  

Prevalence: 4’500 (CH) 

Average age 38 years (increasing)  

Gender: m: f = 3.8: 1 

The most lesions are on C level 

 

 

 



7.1.1 SCI Syndromes 
 

Central Cord Syndrome: incomplete injury with greater weakness in upper limbs than in 

lower limbs 

Brown-Séquard Syndrome: represents a spinal cord hemisection. Results in ipsilateral loss of 

proprioception and motor control (lemniscal) below level of lesion and contralateral loss of 

pain and temperature sensation (spinothalamic).  

The spinothalamic system crosses in the spinal cord while the lemniscal system already 

crosses in the medulla oblongata. 

Anterior Cord Syndrome: Mainly corticospinal and spinothalamic tracts affected. Loss of 

motor function, pain sensation and temperature sensation below level of lesion. 

Dorsal (Posterior) Column Syndrome: Disruption of dorsal columns. Bilateral loss of touch, 

vibration sense, proprioception. Intact motor function, pain and temperature sensation. 

A big force can be generated, but one cannot feel where the leg is located. 

Conus Medullaris Syndrome: Injury of Conus medullaris (L1-L2). Shows upper and lower 

motor neuron symptoms.  

Cauda Equina Syndrome: Injury of lumbosacral nerve roots of cauda equina. Flaccid 

paralysis. 

 

Consequences & Symptoms of SCI 

- Paresis paralysis 

- Spasticity, clonus 

- Psychological problems or depressions 

- Cardiovascular blood pressure dysfunction 

- Loss of sensory function 

- Restricted sexual function 

- Decreased bladder bowel function 

- Hyper- /hypoactive reflexes 

 

7.1.2 Neurophysiological Assessment 
 

- Motor evoked potentials (MEPs) measure cortical excitability 

 measuring output in the muscle. MEPs test functional 

integrity of the pyramidal tract with TMS. 

In patients with a SCI, an increase in latency and a decrease in 

the amplitude is visible. 

- Somatosensory evoked potentials (SSEP) measure functional 

ascending tract integrity by stimulation of peripheral nerves, 

response is recorded from the patient’s scalp. In patients with 

a SCI, an increase in latency and a decrease in the amplitude is 

visible. 

- H-reflex measures spinal excitability 

- F-waves and NCV measure conductivity of peripheral nerves 

- Vestibulospinal reflex uses the vestibular organs as well as skeletal muscle in order to maintain 

balance, posture, and stability in an environment with gravity. Head is e.g. tilted to the right, which 



stimulates both – the canals and otoliths. This stimulates the vestibular nerve as well as the vestibular 

nucleus. These impulses are transmitted down both the lateral and medial vestibulospinal tract to the 

spinal cord. The spinal cord induces extensor effects in the muscle on the right, and flexor effects in 

the left muscle  stabilize the head in reference to the body 

- Acoustic Startle Response is thought to be caused by an auditory stimulus greater than 80 dB. The 

reflex is typically measured by electromyography, brain imagining or sometimes positron electron 

tomography. There are many brain structures and pathways thought to be involved in the reflex. 

- CHEP measure functional integrity of the spinothalamic tract by measuring the latency and amplitude 

of the reaction when a painful stimulus starts. 

- Epiduralstimulation 

 

7.1.3 Rehabilitation after SCI 
 

Neuroplasticity 

- Any functional or cellular change in the nervous system  

- Can occur in response to specific stimuli during both development and throughout life  

- Injury of the nervous system itself can trigger plastic adaptations 

Recovery versus compensation 

We tend to think of recovery as:  

- Task accomplishment  

- Using limbs and end effectors typically used by nondisabled individuals  

- Performing a movement with pre-morbid movement patterns 

It is a continuum between compensation and recovery! 

Acute care & rehabilitation 

- Acute care: Stabilisation of vital functions, medical treatment, catheterisation 

- Rehabilitation: Physical therapy, occupational therapy, rehabilitation robotics, functional electrical 

stimulation (FES), social and job-related rehabilitation 

 task specific training! 

- Future therapy: Nerve regeneration, nerve protection, stem cell therapy 

Manual treadmill training 

- Training duration is limited by endurance of therapists, not of the patient 

- Two or more therapists needed which move the patient’s legs on the treadmill 

- Does not satisfactorily fulfil other requirements:  

o optimal control of limbs and individual joints 

o postural control 

o motivation of patient 

Robotic supported gait training 

- Physiological gait pattern can be ensured  

- Prolonged training duration  

- Less body weight support  

- Repeatable 

- But: Activity of patient not apparent! 

 



7.1.4 New rehabilitation & technological intervention 
 

How to improve functional outcome in SCI? 

Clinical Trials 

 

Nogo-A 

 

After Injury, there are molecules that hinder the spinal cord to 

regrow.  

Nogo-A can block those molecules and the spinal cord can start 

to grow again on the lesion point.  

 Still in testing phases 

 

Adult or somatic neural stem cells 

HuCNS-SC product is a highly purified population of human neural stem cells that are grown in suspension 

(neurospheres) that can be expanded for a number of generations (cell bank). 

They retain their potential to, at a single cell level, self-renew and differentiate into the three major cell types 

of the CNS: neurons - astrocytes - oligodendrocytes. 

  



8. Diseases of the Central Nervous System 
 

Models: in vitro vs. in vivo 

In vitro experiments: 

- Cell biology  

- Molecular and biochemical questions  

- Proteomics, genomics  

- Reduced numbers of animals «used» for 

research  

- Strongly simplified «model» without 

complex interactions occurring in an 

organism 

In vivo experiments: 

- Animal models   

- Anatomical and physiological 

investigations  

- Complex interactions of different cells, 

organs etc.  

- Needed for development of clinical 

therapies based on complex animal 

organisms 

 
Definition animal research and objectives of a model 

An animal model is a living, non-human animal used during the research and investigation of human disease for 

the purpose of better understanding the disease without the added risk of causing harm to an actual human 

being during the process.    

The objective of a laboratory animal model is to mimic a biological phenomenon occurring in the human 

situation. Therefore, the species has to be similar to the human situation regarding the investigated biological 

system.   

A model system enables the use of invasive methodologies to investigate specific mechanisms of a disease in a 

standardized manner. 

 

8.1 Different models of disease 

 

 

 

 

- Homologous models: Same ethiology (mechanism that cause disease), same symptoms, same 

treatments 

- Isomorphic models: Same symptoms, same treatments (most frequent model type)  

- Predictive models: Only mimics treatment characteristics of disease. Used for drug screenings for a 

potential treatment (safety studies, dose-response curve etc.) 

- Induced model: A disease or a disorder which is caused (induced) by experimental procedure like 

surgically, chemically or genetically modified animals 

- Spontaneous model: Natural conditions 

o spontaneous mutations leading to the reproduction of a human disorder/disease 

 db/db mouse (diabetes mouse) 

 nude mouse (immunodeficient mouse, cancer research) 

o natural properties of animal species 

 naked mole rat ([Heterocephalus glaber], lacking Substance P (nociception))    

 axolotl ([Ambystoma mexicanum], regenerative potential) 



8.2 Diseases of the Central Nervous System 
 

Neurodegenerative diseases:  

- Alzheimer’s Disease (AD)  

- Parkinson’s Disease (PD)  

- Amyotrophic Lateral Sclerosis (ALS)  

- Huntington’s Disease (HD)   

Traumatic insults:  

- Concussion  

- Spinal cord injury   

Neuroinfectious diseases:  

- Meningitis (viral or bacterial)  

- Encephalitis (viral or bacterial)   

Autoimmune diseases:  

- Multiple Sclerosis (MS)  

- Myasthenia gravis

Psychiatric disorders:  

- Bipolar disorder  

- Schizophrenia  

- Autism 

 

Physiological facts about the brain 

The human brain account for only 2% of total body weight, but    

- Consumes ~20% of all oxygen → continuous oxygen supply needed  cardiac arrest: unconsciousness 

within 10 seconds! Damage to neurons first reversible, then permanent after longer deprivation of 

blood supply.     

- consumes ca. 25% of total energy consumption (mainly glucose) of body  neurons show a very high 

metabolism rate    

- Blood-brain-barrier: maintenance of CNS homeostasis, immune-privilege    limited access of 

systemic medications to CNS   

- No pain receptors (nociceptors) in CNS parenchyma (only in meninges) 

- The CNS has only a limited capacity for regeneration while the peripheral nerve fibers are capable of 

regeneration 

 

8.2.1 Stroke 
 
Definitions 

Stroke is rapidly developing clinical 

symptoms and/or signs of focal and at 

times global loss of cerebral function with 

symptoms lasting more than twenty-four 

hours or leading to death with no apparent 

cause other than that of vascular origin  a 

stroke is a vascular disease 

TIA: transitory ischemic attack (German: 

Streifung): symptoms similar or identical to 

stroke (mostly less severe). Dysfunctions 

are transient and disappear within < 24 

hours 

 

Cell function is impaired 

caused by a lack of oxygen 

Tissue is damaged due an 

increased brain pressure 



Ischemia, infarction 

Thrombotic:    

- Caused by a thrombus (blood clot built in arteries suppling the brain with blood) 

- Frequently correlated with atherosclerosis (though e.g. high cholesterol level) and increasing age 

- Thrombotic strokes are often preceded by TIA  

Embolic:    

- Caused by an embolus (loose blood clot) which travels from the periphery (mostly from the heart) to 

the brain and finally occludes a cerebral vessel 

- Embolic stroke often results from heart failures (e.g. heart dysrhythmia) or after heart surgeries 

- Often occurs without sign (i.e. TIA)    

Haemorrhagic:    

- Caused by a vessel rupture which leads to bleeding into the brain tissue 

- Bleeding leads to pressure and swelling of the tissue against the skull; This can 

lead to mechanical damage of neurons 

- Rupture of cerebral vessels can result from hypertension, from aneurysms, 

from malformation of vessels or from direct traumatic (mechanical) injury to 

the vessels or the brain 

- Toxic/inflammatory response 

- Haemorrhagic stroke can be classified into:   

o Intracerebral: rupture of blood vessel in the brain parenchyma (ca. 15% of all strokes). 

Mostly caused by hypertension.   

o Subarachnoid: bleeding of vessel between skull and brain (in meninges; ca. 5% of all strokes). 

Mostly caused by aneurysms or malformation of vessels. Often painful. 

o ventricular 

 

Epidemiology 

- Stroke is the 4th largest cause of death (behind cardiological diseases, cancer and respiratory 

diseases).     

- 50% of stroke patients are > 65 years old, 10% < 40 years  4 million people life with the 

consequences of stroke in the United States    

- Stroke is expensive: 78 billion dollars for medication and therapy in USA in 2010    

- 15-20% of stroke patients die within 4 weeks    

- Surviving patients:  

o 1/3 of the surviving stroke patients recovers well  

o 1/3 shows deficits (hemiplegia, speech problems), but copes well with daily life  

o 1/3 needs life-long care 

 

8.2.1.1 Primary care & fast diagnosis 

 
- Physical examination every 15 minutes 

- Swallow test: important for application of medication   

- Assessment of cardiac rhythm: indicator for embolic stroke    

- Blood analysis: glucose (hyperglycaemia), electrolytes, 

creatinine (previous liver damage)   

- Assessment of risk factors: smoking, obesity, drugs 

(cocaine) 



8.2.1.2 Diagnosis
 

Computed axial tomography (CT)  

- Based on x-rays (blood appears dark) 

- Fast, good availability  

- Less spatial resolution  

- Rule out haemorrhage or tumor 

 

 

 

Magnetic Resonance Imaging (MRI)  

- Based on magnetic fields (blood appears 

white)  

- Expensive, less abundant but good spatial 

resolution  

- Can be used to diagnose ischemic, 

haemorrhagic stroke

Cerebral angiography 

- Blood vessels are not clearly seen in x-ray 

 injection of contrast dye to visualize 

vessels  

- Specific investigation of occluded or 

ruptured vessels and visualization of 

structural changes  

- Angiography starts to be applicable to 

MRI 

 

 

 

 

 

 

 

 

 

Early treatment 

- Reperfusion: restoration of normal blood supply 

o Anti-platelet and Anti-coagulate:   

 Do not resolve thrombus or embolus  

 Prevent formation of new blood clot  

 Aspirin: anti-platelet (inhibits activation of platelets)  

 Heparin: anti-coagulant (indirectly inhibits thrombin to clot blood)    

o Endovascular treatments:   

 removing the blood clot by guiding a catheter to the site of the blocked blood vessel 

in the brain (thrombectomy)  

 But also: intra-arterial thrombolysis, recanalization by stenting    

o Surgical treatments (haemorrhage):   

 Surgical removal of aneurysms   

 Closure of ruptured vessels      

- Neuroprotection: protect ischemic tissue (penumbra) 

- Tissue plasminogen activator: t-PA 

t-PA is the only approved treatment of acute ischemic stroke and it has to be applied within 4.5 h after 

stroke onset  only a few patients qualify for this treatment due to the narrow time window  

Only for ischemic stroke  obligate imaging with CT (computed tomography) or MRI (magnetic 

resonance imaging) 

 Every 30 minutes delay in reperfusion is a 10% relative reduction in the probability of good clinical outcome 

 

Later treatment – rehabilitative training 

Depend on deficit 

- Physiotherapy  

- Occupational therapy  

- Speech therapy  

- Psychological care 



8.2.1.3 Primary pathomechanism 
 

Neurons in the stroke-affected brain regions are deprived of blood, and therefore of oxygen and nutrients 

(primarily glucose). 

The brain needs large amount of glucose & oxygen (ca. 70% to restore ionic gradients across membrane). 

Ischemia activates within seconds a cascade of biochemical processes: 

- The cells change from aerobic to anaerobic metabolism (lactate, pH decreases)  missing ATP 

synthesis 

- ATP dependent ion channels fail (Membrane potential!!)  membrane depolarization  influx of Na+ 

- Ca2+ inflow in the cell and leads to a release of glutamate and an activation of Ca2+-dependent 

proteases, lipases and DNases 

- Because of a lack of ATP, glutamate cannot be removed from the synaptic cleft 

- Glutamate and inflammation-related cytokines excite the cell too much (Excitotoxicity)  Blocking of 

glutamate binding sites on NMDA and AMPA-R is neuroprotective  in animal models 

- With a high level of  intracellular Ca2+, Na+ and ADP mitochondria produce a lot of reactive oxygen 

species (ROS)  ROS cause destruction of cellular macromolecules and induce apoptosis 

 

Core zone and penumbra 

Core zone:   

- Area of severe ischemia (blood flow below 10%-25%)  

- oxygen and glucose severely reduced  

- results in fast necrosis of neurons and glial cells, and irreversible damage 

Ischemic penumbra:   

- rim of mild to moderately ischemic tissue lying between “normal” tissue and core zone: neural cells 

may remain viable for several hours (8 – 12 hours)   

- Definition: ischemic tissue potentially destined for infarction but not yet irreversibly injured and the 

target of acute therapies 

 

8.2.1.4 Hemiplegia 

 
Hemiparetic gait: One affected body side, 1 unaffected body side 

Leg:  

- Extension (spastic, stiff) mostly of distal 

joints (knee, ankle)  

- Internal rotation  

- Circumduction of leg    

 

Arm:  

- Shoulder adducted  

- Elbow flexed  

- Pronation of wrist 

8.2.1.5 Risk factors 

 
- Modifiable vs. non-modifiable factors (e.g. smoking vs. genetic factors)  

- Blood pressure is the most important modifiable risk factor (weakens the artery wall)  

- A person who smokes 20 cigarettes a day has six times the risk of stroke compared with a non-smoker  

- Doubling of stroke rate each 10 years after 55 years of age 



9. Neurodegenerative diseases of the CNS – Parkinson’s disease 
 

Neurodegenerative diseases have all similar pathomechanisms, but different symptoms and deficits. The age is 

major risk factor for neurodegenerative diseases (in 2030, 25% of people >65 years). Ethiology of 

neurodegenerative diseases of CNS is still poorly understood. Mostly symptomatic treatments. Cause of the 

diseases cannot be targeted yet. 

Epidemiology 

- 2nd most frequent neurodegenerative disorder after Alzheimer’s Disease  

- chronic, slowly progressive, neurodegenerative disease 

- 0.3% prevalence in total US population  

o 1-2% prevalence in people >65 years of age  

o 4-5% prevalence in people >85 years of age 

o Only around 10% of all PD cases occur in people <45 years of age 

- Patients with PD in average die 10 years earlier (at 71 years of age) than healthy subjects 

- 95% without genetic ethiology (sporadic = idiopathic PD)  

- 5% with genetic origin 

9.1 Symptoms and course of disease 

 
Motor features: 

- neurological syndrome that shares symptoms of PD (syndrome = association of symptoms) 

- Common criteria is bradykinesia and at least one of the symptoms including tremor, postural 

instability of rigidity 

- ~ 80% of patients showing parkinsonism indeed have idiopathic PD 

4 cardinal motor manifestations 

1. Bradykinesia (slowness of movements and reflexes)  

2. Resting tremor  

3. Postural instability  

4. Muscular rigidity 

Early motor symptoms: 

- Usually asymmetrical deficits, which gradually spread to contralateral side  

- Common initial symptom is asymmetric rest tremor (3-6 Hz); decreased during voluntary movements  

- Developing bradykinesia 

Motor symptoms in progressed PD: 

- Increased bradykinesia is the most disabling motor symptom ( small writing (microgaphia), weak 

voice (hypophonia), masked face, slow and shuffling gait)  

- Muscular rigidity (propulsion during walking, and stiff arms without swing, cogwheel)  

- Postural instability at later stages during PD  

- Hypokinesia (decreased amplitude of movement) and akinesia (absence of movement), problems with 

initiating a movement 

- The parkinsonian gait: Propulsion of upper body (patients tend to fall over  festination), reduced 

arm swing, reduced walking speed, reduced step and stride length, hypoextension of hip and knee 

joint (decreased ROM in hip and knee), shuffling steps, tripping gait 

 Patients can improve their step length with visual and auditory feedback 



9.2 Non-motor deficits 
 

Non-motor features: 

- Usually occur at progressed stages of PD  

- Most frequent non-motor consequence of PD is depression (ca. 50% of patients)  

- Further non-motor deficits are dementia, psychosis  

- Loss of olfactory function (70-100% of patients  useful biomarker to exclude Parkinson’s-like 

diseases)  

- Sleep disorders (prevalence is 60-90% at some time over the course of PD)  

- Do not respond to dopaminergic treatment 

Long-term progression of PD: 

- before the development of dopaminergic treatments, PD led to severe disability within < 10 years, but 

long-term outcome of PD is unknown 

- life expectancy is approx. 10 years shorter with PD  

- Death in late progressed PD is caused by secondary complications (pneumonia, thrombosis etc.) 

9.3 Diagnosis 
 

3-step approach to identify idiopathic PD (iPD): 

Step 1: Identification of Parkinsonism (Parkinsonian syndrome)  Idiopathic Parkinson’s disease: ca. 80% of 

cases showing parkinsonism  idiopathic is with no specific cause of developing the disease 

Step 2: Exclusion of other causes of Parkinsonism 

 Symptomatic form: drug-induced (e.g. Risperidone,Antiepileptika) parkinsonism, metabolic 

dysfunction leading to parkinsonism, post-infectious parkinsonism, post-traumatic parkinsonism, 

toxin-induced parkinsonism (e.g. MPTP) 

 Atypical form: Parkinsonian syndrome in the context of other neurological diseases (e.g. Alzheimer’s 

disease, multiple system atrophy etc.) 

Step 3: Identification of supportive features: 

1. response to application of levodopa  

2. smell test to prove olfactory dysfunction often observed in PD 

 

9.4 Risk factors 
 

The only proven risk factor of PD is age; further suggested are genetic predisposition, and environmental 

hypothesis (never proven) 

Modifiable (lifestyle) factors: 

- Rural living  

- Exposure to pesticides and herbicides  

- Well-water drinking  

 Consumption of coffee and cigarettes seem to lower the risk for PD 

 



9.5 Neuropathological features 
 

The Parkinson’s disease is characterized by a dysregulation of basal ganglia network. 

1. Depigmentation of melanin-rich neurons in Substantia Nigra pars compacta (SNpc)  

 symptoms only start after >60% of neurons in SNpc are degenerated  

 dying-back process: degeneration of nigrostriatal terminals?  

2. Mutations in α-Synuclein leads to misfolded proteins. 

Formation of intracellular cytoplasmic inclusions consisting of 

proteins in nigrostriatal neurons (Lewy Bodies) because of 

misfolding and aggregation of those proteins.  

Lewy bodies are toxic for dopaminergic neurons which are 

dying as a result.  

Lewy Bodies are not specific for PD, but occur also in e.g. 

Alzheimer’s disease. 

3. Moderate neurodegeneration of cells in ventral 

tegmental area (VTA; dopaminergic) and in the locus 

coeruleus (noradrenergic cells in brain stem) 

4. Mitochondrial dysfunction leading to oxidative stress 

 

Treatments 

 Levodopa but: L-DOPA is often transiently efficient and can induce severe dyskinesia (involuntary 

movements) when chronically applied 

 Deep brain stimulation: Reversible high-frequency inactivation of subthalamic nucleus or globus 

pallidus internus 

  



10. Autoimmune Diseases of the CNS - Multiple Sclerosis 
 

MS is a chronic inflammatory multifocal demyelinating disease of the CNS (= Encephalomyelitis disseminate).  

It is the most common inflammatory CNS disease and the most frequent cause of disability in early adulthood. 

10% of MS patients require walking assistance after 15 years of disease and 10% of MS patients do not have 

serious impairments after 25 years of disease. MS is not lethal. But life expectancy is approximately 10 years 

shorter. 

Ms was detected by disseminated plaques  inflammatory lesion with invasion of immune cells in lesion. 

Epidemiology 

- Male : female = 2.5:1 

- Average age of first manifestation of MS: 20 – 40 years (median 28 years)  

- Prevalence (Europe): 30 – 80 / 100 000  Prevalence increases with distance to equator 

(environmental components) 

- Approximately 15’000 MS patients in Switzerland  

- Average duration from onset to diagnosis: 3,4 years 

10.1 Risk factors 
 

Environmental factors: Under suspicion/investigation   

- Viral infections (e.g. Epstein-Barr)  

- Infections during childhood could be protective for the development of autoimmune diseases 

(Hygiene Hypothesis)  

- Cigarette smoking  

- Hypovitaminosis D  below/above the 4th parallel north and south UVB is insufficient to synthesize 

enough vitamin D for > 4 month per year 

Vitamin D acts anti-inflammatory by inhibiting proliferation of autoreactive T cells and by stimulating 

the proliferation of regulatory T - lymphocytes 

 

 Environmental factors act mainly during childhood (until 15 years of age): 

o People emigrating after 15 years of age take their “geographic risk” with them   

o People emigrating before 15 years overtake the geographic risk of the new country 

10.2 Genetic factors 
 

Ethnic predisposition:   

- African and Asian people show a clearly 

lower incidence of MS compared to 

people in Europe, Northern America or 

Southern Australia.   

- Africans and Asians, who emigrated with 

>15 years of age, are relatively resistant to 

MS even in high risk countries 

Family inheritance:   

- 30% vs. 5% concordance rate in 

monozygotic vs. heterozygous twins 

Children of MS patients have a 10-20 fold 

increased risk to develop MS 



Genetic Association:   

- Exclusively genes of the immune system are correlated with MS development:  

o HLA-associated genes: HLA-DR2 (MHC-class-II)  

o Non-HLA-associated genes: IL7R, CD25 etc 

 

Current theory:  Disease will develop in genetically susceptible individuals triggered by yet unknown      

environmental factors as a result of an autoimmune response directed against components of myelin. 

 

10.3 Forms of the disease 

 

RRMS: 85-90% of MS cases start with RRMS. Most initial RRMS patients change to SPMS. Progressive 

form of MS is correlated with irreversible dysfunctions.  

PPMS: Only 10-15% have PPMS (worst prognosis). 

Benign course: Minimal dysfunctions of patient 10 years after onset of MS disease 

 

Definition relapse (exacerbation):   

- Acute inflammatory processes  

- Acutely occurring neurological symptoms   

- Symptoms last > 24 hours  

- 2 independent relapses have to be separated > 30 days   

- Uhthoff-Phenomenon or infection must be ruled out  

- In average 1-3 weeks duration (the longer the relapse, the worse the chance for complete 

remission)  

 

 

 

 

 

 

 



10.4 Pathomechanism 
 

Pathological hallmarks of MS are plaques illustrating pathological areas within the 

CNS  infiltration of immune cells, demyelination, edema, axonal loss 

Main processes 

- inflammation    

- demyelination    

- neurodegeneration 

The main hypothesis is that MS is an autoimmune disease, where lymphocytes become autoreactive against 

components of myelin. The effect of immunomodulating and immunosuppressive therapies in clinics       

support the critical role of the immune response, however, it does not prove the autoimmune reaction.  

Animal models of MS (Experimental Autoimmune Encephalomyelitis) suggest an important autoimmune 

component eliciting the disease: 

EAE: Experimental Autoimmune Encephalomyelitis  

- Gold-standard to model MS in mice, rats and primates  

- Mechanism:  

o active immunization with myelin antigens: myelin or myelin-associated proteins (e.g. MOG: 

myelin-oligodendrocyte glycoprotein)   

o Alternative: passive immunization of naïve animal via transfer of auto-reactive  T-cells of EAE 

animal 

 Autoimmune mediated demyelination and neurodegeneration   

 T-cells are sufficient to elucidate MS-like symptoms by attacking myelin 

 

10.4.1 Autoimmunity 
 

 

 

In general, there are several control mechanisms to 

prevent autoimmunity. T cells “learn” in the Thymus 

to dock at MHC molecules and tolerating the body’s 

own structures. T cells which are not able to dock at 

a MHC molecule are eliminated. In an autoimmune 

disease one or more group of T cells act aberrant and 

recognize the body’s own structures as foreign 

structures.  

 

 

 

 

 

 

 



Lymphocyte activation 

Apart from demyelination, the other sign 

of the disease is inflammation. Fitting 

with an immunological explanation, the 

inflammatory process is caused by T cells. 

T cells gain entry into the brain via 

disruption in the blood-brain barrier. The 

T cells recognize myelin as foreign and 

attack it, explaining why these cells are 

also called “autoreactive lymphocytes”. 

The attack of myelin starts inflammatory 

processes, which triggers other immune 

cells and the release of soluble factors like 

cytokines and antibodies. Further 

breakdown of the blood-brain barrier, in 

turn cause a number of other damaging effects such as swelling, activation of macrophages, and more 

activation of cytokines and other destructive proteins. Inflammation can potentially reduce transmission of 

information between neurons in at least three ways. The soluble factors released might stop 

neurotransmission by intact neurons. These factors could lead to or enhance the loss of myelin, or they may 

case the axon to break down completely. 

1. Perivascular inflammation (infiltrates of T-cells, B-lymphocytes and microglia/macrophages)  

2. Acute axonal transection  

3. Microglia- and macrophage-mediated removal of myelin (phagocytosis)  

4. Some degree of re-myelination (low-density myelin)  

5. Further axonal loss in chronic lesions  

6. Gliosis (proliferation of astrocytes and formation of scars -> multiple sclerosis) 

Main pathologies 

In the beginning of the disease, patients have frequently inflammation, demyelination, axonal transection 

plasticity and remyelination (frequent relapses). Towards the end, they have less frequent inflammation 

(relapses), but axonal degeneration is chronic and very strong.  

 

 

 

 

 

 

 

Potential mechanisms leading to demyelination:   

- Macrophages and microglia cells 

phagocyte myelin  

- Cytotoxic T-cell attack myelin  

- B-cell produced antibodies against myelin  

- Pro-inflammatory cytokines of invading 

immune cells  

- NO, ROS lead to degradation of myelin 

  (Partially) demyelinated axons show: 

- decreased conduction velocity   

- spontaneous discharge (e.g. ectopic action 

potentials)   

- “cross talk” to other nerve fibers    

- increased mechanical sensitivity   

- decreased threshold temperature for 

conduction blockade 



Uhthoff’s Phenomenon: temporary (reversible) production or worsening of neurological symptoms in MS 

patients exposed to heat, such as that from a sauna, taking a hot bath, exercise, or a warm climate  

 Pseudo-relapse  

- Conduction of damaged (demyelinated) nerve fibers is reduced with increasing temperature 

- Helps to explain the fact that MS patients often avoid heat (worsening of symptoms) 

 

10.4.2 Neuronal degeneration 
 

Activated microglia, macrophages and cytotoxic T-cells (inflammatory response) are associated with 

neurodegeneration  Primary driving force of neurodegeneration is inflammation

1. Hypothesis:  Myelin sheet protect axons from attack from the immune system  axonal death is 

significantly lower in areas with remyelination compared to demyelinated areas 

2. Hypothesis: Dysfunction of oligodendrocytes is sufficient to trigger neurodegeneration (no trophic 

factors from the myelin) 

3. Hypothesis: Activated microglia and macrophages produce radicals  oxidative and nitric stress  

mitochondrial dysfunction 

 

10.5 Prognosis 
 

 

 

 

 

 

 

 

 

 

 

10.6 Symptoms 
 

Early symptoms:   

- optic neuritis, visual disturbances   

- paresthesia (prickling)  

- hypesthesia (reduced sensitivity to touch)  

- nystagmus 

 

 

 

Later symptoms: 

- paresis  

- spasticity  

- bladder dysfunctions   

- depressions 

- cerebellar symptoms 

 



Nervus opticus:  

- visus dysfunction 

 

 

Brainstem: 

- aphasia 

- swallow disorders  

- problems with breathing 

- double vision 

Cortex: 

- fatigue 

- cognitive disorders 

Cerebellum: 

- speech disorders 

- coordinative disorders 

- tremor, dizziness, imbalance 

Spinal cord: 

- sensory disorders 

- paresis 

- spastic symptoms 

- bladder/bowl/sexual dysfunctions

 

10.7 Diagnosis 
 

T1-weighted MRI (figure A):   

- Tissue pathologies appear as hypointense 

signals (black holes)   

- Acute black holes: marker of early diseases 

and correlate with cellular infiltration and 

focal edema. They often disappear again.   

- 30% of T1 black holes persist. Persisting black holes represent severely damaged areas with axonal 

loss. Hypointensity correlates with axonal density in this area.   

- Better correlation of T1 black holes with clinical outcome (compared to T2WI) 

T2-weighted MRI (figure B):  

- Classical methodology to detect WM-

lesions (hyperintense signal)   

- Low specificity to detect pathology of 

lesions   

 Demyelination vs. edema, axonal 

loss etc.   

 lesions stay the same over time   

- Low correlation of lesions with clinical 

course of disease (probably because of 

low specificity of T2WI to distinguish 

between demyelination, re-myelination, 

axonal loss etc.   

- FLAIR (fluid attenuation inversion 

recovery): suppress signal arising from CSF  

T1WI with gadolinium 

contrast   

 Marker of active 

lesions (contrast-

enhancing 

lesions)   

 Represent the 

inflammatory 

infiltrates through leaking BBB    

 Time-stamp for ongoing inflammatory 

activity   

 contrast uptake in first 4-6 weeks 

of developing lesion   

 mostly no contrast uptake after 

2- 3 month after lesion 

development 

 



Lumbar puncture 

- 80-90% of MS patients permanently show oligoclonal bands 

- Increased number of lymphocytes and monocytes in liquor 

(30-70% of MS patients) 

- IgG-Index (Liquor-IgG:Serum-IgG) increased in 85% of MS 

patients 

Evoked potentials 

- Investigation of specific functional systems 

o somatosensory evoked potentials (SEP)   

o visual evoked potentials (VEP)  

o motor (cortical) evoked potentials (MEP)   

- Acute phase of MS:   

o decrease of amplitude   

o increased latency 

 

10.8 Current treatments 
 

 

Current treatments focus exclusively on 

immunomodulation and immunosuppression. Relapses 

(acute inflammations) are weakened/inhibited or 

prevented. Current treatments are only targeting RRMS 

phase and to some degree SPMS. But they are not 

effective for PPMS (e.g. for processes like demyelination, 

axonal degeneration). 

 

10.8.1 Therapy of choice for acute relapses 
 

For acute relapses there will be used immunosuppression by Glucocorticosteroids: high-puls therapy for 3 

days (e.g. methylprednisone i.v. for several days). But there is no long-term therapy possible with 

glucocorticosteroids. 

Beneficial effects:   

- global immunosuppression: reduction of release of pro-inflammatory cytokines   

- sealing of blood-brain barrier, reduction of edema in CNS  

- Reduction of Gd-positive, active lesions   

- Reduction of tissue damage and even recovery of lesion size 

- Faster and more complete remission of symptoms after relapse 

Large side effects:   

- sleep disorders, gain of weight  

- psychological disorders (often depressions)  

- gastrointestinal inflammations  

- frequent infections, acne 

 



10.8.2 Therapy of choice to prevent relapses in active RRMS and SPMS 
 

To prevent relapses there is a use of immunomodulation by Interferon-beta (IFN-ß)   

- reduced number of relapses by approx. 30%  

- reduced Gd-positive lesions in T1 MRI by ca. 80%  

- Indications for reduced progression of the disease  

- Main effect by anti-inflammatory action, but also some pro-inflammatory actions  overall effect is 

beneficial in MS patients  

- IFN-β stimulates the release of cytokines IL-10 which inhibits T-cell proliferation in favour of regulatory 

T-cell proliferation  

- increased blood-brain barrier integrity   

- only little side effects  

 

10.8.3 Therapy of choice to prevent relapses in aggressive forms of RRMS 
 

Natalizumab (Tysabri)   

- Neutralizing antibodies against α4-integrin  

- Adhesion of immune cells to CAMs on endothelial  

 Cells is inhibited  reduced migration of immune cells across blood-brain-barrier (BBB)  

- Reduction of relapses (68%)  

- Reduction of Gd-positive lesions (92%)   

- Negative: Potential risk to develop Progressive Multifocal Leukencephalopathy (PML) 

o Sever inflammation and damage to white matter of brain by HPV virus  

o In normal humans, HPV is controlled by the immune system  

o During immunosuppression, HPV can lead to PML ( irreversible damage, death in in 30-

50% of cases) 

  



11. Neural stem cells 
 

New neurons are generated throughout life in distinct regions of the mammalian brain. This process, called 

adult neurogenesis, has been implicated in physiological brain function, and failing or altered neurogenesis has 

been associated with a number of neuropsychiatric diseases.  

Neuronal plasticity in the adult mammalian brain is experience-dependent.  

 

The mammalian brain retains the capacity to generate new 

neurons throughout life. Adult neural stem/progenitor cells 

(NSPCs) are responsible for the generation of new neurons and 

reside in two main locations in the adult brain: the 

subventricular zone (SVZ) and the hippocampal dentate gyrus 

(DG). 

Hippocampal astrocytes create a neurogenic niche 

Wnt signaling is important for stem cell activation and differentiation  Wnt can block hippocampal 

neurogenesis. DnWNT blocks hippocampal neurogenesis 

By the way, the generation of new neurons has also been observed in the hypothalamus. 

 Adult neurogenesis is an important player in brain homeostasis and disease (major depression and 

epilepsy) 

 

There are two cardinal features of NSPCs: Self-renewal and multipotency 

Upon activation by niche-derived and/or intrinsic signals, they undergo proliferation, which leads to the birth of 

new neurons. Newborn cells then undergo differentiation into neuronal cells before they mature and integrate 

into the pre-existing circuitries.  

In the DG newborn cells differentiate into excitatory granule 

cells (principal DG neurons). NSPCs in the SVZ generate 

restricted neural progenitor cells that migrate through a glial 

cell scaffold via the rostral migratory stream (RMS) towards 

the olfactory bulb, where newborn olfactory neurons mature 

and functionally integrate.  

 

11.1 Mechanisms of Adult Neurogenesis 
 

It can be observed that there are differences in the metabolism of neural stem cells and 

newborn cells. Levels of de novo lipogenesis regulate adult NSPC activity. Adult NSPCs 

have a lipogenic phenotype, so FASN activity is required for neurogenesis in vivo. 

 Adult NSCs require FASN dependent lipogenesis for proper proliferation. 

 De novo lipogenesis: 

o Glucose  fatty acid 

o In adipose tissue and hepatic tissue 

 

 

 

 



Spot14 

Spot 14 is a protein involved in the activity of FA-synthesizing enzymes, high expression in lipogenic tissue. 

Spot14 expression is therefore co-localized with neural stem cell markers (regulated with running and ageing). 

Cells labeled with Spot14 are a quiescent stem cell population. 

Spot14 controls NSC activity: 

 Viral overexpression in the dentate gyrus leads 

to low proliferating NSCs 

 Stem cells without Spot14 are highly 

proliferating 

 So, the lipid metabolism is a critical regulator of 

stem cell activity 

 Viral knockdown of Spot14 

 Lipid metabolism is a critical regulator of 

Neurogenesis 

 

 SVZ: FASN  Proliferation 

         β-actin  Differentiation 

 DG: FASN is required for Neurogenesis 

 

Neural Stem Cells possess a diffusion barrier during division   

- Lamin-dependent establishment of the barrier during metaphase ( for asymmetric division)  

Senescence factors should not diffuse to daughter cell  May alterations in the barrier contribute to 

the aging phenotype? Old NSCs show weakening of diffusion barrier!  Segregation of ubiquitinated 

proteins & miDNA 

- Barrier in aged NSCs (and progerin-overexpressing NSCs) is weakened potentially through elevated 

levels of SUN1 

- Ubiquitinated proteins and microDNA may be asymmetrically segregated during neural stem cell 

division 

- Lamin A mutant  dominant negative  weakens barrier 

How to show that “your” cell is a stem cell  

- cell division (BrdU/virus/endogenous markers, pH3, Ki67, PCNA)  

- isolate the cell (transgenic animal then FACS, stem cell culture, clonal assay)  

- lineage tracing (virus, Cre-transgenic mouse crossed with reporter mouse)  

- cell ablation (virus, TK-transgenic mouse crossed with Gancyclovir)  

- cell transplantation (transgenic animal then FACS, cell injection) 

 

How to visualize dividing cells (and their progeny)? 

- Endogenous markers (pH3, Ki67, mito4c, figures…)  are 

expressed at different developmental stages 

Ki67/pH3 are strongly expressed in M-phase  

- Thymidine analogues (BrdU)  integrate BrdU into 

dividing cells, Antibody recognizes BrdU later 

BrdU labels cells that can incorporate the nucleotides 

during S-phase  advantage: lineage tracing; follow 

maturation process of NSPCs 

- Fusion plasmids (e.g., tubulin, histones…) 



- Retroviruses  a dividing cell includes the retrovirus due to the fact that during cell division, the 

nucleus’ membrane is open (e.g. Moloney murine leukemia (MML) viruses) 

- Transgenic lineage tracers 

 

Transgenic fate tracing 

LoxP gets stopped if there is no Cre recombinase 

If LoxP get stopped, no LacZ. 

With a promotor  expression of LacZ 

Cre/LoxP  gezielte Entfernung von DNA Sequenzen 

Cre ist eine Rekombinase, welche die Spaltung und 

Neuverknüpfung and der Erkennungssequenz (loxP) 

katalyiert.  

DNA Sequenz entfernen  floxen = vor und hinter die 

zu entfernende Sequenz wird eine loxP site eingefügt 

 

11.2 Functional significance of adult neurogenesis 
 

Newborn neurons contribute to olfactory- and hippocampus-dependent learning and memory. Increased levels 

of neurogenesis correlate with improved performance in hippocampus-dependent learning and memory tasks 

(Morris water maze).  

Studies that use transgenesis- and virus-based strategies to deplete or enhance neurogenesis, have identified a 

role for hippocampal neurogenesis in spatial and object recognition memory, fear conditioning, synaptic 

plasticity and pattern separation (= process of transforming similar representations or experiences into distinct 

and non-overlapping neural representations).  

Adult neurogenesis: of mice and men 

- Current evidence suggests that neurogenesis in the SVZ/OB ceases during the early postnatal period, 

even though quiescent NSPCs may persist in the SVZ 

- It has recently been found that striatal interneurons are generated throughout life in the human 

striatum and that turnover of this neuronal subtype is affected in Huntington’s disease 

- Neurogenesis clearly persists in distinct areas of the adult human brain 

- Mice: running and enriched environment increases the number of new neurons in the hippocampus 

- Morris water maze: Outside of the pool are some orientation points, inside of the pool is milky water 

and a hidden platform 

o Before learning: long latency, long distance 

o After learning: short latency, short distance 

o Mice with enriched environment learn faster to find the platform  learning increases brain 

size 

o Chronical stress and depression leads to degeneration of the hippocampus (chronic 

antidepressant treatment in rats increases neurogenesis in the hippocampus!) 

- Object recognition is impaired with reduced neurogenesis  the dentate gyrus acts as a pattern 

separator  Mice with decreased neurogenesis are impaired  at spatial pattern separation 

 

 

  



Systemic regulation of adult neurogenesis 

The number of neurons born in the adult brain is dynamically regulated by a number of extrinsic environmental 

factors: 

- Positive regulators: physical activity, environmental enrichment, olfactory or hippocampus-dependent 

learning, which enhance NSPC proliferation and/or survival of new neurons 

- Negative regulators: stress, certain forms of inflammation, alcohol abuse and age, depression, 

mutation in R1819W (FASN) 

- Additional regulators: olfactory enrichment and/or deprivation 

 

 

11.3 Utilizing adult NSCs for neural repair 
 

Contribution of NSPCs for brain repair 

The idea is to boost NSPC proliferation and/or newborn cell migration towards lesioned tissue either following 

acute injury, such as stroke, or during chronic neurodegeneration (for example Parkinson’s disease). This may 

be achieved by through chemokine-directed migration.  

Alternative sources of NSPCs include cells generated in vivo by directed differentiation of NSPCs in glial cells, or 

by reprogramming of cells.  

This may hold therapeutic potential for the treatment of diseases of the central nervous system and may be 

useful to repair not only neuronal cell loss but also glial dysfunction (for example chronic demyelinating disease 

multiple sclerosis). 

 Directed differentiation of NSC derived cells was observed in oDTR mice 

 Programming hippocampal NSCs  into oligodendrocytes enhances remyelination 


