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NEUROSCIENCE – From Ion Channels to Cognition:

Part 1: From Ion Channels to behavior, HT2003

Course Curriculum

CELLULAR NEUROBIOLOGY, DEVELOPMENT OF THE NERVOUS SYSTEM

General Cell Biology

The composition of the cell membrane

The nucleus – DNA, RNA, transcription 

Mitochondria

Protein synthesis – ER, Golgi

The cytoskeleton including 

actin



intermediate filaments



microtubules

Neuron and Glia

Principal organization of the neuron and of different (main) types

Axonal transport, different types and mechanism of fast anterograde transport 

Schwann cells, oligodendrocytes: structure and function, role of myelin

Astrocytes: structure and main functions

Microglia: structure and main function

Ion Channels and Membrane Potentials


Ion channels and their gating


Selectivity filter


Mechanisms determining the direction of ion flux


Equilibrium potential of a given ion channel


Resting membrane potential – type of channels involved

Passive Membrane Properties and Action Potential


Time constant


Space constant


Temporal and spatial summations


Ionic mechanism of the action potential


Refractory period


Conduction velocity

Presynaptic and Postsynaptic Mechanisms

Synapses

Morphology and properties of the electrical synapse

Synapse morphology 

the two main types of central synapse



the neuromuscular junction



the ribbon synapse

Neurotransmitters and synaptic vesicles


SV and LDV, morphology and life cycle


Mechanisms for recycling of SVs

Main functions of the common small and large transmitters

Release mechanisms


Principle for transduction of electrical signal to release


The SNARE machinery, synaptotagmin


Effects of Tetanus and Botulinum toxins


The principle of quantal release


Frequency-dependent modulation of transmitter release 


Modulation of transmitter release via axo-axonic synapses

Ionotropic receptors


Organization and principal function


Specific functions of AMPA, NMDA and GABA receptor


(including ion permeability, voltage-dependence and reversal potential)

Metabotropic receptors


Organization and principal function


coupling to different transduction pathways

G-protein-coupled receptors - Intracellular signaling, second messengers


Principle of function of G-protein coupled receptors


Different transduction pathways (PKA, PKC, PKG…)


Phophorylation – dephosphorylation


Role of calcium

Integrative Properties of the Neuron


Different types of firing patterns of neurons
How can specific ion channels change the firing properties of neurons
Intrinsic membrane oscillations induced by e.g. NMDA


Dendritic propagation

Introduction to Neuroanatomy

    
What is neuroanatomy? What is functional neuroanatomy?

    
Where is the nervous system in the body?

    
Main divisions of the nervous system

    
Some principles of neuronal organisation

    
Orientation in the nervous system

    
Tissue compartments of the central nervous system – white and gray matter

    
Gross anatomy of the brain

    
Functional divisions of the cerebral cortex

    
Histology of the cerebral cortex

    
Gross anatomy of the spinal cord 

    
Cranial and spinal nerves

    
Main ascending and descending pathways

 

Development of the Nervous System 

Successive stages in the development of the neural tube

Inductive signals that control neural cell differentiation and pattering along the                                         

            dorsoventral axis

Molecular basis of neuronal and glial cell generation

Principles of neuronal migration in the cerebral cortex

Guidance cues for growth cones advancing to their synaptic targets

Interactions between motor neurons and skeletal muscle cells that organize 

            development of the neuromuscular junction

Elimination of polysynaptic innervation during development

Similarities and dissimilarities between development of central synapses and 


neuromuscular junctions

Activity-dependent refinement of synaptic connections during development

Regeneration and Degeneration in the Nervous system

Differences in regenerative capacities between the peripheral and central 


nervous system

Varieties of senile dementia afflicting the elderly

Structural and biochemical abnormalities of the brain in Alzheimer´s disease

Plasticity and Growth Factors

The neurotrophic hypothesis 
Discovery of nerve growth factor (NGF) 
Discovery of glial cell line-derived neurotrophic factor (GDNF) 
Neurotrophic factor families 
Neurotrophic factor receptors 
Overview of signaling mechanisms 
Biological activities of neurotrophic factors 
Modes of action of neurotrophic factors 
Neurotrophic factor knock-out mice
SENSORY SYSTEMS

Coding and Processing of Sensory Information


Classification of sensory systems, types of receptors




Transduction mechanisms 

Receptive fields

Adaptation

Central processing, convergence and divergence

Somatosensory System


Types of somatosensory receptors (touch, temperature, pain, proprioception)



Central pathways 




Touch, pressure -  dorsal column-medial lemniscal pathway



Pain, temperature - spinothalamic anterolateral tract  

Touch

Types of receptors, properties (superficial and deep, rapidly and slowly adapting)

Two-point discrimination 

Central pathways (body and face): primary neurons, spinal and trigeminal pathways, thalamic nuclei (VPL and VPM), somatosensory cortex 

Organization of somatosensory cortex

Cytoarchitechtonic regions  

Somatotopic organization

Smell

Receptor neurons – localization, structure, relation to mitral cells in olfactory bulb, n. olfactorius, glomeruli. 



Transduction mechanism - odorant receptors, cAMP activated channels, 

Central olfactory pathways - n. olfactorius, bulbus olfactorius, primary olfactory cortex, neocortex (frontal lobe), relation to thalamus 

Accessory olfactory system – pheromones, vomeronasal organ

Taste 

Receptor cells – localization, organization, taste buds, papillae, innervation (cranial nerves) 

Transduction mechanisms – direct effects on ion channels for salt and sour submodalies, indirect effects on ion channels via G-protein coupled receptors for sweet and bitter 

Central taste pathways - gustatory nucleus in medulla, VPM, primary taste cortex 

Hearing 


Sound – amplitude, frequency, human frequency range 


Outer ear – anatomy and function 


Middle ear – anatomy and function; the ossicles, sound wave transmission


Inner ear – anatomy and function; cochlea, organ of Corti, endolymph and perilymph, 

                        outer and inner hair cells, afferent and efferent innervation


Frequency analysis – place code


Transduction mechanism – K inflow through mechanosensitive channels, 

Central pathways - spiral ganglion, cochlear nucleus, superior olive, inferior colliculus, geniculate nucleus, primary auditory cortex tonotopic organization

Sound localization strategies (superior olive)

Organization of primary auditory cortex 

Vestibular System 


Otolith organs (utriculus and sacculus) – anatomy and function,   

sensing gravitational field and linear acceleration 


Semicircular canals – anatomy and function, 

sensing angular acceleration - head rotation  

The vestibular hair cells – structure and function, direction sensitivity, transduction mechanism

Central vestibular pathways - Scarpa’s ganglion, vestibular nucleus, VPM, somatosensory cortex 

The vestibular nucleus – role for eye movements and postural control 

Central vestibular reflexes - the vestibulo-ocular reflex (VOR), nystagmus 

Pain 

Basic concepts of pain, epidemiology

Overview of the nociceptive pathways and structures thought to be involved in 


pain

Peripheral mechanisms, inflammation, primary hyperalgesia, peripheral 


sensitisation

Spinal cord mechanisms, secondary hyperalgesia, central sensitisation, 


ascending pathways, brainstem, thalamus, cortical structures Descending modulating pathways

Structures thought to be important for the affective and evaluative dimensions 


of pain. 

Pain behaviour

Pain analysis: nociceptive pain, neuropathic pain, psychogenic pain, idiopathic 


pain including fibromyalgia

Chronic pain syndrome

Impact of genetic factors and of early painful experiences

Ways to measure pain

Animal models

Principles of pain treatment: drugs, afferent stimulation. Rehabilitation.

Visual System


Eye

    

The anatomy of the eye

    

The optics of the eye

    

The structure and function of the retina



Rods and cones    

Phototransduction

Central processing of visual information

    

Central visual pathways

    

The visual field and the receptive field

    

The topographic organisation of the visual cortex

    

Neuronal mechanisms of vision in LGN and cortex

    

The processing and analysis of various visual submodalities

    

Lessons from functional neuroimaging



Anatomy of the visual areas in cortex.

Retinotopic maps.

Retinal ganglion cell receptive fields

Simple & complex cells

Organization of visual cortex, input and output

Higher processing/perception

Dorsal & Ventral pathways

Typical cellular receptive fields in different higher-order visual areas

Color vision

Fundamental colors

Input to cortex of color information

Color processing areas in the cortex. 

Color blobs.

MOTOR SYSTEMS

Overview of the Motor Systems, Motor Centers, Motor Control Pathways

Planning, selection, initiation and regulation of motor programs – Major 


responsible CNS regions

Neuronal networks for motor coordination

Hierarchical organization of the motor control system

Motoneuron nuclei in the spinal cord

Descending motor control pathways:



Brainstem pathways



Corticospinal pathways

Muscle


Electrical and chemical events leading to muscle contraction. 

Response of muscle to motoneuronal discharge of different frequency 


(summation of tension, unfused and fused tetanus)

Motor unit (structure, three types of motor units, their contractile properties) The size principle and its mechanism.

How does CNS regulate the force generated by the muscle? 

Muscle Receptors 

Structure of the muscle spindle and the Golgi tendon organ, mechanisms of 


afferent activation 

Gamma-motoneurons, their function

The role of alpha-gamma co-activation for movement control

Spinal Reflexes


Definition of a spinal reflex.

Spinal reflexes initiated by stimulation of muscle receptors (stretch reflex and 

reflex from Golgi tendon organ) and skin receptors (flexion and crossed extension reflexes, “local” reflexes, scratching reflex), underlying neuronal networks 

Role of interneurons in motor coordination

1a interneurons, 1b interneurons, Renshaw cells.

Rhythmical Movements, Locomotor Control System

Different types of rhythmical movements – general organizational principles; 


central pattern generator (CPG)

The rhythmical motor pattern underlying stepping movements

Spinal neuronal network for locomotion

Importance of sensory feedback during locomotion

Initiation of locomotion; Mesencephalic locomotor region

Involvement of motor cortex in visually guided walking

Role of cerebellum and basal ganglia in locomotion

Postural Control

Operation of the postural control system: Stabilizing the vertical orientation of 


the human body in the sagittal plane. Role of different types of sensory 


information

Two principles of postural control: feedback (compensatory postural 


adjustments) and feed forward (anticipatory postural adjustments) 

Vestibular and neck reflexes

Role of different parts of the CNS in the control of posture

Cerebellum

Histological organization of the cerebellum: 

Cerebellar cortex, cellular organization of its layers, cell 

interactions, inputs to cortex 

Deep cerebellar nuclei. Interaction between cortex and deep nuclei Elementary cerebellar circuit module

Functional regions of cerebellum: vestibulo-cerebellum, spino-cerebellum and 


cerebro-cerebellum. Their inputs, outputs, functions

Role of cerebellum in motor learning, possible underlying mechanism

Basal Ganglia


Functional organization of the basal ganglia – input, output

Different neuron types of the basal ganglia



Medium spiny neurons of the striatum



Dopamine neurons of the substantia nigra

The direct and indirect pathways through the basal ganglia

Mechanisms for movement initiation and cessation

Selection of motor programs by the basal ganglia

Motor disorders involving the basal ganglia – hypo- and hyperkinesias



Parkinson, Huntington´s chorea

Cortical Control of Movement

Characteristics of movements controlled from the motor cortex

Cortical regions controlling movement



Primary motor cortex 

Premotor cortex

Supplementary motor area

Somatotopic organization – plasticity

Coding of movement force and direction by populations of cortical neurons

Motor execution

Fine motor control of the hand and fingers – importance of direct corticospinal 


pathway

Movement planning – external and internal cues

Selection of action – sensorimotor transformation

Control of Eye Movements

Types of eye movements and their purpose

Coding of eye position and velocity in ocular motoneurons

Central control of saccadic eye movements



Regions involved in cerebral cortex and brainstem



Sensorimotor integration in the superior colliculus



Initiation of saccades via the basal ganglia

Control of gaze: Eye-head coordination

HIGHER FUNCTIONS OF THE BRAIN, BEHAVIOR, NEURAL NETWORKS

Higher Functions of the Brain

Cognition 

The cognition concept

Localization of cognitive functions in the brain

Examples of specific dysfunctions after brain lesions

Learning and memory

Examples of declarative and implicit memory 

Major brain areas involved in learning and memory                     

Language                      

Characteristics of language and support for a genetic base of language

The role of Broca´s and Wernicke´s areas for production and 

understanding of language
Major aphasias and related cortical malfunctioning


Association Cortex, Parallel and Hierarchical Processing

Neuroinformatics
Computation by single neurons 
Neuron-to-neuron connectivity 
Parcellation of the cortex 
Organization of cortical memories 
Cortico-cortical connectivity 
Assembly-binding 
Attention mechanisms 
Instructural and functional individual variance 
Parallel processing 
Limitations of parallel processing
Cortex in action: many fields

Sleep, Wakefulness, EEG, Epilepsy


Circadian rhythms

Neural organization of the circadian clock (the role of the 

Suprachiasmatic nucleus of the Hypothalamus, neurological 

pathways, e.g. 
to the pineal gland & RAS).

Role of regulatory hormones (e.g. the CRF, ACTH, Cortisol system)

A main purpose of the circadian clock  


The electroencephalogram (EEG) 


Role of thalamo-cortical loops in producing the EEG pattern for sleep.


The phases of sleep – nREM- and REM-sleep

Role of cholineric nucleus in RAS and thalamic nucleus in arouse the person 


from sleep

Origin of epileptic seizures

Hypothalamus, Neuroendocrinology, Autonomic Nervous Control

Homeostasis 
Introduction into neuroendocrinology 
Historical perspectives of neuroendocrinology 
Neurosecretion and neurohormones 
Hypothalamus anatomy 
Posterior pituitary neurohormones 
Hypothalamic regulation of anterior pituitary hormones 
Hypothalamic control of circadian rhythms 
Hypothalamic control of food intake 
Sympathetic and parasympathetic nervous system

Neural Control of Emotions and Integrated Behavior
Hypothalamic control of basal functions and behaviour



Homeostatic control



Osmo- and blood-volume regulation



Temperature regulation


Expression of emotions – sham rage

Addictive states and reward

Communication through expression of emotions

Feelings and emotions



Arousal



Role of amygdala for expression of feelings and emotions



Cortical areas and emotion

A neural circuit for emotion

Cellular Mechanisms of Learning and Memory 

Implicit, explicit memory, classical conditioning 

Simple forms of learning in Aplysia: 


Habituation 


Sensitization 


Long-term storage of implicit memory (cAMP-PKA-MAPK-CREB 

pathway) 
Genetic analysis of implicit memory storage in Drosophila 
Long-term potentiation in the hippocampus and cerebral cortex: 

Associative LTP (structural correlates, induction) 

Nonassociative LTP (structural correlates, induction) 

LTD (structural correlates, induction) 
Molecular mechanisms underlying LTP and LTD 
Are LTP and LTD physiological correlates of memory in our brain or not? 
Brain plasticity and memory function

Computer Simulations of Models of Neurons and Networks


Purposes of computer simulations. Role of modeling in neuroscience.

Models of neurons
Description of the electrical properties of the neuron by an electrical equivalent  circuit:

Modeling the passive membrane properties with capacitance (battery) and resistance

Modeling the spatial extent of the dendritic tree as multiple isopotential compartments

Modeling ion channels with the Hodgkin-Huxley formalism based on gates that open and close

Modeling calcium as influx and outflux of a calcium concentration compartment



Models of networks

Principles of network connectivity: hard-wired, tuned by 


learning, topographic maps, labeled lines

Information coding by the neuron: number of spikes, spike rate, 

spike duration, bursts, population code, interval code, place code, feature code

Network models of different complexity

Realistic and abstract modeling


