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1. Motor cortex 

1.1 Cortical control of skilled movements 
Models in neuroscience 

- In vivo 

o In living organisms → animals or humans 

o Complexity of human motor system bigger 

than of a fly 

o The smaller the animal, the more invasive 

methods one can use 

o Mice/rats are often used when there have 

to be many participants 

- In vitro 

o Cells in a dish 

- In silico 

o Simulate cells or other things 

Repetition anatomy… 

- of the brain 

 

 

 

 

 

 

 

 

- of the corticospinal tract 

o Pyramidal tract 

o Originates in several parts of the brain 

▪ M1, PM, SMA, S1, parietal lobe, cingulate gyrus 

o Synapses onto other neurons at spinal level 

o Lateral corticospinal tract → 90% of fibres 

▪ Cross at level of medulla oblangata → 3% of fibres stay ipsilaterally 

o Anterior corticospinal tract → 10% of fibres 

▪ Stay ipsilaterally & decussate at spinal level 

▪ Mainly project onto nerves innervating neck, shoulder & trunk muscles 

- of the spinal cord 

o Pyramidal tracts 

▪ (1a) lateral corticospinal tract → control of voluntary movements of 

contralateral side 

▪ (1b) anterior corticospinal tract → ipsilateral movement control of axial 

muscles 

o Extrapyramidal tracts → involuntary movement control 

▪ (2a) rubrospinal tract → regulation of flexor tone 

▪ (2b) reticulospinal tract → coordination, locomotion, posture 

▪ (2c) vestibulospinal tract → balance 

 

Manual dexterity (skilfulness) across species 

- Monkeys have more skills with the hand than mice 

- Humans have even more skills 
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Motor pathways across species 

- Old world monkeys (Africa) evolved rather late compared to new 

world monkeys (South America) 

- Rodents don’t have a direct contact from descending tract to 

motoneuron → humans have thicker direct contacts to 

motoneuron than new world monkeys 

 

 

 

 

 

 

 

 

 

 

 

Motor Cortex layers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Corticomotoneural (CM) cells 

- Most descending tracts connect to spinal interneurons which, in turn, project onto α-motoneurons (MN) 

- Only CM cells have a direct excitatory connection from motor cortex to a α-MN 

- Location 

o Anterograde tracer → moves along the attended way of the neuron (along the axes) 

o Retrograde tracer → from end to beginning of the neuron (injected into muscle) 

▪ Rabies virus often used, moves trans-neuronally in a time-dependent fashion (3 days per synapse 

- Origin 

o Layer 3 & layer 5 are very important 

o Retrograde tracer used (monkey) 

o Second order cells in layer 5 

o the larger the dots, the smaller intensity which is 

needed to move 
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Old versus new M1 

- Old has only indirect contact to MN → it stimulates the interneuron, which then stimulates the MN 

- New has the newly evolved direct contact to the MN additionally to the contact with the IN 

Corticospinal tract & skilful movements 

- Rodents have no CM cells, new world monkeys have a few, old world monkeys many and humans even more 

- CM connections have emerged from rodents to primates, together with an increase in the size and number of CST 

fibres 

- Improvements of dexterity correlate with the development of CST → direct access to MN afforded by CM cells 

enables New M1 to bypass spinal cord mechanisms & sculpt novel patterns of motor output that are essential for 

highly skilled movements 

 

Mice with CM connections 

- Postnatal mice have direct connections MN and a lateral 

descending tract 

- In development a molecular machinery prunes the most primate-

like connections → in adults no CM connections 

- Knock-in mice which lack the molecular machinery → adults have 

CM connections 

- If there is a causality between CM connections & dexterity the 

knock-in mice should perform better, than the normal mice 

- Results 

o Knock-in mice were faster & better in food retrieving task than 

the normal mice 

- Skilful digit movements need CM system in the New M1 

o CM system provides capacity for fractionation of movements & 

control of small groups of muscles in a highly selective manner 

→ important feature of skilled voluntary movements in the acquisition of new motor skills 

 

2. TMS 

2.1 Basics 
History of transcranial stimulation of human motor cortex 

- Testing corticomotor system in humans with transcranial electrical stimulation (TES) 

o Electrode on brain → twitch of hand 

o Too painful for clinical or research applications → except under full anaesthesia in surgery 

- Testing human corticomotor system with transcranial magnetic stimulation (TMS) 

o First machine in 1910 → but a huge machine & you couldn’t stimulate a specific point 

o First clinical used device in 1985 

▪ Magnetic stimulating coil 

o When coil is placed on scalp, over appropriate region of motor cortex, movements of opposite 

hand or leg are easily obtained without distress or pain 

o Non-invasive 

o Introduction of TMS was remarkable because application in humans and patients preceded 

animal experiments investigating the underlying mechanisms 

 

2.1.1 Biophysical principle of transcranial magnetic stimulation (TMS) 
- Faraday’s law of electromagnetic induction 

o An alternating current in one conductor induces current in the opposite direction in a nearby 

other conductor 

- TMS uses electromagnetic induction to excite neurons 

- Time varying current in coil → coil serves as electromagnet driven by current 

- Generates time varying magnetic field perpendicular to coil 

- Induces electric field & drives current in brain in opposite direction compared to current in coil 
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- Stimulates neurons 

- Coil design & induced electrical field 

-  

 

 

 

 

 

 

 

 

 

 

How does TMS activate single axons? 

- TMS induces electrical current → neurons are stimulated electrically 

- Whether or not neural tissue is depolarized such that an action potential (AP) emerges depends mainly on gradient 

of induced electric field 

How does TMS activate the neocortex? 

- Much more complex spatial relationship between electric field & many different neurons of 

neocortex 

- Much has been learned when TMS was applied to the motor system because one can quantify 

its effect directly via so-called “Motor Evoked Potentials” 

o MEP size is a measure for corticomotor excitability 

 

2.1.2 Basic principles of Motor Evoked Potentials (MEP) 
Testing human corticomotor system with TMS 

- Recordings from electrodes implanted in cervical spinal cord to relief pain 

- Descending volleys → TMS vs. TES 

o MEPs are trans-synaptically evoked 

o TMS mainly i-waves, activity bursts that are separated by intervals of 

approx. 1.5 ms → MEP results from summation of these waves 

- Amplitude is a measure for the corticomotor excitability 

 

Neocortex models 

- It is not yet known what causes i-waves but there are several exploratory models 

- Canonical cortical circuit showing principles of organization of local circuits as proposed 

by Douglas et al. (1989) 

- This model includes superficial population of excitatory pyramidal neurons of layers 2 

and 3 (P2-P3), the large pyramidal tract neurons in layer 5 (P5) and the inhibitory GABA 

cells and the thalamocortical projections 

- Generation of d-wave 

o TES directly depolarizes the axons of CST in layer 5 → resulting exclusively in a 

d-wave 
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- Generation of i1-wave 

o Low intensity TMS (inducing PA current) evokes a wave produced by 

monosynaptic activation of P5 cells by the axons of superficial pyramidal neurons 

o Axons of P2+3 neurons are depolarized 

▪ Activate P5 neurons → i-wave 

▪ Activate inhibitory cells → stop P5 cells 

o This wave appears about 1.4ms after the d-wave and is termed i(indirect)-wave 

 

 

 

 

 

- Generation of later i-waves 

o Medium intensity TMS (inducing PA current) evokes a series of waves 

produced by monosynaptic activation of P5 cells 

o The interpeak interval of the waves is around 1.5ms, indicating a firing 

frequency of about 670Hz 

o According to the canonical circuit, the P5 cells have excitatory monosynaptic 

reciprocal connections with P2+3 pyramidal neurons and interneurons. These 

cells are activated after P5 discharge and will in turn reactivate P5 cells again 

▪ Stronger activation of excitatory circuit than of inhibitory circuit → 

generates more waves 

o Activation of GABA cells continuously decreases the number of activated cells 

& eventually stops the wave generation 

o GABA activity enhancement affects only late i-waves → later i-waves reduce 

in size and number 

 

 

- Generation of d- and i-waves 

o High intensity TMS also induces d-waves 

o Enhancement of P5 excitability (e.g. through voluntary contraction) increases 

size & number if i-waves 

 

 

 

 

 

Alternative model 

- Chain of excitatory neurons 

o Location/function of these cells not well defined but they might 

represent input from other areas e.g. premotor cortex 

o Inhibitory cells are not shown 

- Intrinsic properties of pyramidal cells in layer 5 

o I-waves emerge because excitatory and 

inhibitory post-synaptic potentials 

EPSPs and IPSPs) from L2/3 cells 

interact on the complex dendritic tree 

of the L5 cell 
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Stimulating the human motor cortex 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- Stronger stimulation evokes larger MEPs 

 

TES 
Transcranial Electric Stimulation 

TMS 
Transcranial Magnetic Stimulation 

Painful Little discomfort 

Activates directly pyramidal neurons of motor cortex in 
layer 5 

Activates pyramidal layer 5 neurons of motor cortex 
directly but also mostly trans-synaptically via interneurons 

in layer 2/3 

MEP results from d-waves MEP results mainly from i-waves 

Measures mainly conductivity of pyramidal cells in layer 5 
Measures state of layer 2/3 interneurons + conductivity of 

pyramidal cells in layer 5 
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Stimulation-response curve 

- SR curve can also be called input-output curve or recruitment curve 

 

 

 

 

 

 

 

 

 

 

 

 

Muscle pre-contraction increases MEPs 

- Muscle pre-contraction enhances spinal & cortical excitability & leads to 

higher MEPs 

- Contraction of other body parts also enhances spinal excitability & cortical 

excitability and thus leads to higher MEPs. However, depending on the site of 

the stimulated area and the contracted muscles, excitability can also be 

enhanced only in either cortical or subcortical sites 

 

2.2 Application 

2.2.1 Saftey consideration 
TMS is a non-invasive & usually safe method → few potential risks 

- Epilepsy 

o Participants with history of epilepsy or closely related o epilepsy patients should not be included 

- Interaction with magnetic materials 

o Metal implants could heat up or move under the influence of TMS 

o Participants with such implants close to coil position must be excluded 

▪ Generally, for cortical TMS, no implants in the head or neck → dental braces & tooth fillings are 

allowed 

- Disturbance of electronic devices 

o Participants with implanted devises such as pacemakers, defibrillators, cochlear implants or medial pumps 

must be excluded 

- Additional (unknown) risks 

o Pregnancy, brain injuries, medications 

- TMS produces a loud noise, which could potentially damage the ear → participants must therefore war earplugs if 

stimulation intensities above 80% MSO are applied 

- In general, higher intensities, higher frequencies & longer durations of stimulation carry higher risks 

TMS protocols 

- Single pulse TMS 

o Pulses are separated by several seconds → 4-5s between two pulses 

o Safest protocol 

- Double pulse TMS 

o A pair of pulses in close succession (<1s) followed by a break of 4-5s 

- Repetitive TMS 

o Groups of pulses administered with high frequencies (up to 50Hz) 

o Higher risk of provoking epileptic seizure 

Tolerability & side effects of TMS 

- Study in almost 400 children 

o 118 typical development, 101 with stroke / cerebral palsy, 165 others 

- Results 

o <1% dropouts 
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o No seizures despite some of the participants having brain injuries and / or epilepsy 

o TMS-related headache more common n stroke/CP (40%) compared to control (13%) 

▪ Headache was in all cases mild and self-limiting 

- Overall, TMS is very well tolerated 

o 1 = tolerable, 8 = absolutely 

intolerable 

o Star is the mean 

o Balken is the range 

 

 

 

 

 

2.2.2 Methodological considerations 
Conducting a TMS experiment 

- Safety screen → fill out a form with questions 

- EMG electrode placement 

- Finding the right spot to stimulate 

o Hotspotting 

- Determining the correct intensity 

o Problem → many factors influence the actual strength of electrical field 

- Collecting Data 

o Mind the variability of outcome measure 

 

Hotspotting 

- Place coil roughly on the right spot 

o Start at Vertex 

o Slide down to roughly right spot 

- Start stimulating (~45% MSO) 

- Increase intensity until you see an MEP 

- Move coil around until you find the spot with the 

highest & most consistent MEPs 

- Mark spot with sticky note or a reflective marker 

- Alternatively: Swim cap method 

Determining the correct intensity 

o Intensities are given as %MSO 

o Field strengths and effect on corticomotor pathways depend on 

▪ Device, coil, anatomy 

o Big problem for comparability 

Stimulation intensity 

- Reference intensity to evoke defined effect on the corticomotor pathway 

- Resting motor threshold (rMT) 

o Lowest intensity to evoke MEPs of at least 0.05mV in at least 5 out of 10 trials in a relaxed muscle 

- Active motor threshold (aMT) 

o Lowest intensity to evoke MEPs of at least 0.2mV in at least 5 out of 

10 trials in a pre-contracted muscle (10-20% of max. contraction) 

- Inter-subject variability of thresholds depends on coil-to-cortex distance & 

cortical thickness of the hand area in M1 

- S50 

o Intensity needed to evoke MEPs half the size of MEPmax 

- 1mV 

o Intensity needed to evoke MEPs with an amplitude of 1mV 
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Variability of MEP parameters 

- Amplitude 

- Area under the curve (AUC) → integrate curve 

- Root mean square (RMS) → calculate square form every point of curve, take root out of the mean 

- MEPs will look similar, but vary 

- We don’t usually interpret absolute values but compare differences between experimental conditions 

- Run experiment in different conditions → 15-20 MEPs per experimental condition 

- The bigger the mean MEP amplitude (or AUC or RMS), the higher the corticomotor excitability 

Changes in corticomotor excitability 

- Cortical versus subcortical sites 

o Research question → does muscle vibration of 3s increase cortical excitability 

o The vibration affects responses to TMS, bot not to TES 

o Under the assumption that the D/I wave hypothesis is correct, the effect is only present if the 

measurement includes cortical interneurons 

o The vibration does not affect spinal or muscular factors → because there is no effect when measured with 

TES) 

o But it affects cortical excitability (significant effect with TMS) 

- TES is painful & therefore it is used very sparsely → nowadays it is suggested that most TMS effects AT REST are of 

cortical origin. However, we still don’t speak about cortical excitability, but about corticomotor excitability, 

acknowledging that the whole pathway is tested 

- Control for changes in the neuromuscular junction/muscle 

o M-wave 

▪ 2 electrodes above nerve that you stimulate 

▪ If m-wave is constant between different conditions, but 

MEP isn’t → change doesn’t come from any changes in 

neuromuscular junction or muscle → you can exclude 

most peripheral position of pathway 

- Control for changes of spinal excitability 

o F-wave 

▪ Increase intensity of electrodes above nerve → activation 

also to spinal cord (retrograde) → activate motoneuron 

→ back to hand 

▪ F-wave is after M-wave 

▪ Same intensity → M-wave is always the same → F-waves vary, sometimes don’t even occur 

▪ If you alter conditions, you can compare how many F-waves there were (eg. 70% and 20%) 

▪ More F-waves → increased spinal 

excitability 

▪ Less F-waves → decreased spinal 

excitability 

o H-reflex 

▪ Sensory neuron & motor neuron are 

usually bundled up → both are 

depolarized 

▪ Sensory neuron is anterograde to spinal 

cord 

▪ Sensory neurons are connected to interneurons 

& to motor neurons in spinal cord → activate 

motoneuron 

▪ Monosynaptic reflex 
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2.2.3 Single pulse & double pulse protocols 

Single pulse TMS 

- Single pulse TMS can measure 

o “Hidden” activity in the primary motor cortex 

o Integrity of corticospinal tract (CST) 

o Changes of corticomotor excitability due to interventions 

 

“Hidden” M1 activity: motor imagery 

- 3 tasks → Rest, Motor imagery, active 

- Participants must move their thumb (or imagine) in a rhythm, which is indicated 

by a “beep” 

- TMS over contralateral M1 at 130% rMT 

- EMG on ADP and ADM 

- Hypothesis: 

Motor imagery resembles movement execution regarding the 

temporal movement pattern and the muscles involved 

- On = on the beep, when in active the muscle would be activated 

- Off = off the beep, when in active muscle isn’t activated 

- Motor imagery increases corticomotor excitability in a muscle specific 

manner → we know it is specific, because the amplitude of the 

middle finger doesn’t change significantly 

 

 

 

 

 

 

 

 

 

 

 

 

 

CST integrity 

- MEPs are a good biomarker to predict upper limb recovery after stroke 

o CST is crucial for manual dexterity 

o TMS can be used to probe CST integrity shortly after stroke 

o MEP presence reveals (partial) remaining CST integrity before voluntary movements can be executed again 

- The PREP algorithm increases correct recovery prediction 

- Correct predictions accelerate recovery 

 

Paired pulse protocols 

- Double pulse TMS protocols can be used to probe different interactions of 

inhibitory & excitatory networks 

o Intra-cortical interactions → inside same hemisphere 

o Inter-cortical interactions → interactions between hemispheres 

o PNS-CNS interactions 

o CS PN → layer 5 neurons 

o CC → corpus collosum (divides two hemispheres) 

o Cells above CS PN are interneurons 

o Two different types of inhibitory neurons → GABAA & GABAB 

▪ GABAB is pre- & post-synaptic 

o Two different types of excitatory neurons → Non-NMDA & NMDA 
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Intracortical inhibition  

- Short intracortical inhibition (SICI) 

o Rapid (2-5ms) GABAA-mediated post-synaptic hyperpolarization of excitatory 

neurons 

o Activate GABAA interneurons → inhibit excitatory neurons post-synaptically 

→ first pulse activates only inhibitory neurons → second pulse can’t 

depolarize excitatory neurons, because they are hyperpolarized 

o 1. Pulse only activates inhibitory neurons → below resting threshold (sub 

threshold) 

o 2. Pulse supra threshold (above threshold) → smaller MEP, than without 1. 

Pulse 

o Decreases with age 

- Long intracortical inhibition (LICI)  

o Slow (50-500ms) pre- & post-synaptic GABAB-mediated hyperpolarization 

o 2 MEPs 

o Second MEP is much smaller than first → due to GABAB-mediated 

hyperpolarization of excitatory interneurons 

- Contralateral silent period (cSP) 

o GABAB-mediated intracortical inhibition  

o Muscle is preactivated 

o After first MEP, involuntary pause in muscle 

activity → silent period 

o Activates excitatroy & GABAB interneurons 

o GABAB-mediated interneurons will inhibit any 

activity for about 100-200ms 

 

 

 

 

Intracortical facilitation 

- Intracortical facilitation (ICF)  

o Mediated by glutamatergic NMDA-receptor activity 

o First pulse enlists no MEP → subthreshold 

o Wait right amount of time → MEP is bigger than normal 

 

 

 

 

 

 

Interhemispheric inhibition  

- Long interhemispheric inhibition (LIHI) 

o GABAB-mediated and also sensitive to changes in 

GABAA levels 

o Decrease of MEP amplitude → decrease of 

excitability 

- Short interhemispheric inhibition (SIHI) 

o Not fully understood 

- Ipsilateral silent period (iSP)  

o GABAB-mediated interhemispheric inhibition 

o Muscle is preactivated 
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PNS – CNS interaction  

- Sensory input can inhibit motor output via inhibitory pathways between primary 

(S1) or secondary (S2) somatosensory cortex and M1 

- Short afferent inhibition (SAI) 

o Stimulate nerve at wrist → activate also sensory fibres → to sensory 

cortex → has connections to motor cortex → influences motor cortex 

o 20ms to sensory cortex + 2ms to motor cortex → 21-25ms 

 

3. fMRI 

3.1 Basics of Magnetic Resonance Imaging (MRI) 
- MRI studies brain anatomy 

- Functional MRI studies brain function 

The beginnings of Magnetic Resonance Imaging 

- Felix Bloch & Edward Purcell 

- Originally was called Nuclear Magnetic Resonance (NMR) 

- Basic phenomenon: atomic nuclei absorb and re-emit radio frequency energy 

o Nuclear → properties of nuclei of atoms 

o Magnetic → magnetic field required 

o Resonance → interaction between magnetic field and radio frequency 

- Later name changed to Magnetic Resonance Imaging → MRI 

The MRI scanner 

- The magnet 

o Is VERY strong → strong enough to lift up a double 

decker bus 

o Most MRI scanners use a 3 Tesla magnet corresponding 

to 60’000 x Earth’s magnetic field 

o Magnet produces the main field = B0 → continuously 

present 

MRI signal comes from hydrogen protons 

- The hydrogen atom 

o High gyromagnetic ratio 

o Abundance of hydrogen in body 

o Presence in nearly every organ in the body 

- Protons have 

o A mass 

o Positive charge 

o Spin 

- Since protons spin at a very high frequency, they produce a small (but measurable) magnetic field 

- We have lots of H+ in our body particularly in water and fat 

- Normally protons are not aligned 

- When they are surrounded by a big magnet, they become aligned with the B0 field → most parallel, some 

antiparallel 

o Don’t perfectly align because of thermal energy → precess around the field / wobble around like a Kreisel 

- Precessing proton induces a measurable magnetic field → measurable magnetic signal 

- The Larmor frequency 

o Protons precess a t the Larmor frequency 

▪ Gyro magnetic ratio x magnetic field strength 

o Gyro magnetic ratio a constant that is different for each type of proton 

▪ Hydrogen = 42.57 MHz/Tesla 

o The faster proton precess, the stronger the voltage that we can measure 

o If precessing field changes, so does the signal amplitude that we can pick up with the MRI 

o The stronger the magnetic field, the faster is the precessing frequency = Larmor frequency 
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- The atom can be described with two vectors 

o Z direction and Y direction 

o Have a direction & force magnitude 

o Z axis always points along direction of main 

magnetic field B0 

Net magnetization inside B0 field 

- Z-component 

- Transverse component → sum is always zero 

- So net magnetization inside field, just has a arrow in z 

direction 

Magnetic resonance 

- Process during which energy is exchanged between protons 

and a radiofrequency pulse 

- 1st phase – Excitation 

o Protons absorb energy, causing them to flip over into transverse plane 

o Shoot in (apply energy) a Radio frequency at Larmor frequency (at which proton is precessing) → flips over 

and starts precessing at transversal plane 

o Protons absorb energy → B0 alignment is perturbed but phase synchronizes → net magnetization is 

maximal in xy plane 

o Arrow is no longer in z direction, but in y direction (perpendicular to B0) 

- 2nd phase – Relaxation 

o Protons re-emit energy, and they return to their original alignment (with B0 field) 

o B0 alignment restores, and phase desynchronises 

o Head coil measures radio waves emitted by protons that gradually return to original configuration within 

B0 

2 main sources of contrast in MRI 

- Transversal relaxation (along xy component) is different for different 

tissue types → T2 weighting 

o Each tissue has its own “T2” – the point where 63% of the 

magnetization in Mxy has decayed 

o After the radiofrequency pulse, the speed with which the protons 

dephase depends on the type of tissue 

o Key to differentiating between tissues using T2-weighted MRI is 

how long you wait to detect the signal after the spins have 

been knocked out of alignment with the field (i.e., after the 

radiofrequency pulse) 

o The time at which you choose to detect your signal is called the 

echo time (TE; chosen by the MRI technician → chosen so you 

have the highest contrast between the different tissues) 

o T2 is unique to every tissue 

o Time constant T2 is defined as the point where 63% of 

magnetization in xy has decayed 

o Water is very bright 

 

- Longitudinal relaxation (along z component) is different for different tissue types → T1 weighting 

o Each tissue has its own “T1” – the point where 63% of the 

magnetization M has recovered alignment with B0 

o After the radiofrequency pulse, the speed with which the 

protons realign with B0 depends on the type of tissue 

o Key to differentiating between T1-weighted MRI is how long 

you wait to detect the signal after the spins have been 

knocked out of alignment with the field (i.e. after the 

radiofrequency pulse) 
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o The time the scanner waits in between excitations (repetition 

time; TR, chosen by the MRI technician) determines how much 

signal each tissue will deliver after giving a radiofrequency 

pulse. 

o T1 is unique to every tissue 

o Time constant T1 is defined as the point where 63% of the 

magnetization Mz has recovered alignment with B0 

o Slow recovery in CsF and quick in white matter 

 

How to set your TE and TR to acquire T1 versus T2 weighted images 

- For each image we must set our TR and our TE 

- Our TR will determine how much signal each tissue will deliver immediately after delivering a radiofrequency pulse 

- In the transversal magnetization, the tissue starts off at the post longitudinal relaxation signal strength and then 

decay with T2 rate 

- T2-weighting 

o Long TR much beyond our tissues T1 

o Our TE is chosen based on our tissues T2 

- T1-weighting 

o Our TR is chosen based on our tissues T1 

o Our TE is very short 

 

 

 

 

 

 

 

 

 

 

Magnetic gradients are used to encode space 

- Using different gradient coils 

- Gradients are used along all three dimensions 

- Main magnet provides strong homogenic magnetic field 

- Gradient coils alter the magnetic fields slightly in x,y and z directions → allows us 

to localise the radio frequencies that are emitted by the protons 

- Gradient coils are not always on and are very loud 

- What does it mean for the Larmor frequency that you have differences in field 

strength at top versus at bottom of the brain?  

o The Larmor frequency in the red slice can be 

calculated by 3.1T x 42.57 MHz/Tesla (that is the 

gyro magnetic ratio for Hydrogen) 

o The Larmor frequency in the yellow slice can be 

calculated by multiplying the static magnetic field of 

the scanner with 42.57 MHz/Tesla (that is the gyro 

magnetic ratio for Hydrogen) 

o The Larmor frequency is higher in the red slice 

compared to the yellow slice 

o The Larmor frequency is smaller in the yellow slice 

compared to any slice above it 

- The gradient is used to encode different slices, much cleverer tricks are used to encode space within each slice and a 

ton of math is necessary to reconstruct an image from this information 

MRI terminology 

- Measure different number of slices → give us a 3D image 

- 1mm thickness → Voxel (pixel) 1mm x 1mm x 1mm 
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3.2 MRI safety 
- Radio frequency pulses are not dangerous 

- Magnetic field is also not dangerous when the correct precautions are taken → most scanners use a field < 4.5T 

- People with (magnetic) implants must not enter the MR environment 

- Metal objects must not be brought into the MR environment 

Metal objects 

- Fly around in the scanner → don’t get stuck on scanner 

- Take a fire extinguisher with a MR safe sticker on it 

- MRI safety course 

- Difficult to impossible to get big metal objects out of the scanner while its on 

(which it is always) → there is a big force 

Accident 

- A six-year-old boy undergoing an MRI (Magnetic Resonance Imaging) scan was killed by a ferromagnetic oxygen tank 

that was pulled into the MR scanner. Although MRI can provide important diagnostic information, medical 

practitioners and patients should be aware that there are several hazards associated with MRI. 

 

3.3 Measuring brain activity using functional MRI (fMRI) 
- Gold standard for measuring brain function 

o Single cell recording → measure neuronal activity directly 

o Very invasive, you have to open up the skull to put an electrode into neuron 

- fMRI measures neuronal activity indirectly via hemodynamic changes 

- Haemoglobin changes its magnetic properties when it is not loaded with oxygen 

o Oxy-haemoglobin is diamagnetic → no influence on local magnetic field 

o Deoxy-haemoglobin is paramagnetic → induces a small change of the local magnetic field → measurable 

T2 and T2* relaxation 

- T2 = true T2 caused by atomic interactions 

- T2* = observed T2, reflecting true T2 and magnetic field inhomogeneities → caused by i.e. deoxy-haemoglobin 

- More inhomogeneities → more dephasing 

- Task  

o relatively more oxy-haemoglobin 

o less field inhomogeneity 

o slower T2* contrast decay 

o stronger signal 

- Control  

o relatively more deoxy-haemoglobin 

o more field inhomogeneity 

o faster T2* contrast decay 

o weaker signal 

 

fMRI measures the Blood Oxygen Level Dependent (BOLD) signal 

- Resting neuron has basic metabolism, where it takes up oxygen and glucose 

- Active neuron has increased AP firing 

- Increase of de-oxy Hb → ratio of de-oxy Hb to oxy Hb goes up → BOLD signal goes down 

- Neuron sends signal that blood brings more oxy Hb → blood vessel widens and BOLD signal increases 

- First increase of ratio and BOLD signal down 

- After some time, blood vessels widen 

decrease of ratio and BOLD signal up 
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What is reflected by the BOLD response?  

 

 

Neurovascular coupling is not completely understood 

 

 

 

 

 

Post-synaptic potentials and action potentials 

- The input to a neuron (post-synaptic potentials) increase (excitatory PSPs) or decrease (inhibitory PSPs) the 

membrane voltage 

- If the summed PSPs at the axon hillock push the voltage above the threshold, the neuron will fire an action potential 

- Action Potentials (AP) 

o Filter out low frequencies 

o Output 

- Local Field Potentials (LFP) 

o Filter out high frequencies 

o Input 

How does BOLD relate to neuronal activity?  

- To answer, combine BOLD fMRI and electrophysiological recordings in same 

experiment 

- BOLD 

- Local Field Potentials (LFP) 

o Reflect post-synaptic potentials – input to a neuron 

- Multi-Unit Activity (MUA) 

o Reflects action potentials (spiking activity) – output of 

a neuron 

- Results 

o BOLD signal seems to be more strongly related to 

LFPs than to spiking activity (MUA) 

o BOLD my primarily reflect the input to a neuronal 

population as well as intrinsic processing 

 

Are similar effects found in humans? 

- Spiking activity of neurons in auditory cortex is measured in 2 

epilepsy patients with implanted electrodes in response to a 

movie 

- The fMRI BOLD signal is measured in 11 healthy volunteers 

who watch the same movie 

- Can the BOLD activity of healthy controls be predicted based on the spiking activity measured in the patients? 

- Primary auditory cortex 

o In temporal lobe 

o Organisation is tonotopic (to frequencies) 

o EE neurons → are excited by both ears 

o EI neurons → are excited by one ear and inhibited by the other 

- Spiking activity in patients 

o If spiking activity from patient 1 (measured during watching a movie) is taken to predict the BOLD signal in 

healthy controls (who watch the same movie), where in the brain do you find the best agreement? 

o Auditory cortex lit up 

- Correlation between predicted and measured BOLD response 

o Spiking activity measured from implanted electrodes in auditory cortex in response to a movie, predicts the 

BOLD signal measured in auditory cortex of healthy controls reasonably well 

➔ The BOLD response that is measured with fMRI is a good indicator of neural activity in the human brain 
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Drawing inference from basic fMRI experiments 

- the BOLD signal is a relative measurement → most basic design contains at least two conditions 

o baseline → rest 

o task → listen to sound 

- subtraction logic for fMRI experiments 

 

 

 

 

 

 

 

 

 

 

- Statistical parametric maps 

o Look at different voxels, because probably you measure 

signals from the whole brain 

o Colour the parts, where the difference is significant 

o Colour gradient → ret to yellow 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4 fMRI to study brain activity 
Lesions in both the dorsal ("where") and ventral ("what") stream result in 

characteristic symptoms.  

- Patients with a lesioned ventral path have trouble to consciously 

perceive objects. 

- Patients with a lesioned dorsal path have trouble to perform targeted 

reaching and grasping movements. 

Exploring the dorsal and ventral stream with fMRI 

- Study by Thomas W. James et al. 

- Patient who has a lesion in ventral stream → can’t 

perceive the object but still put it somewhere 

- Subjects were in an MRI scanner & saw either 

intact objects or pictures of scrambled objects 

- Comparison for intact object > scrambled objects, 

in healthy participants 

- Conclusion 

o Areas of ventral visual stream (more 

specifically the lateral-occipital complex), 

are activated when objects are presented 

and perceived as entities 
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- Grasping + reaching > rest activates many areas in the visual cortex 

and parietal cortex (including AIP) as well as dorsal and ventral 

premotor areas 

- The same overall pattern of dorsal visual stream activity was found in 

patient DF → this is consistent with the observation that DF can move 

to and grasp objects → has good sensorimotor function 

 

 

 

 

 

 

4. Sensorimotor plasticity 

4.1 The somatosensory system 
- Touch 

o Conveyed by sensors in skin 

→ mechanoreceptors 

- Proprioception 

o Tells us where our body is 

- One cell in S1 is specific to one 

receptive field on skin 

- Receptive fields 

o A somatosensory region of skin within which a tactile stimulus evokes a 

sensory response in cell or its axon 

o Skin areas are innervated by smaller receptive fields have higher spatial 

acuity/sensitivity 

- Penfield’s somatosensory homunculus 

- Cortical magnification 

o Disproportional body representations 

o The size of each body part’s representation is thought to be relative to the 

density of tactile receptors in the skin of that body part. 

o Cortically magnified representations within S1 link with the functionality of that 

body part in terms of everyday use. 

o The cortical homunculus looks different for different species 

- A fine balance between representational selectivity to specific body parts and 

representational overlap 

 

 

 

 

 

 

 

- Drawing a distinction between primary motor and primary somatosensory cortex is hard 

o S1 and M1 share an abundance of reciprocal connections 

o S1 and M1 share an abundance of processing outputs 

o S1 and M1 are both involved in fine motor-control 

o Many contemporary techniques for studying brain organisation in humans cannot accurately delineate S1 

from M1 spatially 

➔ We therefore often refer to sensorimotor cortex 
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4.2 How are sensorimotor maps formed? 
- Daily sensory experience shapes receptive field size in non-human primates 

o Monkey touched a rotating disk to get rewards 

o After training the receptive fields are smaller and there are more 

- Daily sensory experience shapes S1 somatotopy in non-human primates 

o After stimulation of trained fingertip, the region in S1 got larger → dramatically increased 

➔ Can we find similar effects in humans? 

- Daily hand usage shapes our sensorimotor cortex 

o Evidence from smartphone users and EEG 

o Smartphone vs. Nokia 

o Thumb is very important for Smartphone 

o Smartphone users use the smartphone more often 

than the nokia users the nokia 

o EEG   

▪ can register electrical activity when the brain 

produces action potentials,  

▪ Cap on the head with many different electrodes 

▪ Very good temporal resolution (time) 

▪ Spatial resolution is in cm → not so good 

o How is strong is the cortical response / what influences the 

cortical response the most) 

▪ Looked mostly at the thumb 

▪ How many hours you use it predicts how much the cortical 

response enhances 

- Daily hand usage shapes our sensorimotor cortex 

o Evidence from cybergloves and fMRI 

o Cybergloves have electrodes & record activity of fingers 

o Subjects do daily tasks 

o Representational similarity analysis 

o This specific voxel (in M1, pink) correlates the best 

with the little finger, you can see that in the 

activation diagram (pink) → the little finger is most 

active  

o How much are the index and middle finger 

overlapping? 

▪ Calculate correlation 

▪ Neighbour fingers are 

more overlapping 

than non-neighbour 

▪ Index and thumb have 

a lower overlap because we can use them more 

independently 

▪ Ringfinger and littlefinger have more overlap, 

because we can move them less independently 

▪ In diagram the distance represents the overlap → the closer they are together the 

more overlap they have 

▪ Can do the same with the cybergloves 
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o Combine cybergoves and fMRI 

▪ Much correlation → daily hand usage shapes our sensorimotor cortex 

 

 

 

 

 

 

 

 

 

 

 

4.3 Sensorimotor plasticity 
- What happens after extreme changes in sensorimotor processing 

o Through arm amputation 

o Through tetraplegic spinal cord injury 

- Massive cortical reorganisation after amputation and spinal 

cord injury in non-human primates 

o When hand is amputated the missing hand cortex 

becomes responsive the chin 

o Hand area becomes the lower part of chin 

- Cortical reorganisation in congenital no-handers 

o Born without hands → overuse the feet 

o Foot artists have somatotopic toe maps → controls don’t have them 

▪ Like hand map 

- Cortical reorganisation in congenital one-handers 

o Overuse residual arm, lips, feet, intact hand 

o What movement activates the missing hand 

area? 

- Cortical reorganisation in humans who suffered arm 

amputation 

o When controls move their lips, it is normally 

below the hand area 

o When amputees move their lips, they saw a 

slight shift towards the hand area 

o Any shifts of the lip area are minimal when they 

lost their arm as adults 

o Amputees who lost their arm in adulthood don’t 

overuse their lips that much → overuse their 

intact hand 

- Cortical reorganisation in humans who suffered a spinal cord injury in adulthood 

o A shifted TMS hotspot map 
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4.4 Persistent organisation 
- What does reorganisation mean for the original function representation in the 

“free-up” cortex? 

- Maintained whole hand representations in amputees were related to abnormal 

activity 

o The activity in phantom hand area isn’t different than the activity of 

controls 

o The more activity you have in phantom hand area, the more phantom pain 

you have 

- Somatotopic selective maps in able-bodied controls 

o Amputees’ missing hand representation is preserved 

even decades after arm amputation 

o Even in spinal cord injuries the somatotopic 

representation is preserved 

- Cervical spinal cord injuries (SCI) patients 

o S1 finger somatotopy is preserved after tetraplegia but 

deteriorates over time 

o When the SCI happened recently, the overlap is still 

similar to controls → changes over time 

 

 

 

 

 

 

 

 

 

- Efference copies 

o Why we may observe these maps in the absence of somatosensory input 

o M1 sends efference copy to S1 even if there is a SCI 

- Taking advantage of preserved representations to restore hand function in a tetraplegic patient 

o Connect finger area in brain with an electric arm 

o Touch the electric arm → he feels a sensation that comes from his own arm 

o He can tell with absolute precision which finger they are touching 

- How to ally the evidence of reorganisation with these findings of preserved organisation? 

o Reorganisation in monkey but still persistent organisation → can they co-occur 

- Face afferents from the brainstems trigeminal (face) nucleus sprout and grow into the cuneate (hand) nucleus in 

adult monkeys after spinal cord lesions or arm amputations 

o Only in ipsilateral cuneate nucleus → which would be responsible for the missing hand 

- Reorganisation observed in S1 following spinal cord injury is caused by brainstem reorganisation 

o Deactivated cuneate nucleus 

o They no longer saw any face thing in the hand area → reorganisation wasn’t there 
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- Reorganisation vs. persistent representation 

o Stimulus from hand can’t reach brain stem & S1 hand area 

o Reorganisation, that hand area becomes face area too 

o S1 could represent reorganisation that happens on brainstem 

level and not necessarily represent changes that happen in S1 

itself 

o Persistent representation could still be intact in S1 because of 

the interaction between M1 and S1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Motor control 

5.1 The (generalized) Motor Program 
Models in Neuroscience 

- Control principles could theoretically be transferred to machines 

- Sensorimotor control is a challenging problem 

How does “kicking a football” work? 

- Generalized Motor Program (GMP) 

o The generalized motor program defines a structure=set of rules 

how sensory information needs to be processed and muscles 

need to be coordinated to generate responses within a 

movement class (e.g., kicking a football) 

o The structure specifies some invariant features such as the 

▪ sequencing of submovements → bring back leg, then extend it forward 

▪ relative timing → backward little bit slower, forward fast 

▪ relative forces 

o To perform a movement, parameters such as 

▪ overall movement duration, 

▪ overall force of contractions and 

▪ the muscles involved are specified to the motor program. 

▪ The parameters allow us to adjust a movement to the surroundings and to what we want 

 

5.2 The Bernstein Problem 
History 

- Nikolai Bernstein (24 October 1896 – 16 January 1966) was one of the pioneers in the field of motor control and 

motor learning. 

- Bernstein also coined the term biomechanics, the study of movement through the application of mechanical 

principles. 

- A cyclogram of cutting metal with a chisel & hammer. Aleksei Gastev in laboratory of the Central Institute of Labor. 

- He formulated the Bernstein Problem 
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The Bernstein Problem 

- A target can be reached in an infinite number of different ways 

- The number of muscles acting across a joint generally exceeds the number of kinematic degrees of freedom of that 

joint. As a result, a given movement can be realized with an infinite number of muscle activation patterns 

- The brain has an infinite number of ways to choose from to target something → yet the brain produces highly 

reproducible movement with certain invariant characteristics 

- "It is clear that the basic difficulties for co-ordination consist precisely in the extreme abundance of degrees of 

freedom, with which the [nervous] centre is not at first in a position to deal.” Bernstein, 

Nikolai (1967). The Coordination and Regulation of Movements. Oxford: Pergamon Press. 

- There is an infinite number of paths to reach a target – how does the brain select the best 

solution (inverse kinematics problem)? 

- There is an infinite number of muscle activation patterns to move the hand along a path. In 

fact the human body has more than 600 muscles controlling over 200 joints – how does the 

brain select the best solution (inverse dynamics problem)? 

The Bernstein Problem and Optimal Control 

- Motor planning is considered as the computational process of selecting a single solution at 

all levels within the motor hierarchy that is consistent with the task goal 

- Within a computational framework, this is achieved by Optimal Control 

o Every movement solution is associated with a certain cost 

o The chosen solution will cause minimal costs 

Which cost functions are used by the brain? 

- A horse walking 

o When does it change from walk to trot etc? 

o Walking slowly isn’t efficient, high cost of 

transport → increase the speed, to an optimum 

o When you increase the speed further, over your 

optimal speed, the cost of transport gets higher 

→ at one point it is more cost efficient to trot 

than to walk 

o The same principle is with the rest 

o The horse chooses the movement, always so, 

that it is the most efficient 

- Same in humans 

o Gait is controlled such that energy expenditure is minimized – mostly → speed walking (world record: 

4.39m/s when walking) 

o That makes a lot of sense → but what is optimized during aiming movements? 

Which cost function is optimized during aiming movements?  

- Planar aiming without specific accuracy constraints results in straight, 

sometimes slightly curved trajectories with a bell-shaped velocity profile 

- These invariants can be explained by assuming that the brain tries to make 

accurate movement → i.e. it minimizes endpoints errors 

 

 

 

 

- The brain cares about being accurate 

o In the simplest cases, accurate movements are made along one dimension 

o Movement quality is usually quantified by the endpoint error 

 

 

 

 

 

 

 



berrothj  HST  FS21 

26 
  Neural Control of Movement & Motor Learning 

- The brain has to deal with signal-dependent noise → e.g. higher forces are more variable 

o The fact that variability increases with the mean force is a intrinsic 

property of the croticomuscular drive 

o Signal-dependent noise of 10-25% can be observed for many biological 

signals 

o Ask participant for maximum force, then 10%, 20%, 50%, etc. 

o At the same time, you can measure the variability of the participants force 

production 

o Higher forces are more variable 

o Variability only gets higher, when the brain controls the force/muscle → 

when the muscle is stimulated electrically, the variability doesn’t change significantly 

 

5.3 Minimum Variance Theory 
- Minimizing the variability of arm movements in the presence of biological, signal-

dependent noise, is underlying determinant of trajectory planning 

- Our brain knows that we have signal-dependent noise and tries to minimize the 

variability during trajectory planning 

- Model minimizes cost function 

- Another “invariant” of movement is Fitts’ law 

o 2 targets in differ widths 

o Tap from one target to another as quickly and fast as possible 

o Speed-accuracy trade-off: fast movements are less accurate than slow 

movements 

o Fitts law: movement time 

MT = a + b log2(2D/W) 

▪ 2D/W = Index of 

difficulty (ID) 

 

 

 

 

 

 

 

 

 

Quick summary 

- Human movements are stereotypical: 

o Movements without specific accuracy demands follow a straight trajectory and have a bell-shaped velocity 

profile 

o Fitts' law describes the speed-accuracy trade-off observed for pointing movements 

- Even though movements are stereotypical they are never identical because the produced muscle activity is 

contaminated by signal-dependent noise. 

- Computational models predict these characteristics, by assuming that the brain choses the optimal movement to 

minimize endpoint variance. 

- However, these early computational models were mainly open-loop models. But that is not how our brain works … 

 

5.4 Open and closed loop models 
- The GMP and models according to minimize variance theory are open-loop models, also called feedforward models. 

They estimate trajectories that are –on average- optimal. However, in real life movements change in response to the 

environment 
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Open -loop control 

- Actual state: holding a pen at target A 

- Desired state: move pen to target B 

- Controller applies i.e. minimum variance theory 

- Noise is signal-dependent 

Closed-loop control and two major problems 

- In reality there is a feedback → sensory system 

- Sensory system detects what is happening in 

environment and reality 

- Our senses are not accurate → Sensory 

information – as biological signals – is subject to 

noise → the brain estimates the state of the body 

(not actual) 

- Sensory information is delayed (approx. 100ms) → 

we effectively live in the past 

o Brain makes efference copy to predict the 

sensory information 

Internal mode 

- Theoretical construct where there is defined link between motor command and sensory consequences 

- Link is working into two directions 

- Forward model 

o If you kick a football, you can predict the sensory information you get, when you kick the ball 

- Inverse model 

o When you know which sensory consequences you want to achieve, you can link it back to the appropriate 

motor command to achieve those consequences 

- The forward model (the “predictor”) will provide an estimate for every time point of the movement → that can be 

used to compensate time delays 

- BUT estimate will drift over time if the forward model is not perfectly accurate → estimate is updated based on the 

perceptual information from our sensory system 

- The further you try to predict ahead, the less accurate prediction will be 

- Most movements in real life require closed-loop control 

- Only saccades or very fast ballistic movements are performed using open-loop control because the sensory feedback 

is too late to be effective 

 

5.5 Minimum Intervention Principle 
- When do I interfere the ongoing movement and when not? 

Experiment 

- Participants don’t see hands → see hands as cursors 

- Manipulation of left hand → when left hand was moving external force applied, 

moving the left hand to the left or right 

- Correct the movement because sensory consequences are given 

- A: the hands are two cursors → no matter what happens to the left hand, the 

right hand is always straight 

- B: Two hands are shown as one cursor (mid-position) → the right hand is helping 

to correct 

- Redundant system → more degrees of freedom than you actually need to move 

the cursor → different error correction strategy 

- In redundant system, there are more combination for the solution 

(black arrow) 

- If we are correct, we are happy (length of the ellipse 

- We want to minimise the error as much as possible 

- We only care about the overall task error → minimize 
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- Experimental data corresponds to theoretical predictions 

- This experiment suggests that redundancy and variability of muscle activity 

(which is relatively high) go hand-in-hand: redundancy allows the body to 

compensate efficiently for task-specific errors that arise during movement. 

- In redundant system you are more flexible, because there are more ways to 

correct the error → therefore you are better in correcting an error 

 

What can be learned from computational principles in motor control 

- Human movements are stereotypical: 

o Movements without specific accuracy demands follow a straight 

trajectory and have a bell-shaped velocity profile 

o Fitts' law describes the speed-accuracy trade-off observed for pointing movements 

- Even though movements are stereotypical they are never identical because the produced muscle activity is 

contaminated by signal-dependent noise. 

- Many tasks are controlled such that the overall “task-error” is minimized. 

- The human body is a highly redundant system and can compensate for errors deriving from noisy force production. 

Importantly, the minimal intervention principle predicts that only task-relevant errors or corrected. 

 

5.6 Movement coordination 
- Some movements are difficult → patting head while rubbing stomach 

- Some movements are easy → jumping jack 

Natural coordination constraints 

Spatial constraints 

- Egocentric principle 

o Activating similar muscles in the hands in repeat is easier than 

activating non-similar muscles 

o Inphase is more stable than antiphase 

- Why is in-phase more stable than anti-phase? 

o The neural crosstalk theory 

o Neural-crosstalk refers to neural interactions between command 

streams. If the commands differ for the left and the right hand, 

this can result in a pattern of (mutual) interference between limb 

motions. In theory this can occur at any level of the motor 

hierarchy. 

o However, with respect to bimanual coordination, these neural 

pathways include information 

exchange between the hemispheres 

through the corpus callosum.  

 

 

 

 

 

 

 

- Allocentric principle 

o Isodirectional is more stable than antidrectional 

Temporal constraints 

- Isochronous (1:1) rhythms preferred to polyrhythms (1:2 or 3:2) 

- Synchronization preferred to syncopation 
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Interlimb coordination 

- Some coordination patterns are naturally highly stable: 

o In-phase coordination of homologous muscles (egocentric constraint) 

o Iso-directional movements of different limbs (alocentric constraint) 

o Isochonous movements 

- Other coordination patterns are stable but not as much as the in- and iso patterns above 

o Anti-phase coordination of homologous muscles, 

o anti-directional movements of different limbs, 

o polyrhythms with integer ratio: z.Bsp. 2:1 

- Many coordinative movements cause initially interference, such that the movement of one limb perturbs the 

movement of the other. This interference is most likely caused by neural crosstalk (e.g. via the corpus callosum) 

- Interlimb interference can be reduced/overcome by training or by other concepts integrating the two limbs into one 

common movement plan. 

 

6. Motor Learning 
Investigating memories 

- Stimulus/task → neural response → behaviour 

- When this happens in a repetitive exposure, there is a changed neural response and behaviour 

- Neuroplasticity → changing of the neural response 

- Learning → changing of the behaviour 

- When the exposure stops and after some time again the behaviour is still changed (retention over time) → memory 

 

6.1 Different memory systems but similar processes 
- Habits 

o Automatic responses to familiar stimuli that are independent 

of reward 

- Priming 

o Previously learned information affects (e.g. facilitates) 

performance on tasks that do not require the individual to 

consciously recollect the information 

o For example, seeing the word “cake” increases the likelihood 

that it will later be used to solve the word-fragment “c_e” 

- Conditioning 

o Pairing a stimulus with a response 

Processes of long-term to short-term 

- Short-term 

o Encoding → submitting task into short-term storages 

o Consolidation → stabilise the memory because it is very 

fragile and can easily perturbed (forgetting), important to 

remember memories longer than just a few seconds or 

minutes 

- Long-term 

o Retrieval → memory has been stored, now you want it back, 

doing something with the memory, putting it into working 

memory 

o Reconsolidation → taking memory that is relatively stable 

memory and make it stronger 

o Retention → even after a long time retrieving a memory 
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6.2 Sensorimotor learning: the phenomenon 
The learning phenomenon 

- 3 different learning phases → motor performance improves from phase to phase 

o Cognitive phase 

▪ Learning what to do 

▪ Verbalizing 

▪ Variable execution 

▪ Error prone 

▪ Slow, jerky movements 

▪ High co-activation of agonists and antagonists 

o Associative phase 

▪ Optimized movement execution 

▪ Low variability 

▪ Fewer mistakes 

▪ Smooth movements 

▪ High efficiency 

▪ Adaption to environment 

o Autonomous phase 

▪ Movement can be executed under all conditions 

▪ Movements are extremely efficient and stable 

- Learning curves 

o Average learning curves have a characteristic 

shape 

▪ Large improvements early in learning 

▪ Much slower improvements late in 

learning 

o Can be best expressed by a power law  

S(t) = Sinitial*(number of trials)λ  

▪ λ denotes learning rate 

o Individual learning curves are much bumpier 

and variable 

 

6.3 Use-dependent plasticity 
- Practice motor movement 

o From low performance to high performance 

o From first memory trace to improved memory trace → neuroplasticity (what happens in brain while 

learning) 

- 5 days of grasping training with right forepaw (rats)  

o One hemisphere is heavily trained in grasping 

→ the other not 

o Recording electrode and stimulus electrode in 

layers 2 and 3 of motor cortex in trained and 

untrained hemisphere 

o Increased neural response after training 

o Learning and practice of a motor skill is 

accompanied by increased efficacy of horizontal connections in M1 → 

information can be more easily spread across different parts of M1. 

o Later research (Rioult-Pedotti et al, 2000) suggests that practice increases the 

efficacy of synapses via Long Term Potentiation (LTP) 
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- LTP induction 

o Pre- and post-synaptic neurons 

o AMPA is used for normal transition (most) 

o Additionally NMDA receptors 

▪ Most times blocked by Magnesium 

▪ High activity at pre- and post-synaptic neurons simultaneously Mg 

Block is leaving NMDA 

▪ NMDA open → high inflex of Ca 

▪ High Ca in post-synaptic neuron triggers neuroplasticity 

▪ After post-synaptic side has changed, also the pre-synaptic side 

undergoes neuroplasticity 

▪ Change post-synaptic → more AMPA receptors and whole side grows 

▪ Change pre-synaptic → more neurotransmitter, grows 

- TMS experiment 

o Fire coil, that there is a twitch (downward) in thumb 

o Every line shows one twitch 

o Baseline: almost every line goes down and to the left 

o Training: to move thumb up and slightly to right 

o Post-training: coil exactly as in baseline, lines go up and 

right 

 

 

 

 

 

 

 

 

 

 

 

- Another experiment was made 

o Has LTP a big role in this change? 

o Medicaments were given 

o Conclusion of the authors: 

Use-dependent plasticity is mediated by a LTP-like mechanism 

that relies and NMDA receptor activity and is limited by 

GABAergic inhibition. 

o Na and K are still able to change neuroplasticity 

o NMDA are blocked → minimal neuroplasticity change → LTP-

like mechanism happens 

o Increase inhibition of GABA, brain doesn’t change, we don’t 

learn 
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6.4 Homeostatic metaplasticity 
- Is there an endless capacity to undergo LTP → no 

- Keeping neuroplasticity under control → Long Term Depression (LTD) 

o Synapses are decreased in strength 

o LTP and LTD are connected 

- Focal Dystonia 

o Focal Dystonia is a movement disorder characterized by persistent muscular incoordination or loss of 

voluntary motor control during task-specific highly trained movements 

o Problem with activating the correct muscle tone 

o 1 % of all professional musicians are affected (musicians cramp), particularly focal hand dystonia and 

dystonia in face, mouth, tong and yaw muscles 

o Prevalence general population: 0.029% in the USA 

- Experimental LTP and LTD 

o Measure size of an evoked response → measure amplitude 

o High frequency stimulation leads to LTP 

▪ Bigger response 

o Low frequency stimulation leads to LTD  

▪ Smaller response 

Homeostatic metaplasticity 

- Bienenstock-Cooper-Munro (BCM) theory 

o synaptic modification threshold θM, that is, the threshold for induction of LTP 

versus LTD, is not stable but varies as a function of the integrated postsynaptic 

activity:  

low levels of previous postsynaptic activity favour induction of LTP over LTD.  

high levels of previous postsynaptic activity favour induction of LTD over LTP 

o due to motor training → inducing LTP 

o when LTP is induced at beginning there is a larger response 

(difference) than when you induce LTP after you already had some 

LTP 

o if you induce LTD after you already underwent some LTP it works 

very nicely 

o much more motor training → a lot of LTP happened 

o if you try to induce more LTP, actually LTD happens → brain has 

changed so much and LTP happened so much and you try to induce 

even more LTP the opposite happens 

o The more LTP happens, it is more difficult to induce more LTP → at 

one point it flips and instead LTP, LTD is induced 

- Homeostatic metaplasticity activated by practice in an animal model 

o When LTD is induced, it is easier to induce more LTD 

Quiz 

- Homeostatic metaplasticity is a mechanism to keep neuroplasticity at bay, within a healthy 

range 

- If you induced a lot of LTP in the first 1h 30min you might not induce LTP at all in the last 

30min or additional 30min → 

amount of training doesn’t 

result in a linear increase of LTP 
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Use-dependent plasticity summary 

- Practice leads to improvements of performance 

- Initially, these improvements are mediated by a increase in neuronal efficiency of horizontal connections in M1 

(layer II/III). Efficacy is most likely increased via LTP-(like) changes of synaptic strength 

- Continued practice results in permanent synaptic changes such that high efficacy is maintained without activating 

LTP 

- Homeostatic metaplasticity is a mechanism that keeps neuroplasticity within a “healthy” range. 

 

6.5 Observation learning 
- Born with observation learning 

- Helps to understand others 

- With mirror neurons (inf. Parietal and ventral premotor) 

Experiment with TMS coil → twitching the thumb 

- What happens if participants is doing nothing, but see a video of 

someone moving the finger in opposite direction or the same 

- After participant observes someone else twitching the thumb in the 

opposite direction, much more twitches went upwards 

Movement observation while practicing 

- Even better 

 

 

 

 

 

 

 

 

 

 

 

Movement observation and motor learning 

- Movement observation is sufficient to induce neuroplastic changes in M1 

- This effect goes beyond the cognitive phase of learning (understanding what to do) but seems to trigger neuronal, 

LTP-like changes. 

- By the way, motor expertise has also a strong influence on movement observation: experts are better in “reading 

movements” than non-experts 

 

6.6 Error-based learning 
 

- Trial n: 

o Errorn = (goal – acutaln) + noisen 

- Trial n+1: 

o acutaln+1 = acutaln + b* errorn 

- Learning rule 

o Change the previous movement by a fraction of the error  
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Force-field adaptation 

- Null field (A) 

o Simply move from the middle 

to the 8 targets 

o No extra forces → move arm 

as you would move it normally  

- Perturbing force field (B) 

o Is velocity dependent → the 

faster you move the arm, the 

more force is applied in clockwise direction 

o Movements before adaptation (C) → participant 

has to correct the movement at the end 

o Movements after adaptation (D) → making 

movement 100 times → compensate the force 

field, maybe not as perfect as with a null field, but 

still quite good 

o Compensatory forces (E) → you push actively 

against the force field 

- Initial after-effects when back at null field (F) 

o Participants are expecting a force field, but it isn’t there anymore 

o You must correct the movement, because you want to push against the force 

 

Visuomotor adaptation 

- Participant can’t see the hand, but the cursor  

- Cursor isn’t direct on the hand → moves at a different 

angle as the hand 

- Brain makes efference copy to the Kleinhirn which 

senses a sensory prediction error when the cursor isn’t 

at the position as its supposed to be 

- The sensory prediction error is corrected with moving 

the hand at an angle shifted to the right  

Important 

- The sensory prediction error drives error-based learning 

so that the task performance is improved (in this 

example adaption) 

 

Quiz  

- You don’t have an error information → you can’t apply the error-

based learning 

- D: you can’t prevent it from happening, because you do it many 

times → it doesn’t mean you hit the target consistently 

 

 

 

- Error-based learning is very successful for simple movements → for complex movements there is an assignment 

problem 

o Where did the error arise from and what is the optimal movement solution once the error is stable? 
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6.7 Reinforcement learning 
- Reinforcement learning is based on the relative 

success and failure of the movement. In contrast to 

a signed error signal, reinforcement signals (e.g. 

success or failure/game scores etc) are inherently 

unsigned, and therefore do not give information 

about the direction of required behavioural change. 

- It can replace error-based learning (partly) but 

learning takes longer 

- Teacher/coaches are a reliable source of 

reinforcement signals 

- In unsupervised learning situations, reinforcement learning requires exploration (exploring new movement variants) 

and exploitation (apply movement knowledge) of the motor task. 

 

6.8 Skill learning and optimisation 
- Two hallmark measurements of improved motor skill due to learning 

o Shift in speed-accuracy trade-off function (Fitt’s law)  

▪ Less mistakes when movements are executed with the same or faster speed, i.e. exhibit improved 

performance → not the case during adaptation where (at best) subjects recover their baseline 

performance 

o Movement variability is strongly reduced 

- Skill learning results in less mistakes for the same or faster 

speeds 

o Finger sequencing task → tap as quickly and 

accurately as possible 

o Either slow and accurate or fast and inaccurate 

- Skill acquisition is realized by optimization 

- Optimizing feedback control during learning → where do 

changes occur? 

o Feedback control policy 

▪ How do you use sensory information to 

command the movements? 

o Predictor 

▪ To predict movements, you need experience → experience is shaped during skill acquisition 

o Estimated state 

o Prior 
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6.8.1 Feedback control policy → better motor command 
Example 1 

- Flexing elbow to produce an angle 

- First biceps activity spikes, so that the arm is moving → then spike in triceps activity to stop the arm 

- Different trials 

o Trial 1: big activity peak in biceps caused by 

perturbation 

▪ While he is moving, he is sensing the 

perturbation that’s why it is after the 

small peak 

o Trial 2: EMG compensates for anticipated 

perturbation, but not completely 

▪ Proactive, has already been integrated 

▪ Coactivating the triceps to secure the 

joint 

o Trial 3: High, anticipatory EMG activity in biceps and triceps 

▪ Triceps has two peaks to stabilise and to stop 

o Trial 4: high co-contraction is reduced → more efficient Control Policy 

- Control policy has been adjusted in two phases 

o 1. perturbation is anticipated, and EMG activity is adapted to compensate perturbation proactive rather 

than reactive 

o 2. Once the efficient EMG pattern is known, co-contraction is reduce making the movement more energy 

efficient 

- Note that this change in muscle activity can be achieved at many different levels of the nervous system, e.g. by 

adopting reflex gains (fast control mechanism but not very flexible) or by shaping the motor command sent from 

cortex (slow control mechanism but extremely versatile) 

 

6.8.2 The predictor → better internal model 
Improving predictions during motor learning 

- Many motor tasks are performed with tools or in interaction with a specific environment 

- Good performance depends critically on predicting the properties of the tools or the specific environment 

- This is realized by modifying internal models → it has been shown that prediction precedes control 

Prediction precedes control in motor learning 

- Subjects were required to grasp an object with a 

precision grip and move it along a straight line 

- During the movement, a novel viscous load, which 

perturbed the load experienced by the fingers and 

therefore the hand path, was applied to the object 

o Load force: weight of the object 

o Grip force: force which is created between 

fingertips 

- After 70-80 trials they started to produce a straight 

movement path 

o It takes up to 70 trials until subject could produce straight line movements 

- First massive increase in grip force 

- After some trials the grip force is reduced → more efficient in grasping the object 

- Peak of the grip is in trial 4 slightly after the load peak → high safety margin because the objects properties are not 

well predicted (it is reactive) 

- After 10 trials the peaks are at the same point → it is more controlled 

o Can only happen if subject starts to predict the object properties right 
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- Learning to control the movement path takes much longer than learning to (correctly) 

predict the required force 

- In a motor learning task involving the manipulation of an object with novel dynamics, 

subjects can learn to predict the behaviour of the object before they master control over the 

behaviour 

- The ability to quickly learn prediction of tools enables us to stabilize our limbs 

→ subsequently the controller can be trained 

 

 

 

6.8.3 Which and how well sensory information is sampled → better perception 
- Skill acquisition leads to better perception 

o Experts are particularly sensitive for task specific sensory 

information 

Skill acquisition leads to better extraction of sensory information 

- Bowler can throw the ball with incredible speed and after the 

bounce a spin manifest itself, that it goes in a specific direction 

- Batsman can only hit the ball if he follows the ball with his eyes and sees 

where it is going 

- Experts have different eye movement patterns than amateurs 

o The time until the saccade to the expected bounce point is 

shorter 

o Expert extracts more info from first phase of ball trajectory 

o Looks long at the bounce point, that he can better see what spin 

the ball has → more information can be extracted for the phase 

after the bounce 

o Experts become more sensitive for specific sensory modalities 

that are important for them 

 

6.8.4 Priors → better statistics of the task 
- Previous experience influences behaviour via priors representing the statistics of the task 

o The resulting belief has a mean position 

between Data and Prior 

o Uncertainty is always smaller for the combined 

information than for each information 

separately 

o Theis type of integrating data and prior can be 

formalized by Bayesion Statistics and/or 

maximum likelihood estimation 

o Prior says opponent likes to shoot to the right & data you see 

- Example showing that priors influences perception 

o The brain combines visual information of the grey contrasts with the  

prior that lights come from above → such that balls are lighter at the  

top than at the bottom 
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The brain uses priors during sensorimotor control 

- When the sensory data becomes less reliable, the brain increasingly 

rely on the prior 

- Start to target and hand is under a plate 

- When hand passes the white line, a cursor is presented shortly to 

show the position of the hand → in grey area, you don’t see a cursor 

- Task of subjects 

o To move hand from start to target → cursor should end up in 

target 

- Position of cursor is manipulated → cursor is shifted 2cm to the 

right 

- Curser shift wasn’t always the same → look at the distribution 

- After hundreds of trials subjects will have a prior, that the shift is 

between 0 and 2cm and the distribution of it → the mean is 1cm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- Experimental predictions 

o Violet → cursor shown exactly 

o Blue → cursor shown in a little cloud 

o Green → cursor shown in bigger cloud 

o Less visual sense a shift to prior 

o The steeper the slope, the higher is the influence of the 

prior 

o The brain learns the statistics of the task (the prior) and combines it with sensory information 

o The brain estimates also the uncertainty of the sensory information and combines it with the prior to find 

the correct solution 
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Summary: Skill learning and optimization 

- Skill learning means that a task is performed better after practice, e.g. less mistakes when movements are executed 

with the same or faster speed, lower variability 

- Skill learning can be understood within the framework of optimized feedback control theory, requiring the 

improvement of the controller, the predictor, sampling sensory information and the formation of task specific 

priors. 

- Examples for optimization are reduction of muscular co-contraction due to training, or developing an optimal 

strategy to receive sensory information 

- If we move with a tool, we first learn the properties of the tool before we can control it 

- The brain acquires the statistics of the task during practice which is combined with sensory information to influence 

behaviour 

 

What else you should know about motor learning 

- The more practice, the more improvement of performance (more pain, more gain) 

- High motivation (reward) leads to increased effort during practice, additional it might facilitate physiological 

mechanisms important for neuroplasticity 

- Training with augmented feedback leads to faster learning at the beginning than training without such feedback. 

However, it can also lead to “feedback dependency”, i.e. performance drops dramatically as soon as the augmented 

feedback is removed (guidance hypothesis) 

- When two skills (e.g. dribbling and shooting) are trained, spaced training (A BB AA B A ) is better than massed 

training (AAA BBB) for long-term memory and retention 

 

6.9 Memory consolidation 
- Learning: Acquisition of a new skill 

- Memory: Retention of the skill or info over time 

- Consolidation: process during which memories are 

transformed from a labile to a stable state 

- Reconsolidation: process during which already stabilized 

memories can be further modified 

How it is tested 

- Consolidation occurs during awake rest within minutes and 

hours after skill acquisition and during sleep 

- Behavioural level 

o Indirect evidence of consolidation → 

performance savings 

o 3 different groups 

o Without interference 

o Interference in critical 5 hours after practice 

o Interference after critical 5 hours after 

practice 
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- Force-field learning (siehe Seite 34) 

o Make a retention test at next day 

o One group which has an interference during 

consolidation → must adapt to an opposite 

force field B2 after a delay from B1 

o There are different delays 

▪ 5min, 30min, 2.5hrs, 5.5hrs, 24hrs 

o Significant improvement when the memory of 

B1 was not perturbed for approximately 5.5 

hours 

➔ Consolidation of motor memories 

requires several hours 

 

 

 

 

 

 

 

 

 

 

Summary 

- Learning/practice leads to the formation of a memory trace. However this memory trace is fragile and susceptible to 

interference (e.g. learning a competing motor task) 

- Consolidation is a time-dependent process that stabilizes the memory trace 

- Interrupting consolidation leads to partial forgetting of what has been learned 

- Reconsolidation destabilizes previously stable memories temporarily to allow further modifications 

 

7. Sleep and its assessment methods (EEG) 

7.1 Characteristics of sleep 
- “If sleep does not serve an absolutely vital function, it is the biggest mistake the evolutionary process has ever 

made.” Rechtschaffen, 1971 

- All so far explored organisms that have a central nervous system (CNS) or non-centralized neurons (jelly fish) show 

sleep-like properties 

Behavioural characteristics 

- Physical quiescence 

- Elevated arousal threshold / reduced responsiveness 

- Rapid reversibility of state 

- Homeostatic regulation 

 

 

 

 

Sleep of jellyfish 

- One jelly fish has its tentacles upwards and bounce that 

water is flowing, so that nutrients come, and waste goes 

- During day (white): 60 pulses/min 

- During night (grey): 39 pulses/min 
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- Lifted jelly fish up and observed how quickly they swim back to the 

bottom 

o Slowly woke up, like groggy humans in the morning 

o When picked up again after 30s they swam immediately back 

- When jelly fish were deprived from sleep they weren’t as active as the 

other in the day, but recovered the next day 

➔ Could mean that not just 

brains need sleep, but 

individual nerve cells 

crave it as well 

➔ Could mean that sleep 

was present in the very 

first animals on this 

planet 

 

7.2 Measuring sleep: EEG 
- Sleep physiology is mainly characterized by brain activity 

o Dramatic change of processes 

- To measure sleep, we use often Electroencephalography (EEG) 

Assessing electrical (magnetic) activity from the brain 

- EEG: Electroencephalography 

o Electrodes for assessment are on the scalp 

- ECoG: Electrocorticography 

o Electrodes for assessment are on the cortical 

surface → invasive 

- LFP: Local field potential 

o Electrodes for assessment are inside the cortex 

→ invasive 

- MEG: Megnetoencephalography 

o Electrodes for assessment are outside the head 

→ magnetic fields are measured 

 

 fMRI EEG 

Advantages 

- Whole-brain coverage, incl. subcortical 
- High spatial resolution: mm range 
- Longitudinal use possible, however recordings 

over multiple hours difficult (e.g. sleep) 

- Time resolution: ms precision 
- Equipment relatively mobile and cheap 
- Longitudinal use possible, recordings over 

multiple hours easy (e.g. sleep) 
- Suitable for all ages 

Disadvantages 

- Load acoustic noise during scanning 
- Low temporal resolution 
- Machine is not mobile and expensive 
- Can be intimidating & uncomfortable 
- Indirect measure of neuronal activity 
- High level of physiological noise, distortions 
- Exclusion criteria (metal/braces) and age 

restriction 

- Lengthy, sometimes uncomfortable electrode 
preparation 

- Low spatial resolution/localization uncertainty 
- Only sensitive to specific neuronal activity (e.g. 

cortical, geometrical) 
- High level of physiological noise, eye movement 

and muscle artifacts 

 

EEG systems 

- From complex in-lab systems to simple at-home systems 
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How does an EEG look like? 

- The EEG of multiple electrodes over 

multiple seconds 

- Each row is showing a different 

recording of one electrode 

- Captured electrical activity in the EEG is 

in the range of microvolt (µV)  

 

 

 

 

 

 

 

 

 

 

Biophysical basis of the EEG 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- Electrical activity generated by neurons (1) 

o Action Potential → Postsynaptic potential 

o Temporal summation of postsynaptic potentials 

o EEG mainly measures summated activity of postsynaptic potentials 

- The postsynaptic potential (1)  

o Excitatory postsynaptic potential (EPSP) 

▪ Excitatory synapses lead over excitatory 

neurotransmitter (e.g. Glutamate) to an 

influx of Natrium into the postsynaptic cell 

▪ More positive ions are inside than outside 

the cell at this location 

o Inhibitory postsynaptic potential (IPSP) 

▪ Inhibitory synapse leads over inhibitory 

neurotransmitter (e.g. GABA) to an influx 

of chlorine into postsynaptic cell 

▪ More positive ions are outside than inside 

the cell at this location 
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- The pyramidal neuron and the generation of dipoles (1) 

o Dipoles 

▪ A separation of charge over distance and 

fundamental to measuring and recording activity 

using EEG 

▪ On the neuronal level they are generated by 

postsynaptic potentials because they lead to 

different charges at spatially distant sites 

▪ At the top of the pyramid neuron the inside is 

more positive than the outside, but at the bottom 

of the neuron the opposite is the case 

▪ This leads to a current → positive charge flows to 

negative charge 

o The generation of a dipole 

▪ Source: area of positive voltage  

→ the source is active when the positive 

voltage results from membrane potential 

changes at the synapses (IPSP) and the source is 

passive when it results from changes in the 

membrane potential at a distant site from the 

synapse (EPSP) 

▪ Sink: area of negative voltage  

→ as for the source, the sink is active or passive 

depending on whether it results from a membrane 

potential change at the synapse or a distant region 

➔ A source and a sink from a dipole and the 

further away they are, the stronger the dipole 

- From Neurons to strong electrical fields (2) 

o A single dipole is too weak to be measured by an electrode on 

the scalp 

o Summation of dipoles is strong enough to be measured 

o Summation dependent on two factors: 

▪ Timing  

• When neurons fire at different times, the dipoles don’t sum together easily → overall 

signal is weak 

• Neurons fire at the same time, the overall signal is strong 

▪ Orientation 

• Opposite alignment: the positive and negative charges of the respective dipoles, 

neutralize each other → no signal 

• Scattered: some signals are neutralized; some can reach the scalp → weak signal 

• Aligned: dipole charges can sum together → strong signal 

- Requirements for neuronal activity to be measured on the scalp (2) 

o Cortical neurons are close to the scalp in distance 

o The quantity of these cortical neurons should be large enough 

o Cortical neurons must be synchronously activated with a certain geometric configuration 

➔ Cortical, pyramidal neurons do fulfil these criteria as they have long apical dendrites that are close to 

and show a perpendicular orientation to the calp surface 
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- Volume conduction (3) 

o One electrode records not only what happens right under it, but 

also from other sources too 

o When we look at one electrode we can not be sure that the signal 

measured is right beneath the electrode 

o There are methods to model from which sources the detected 

signal is coming from 

▪ With that information one can make an approximation 

which cortical area is active 

- Brain oscillations from slow to fast (4)  

o Two electrodes → recording and reference 

▪ Reference is often near the ear 

o Often summation of different oscillations → some 

frequencies are dominating 

o The EEG at any given time is a differential recording of 

voltages at two locations and a summation of 

oscillations at different frequencies 

o Depending ton the task or vigilance state, different 

oscillatory frequencies are dominating 

 

Summary 

- EEG is a non-invasive measure of macroscopic neuronal activity 

by electrodes attached to the scalp with millisecond precision 

(neuronal network dynamics) 

- The recordings are differential recordings where the difference of voltage is measured at two different locations 

- The signal recorded is comprised of synaptic currents/dipoles at apical dendrites of thousands of synchronized 

cortical, mostly pyramidal neurons 

- The signal recorded at the level of the scalp is from different sources → signals recorded do often not directly refer 

to the brain region directly below the electrode (volume conduction)  

 

7.3 Neurophysiology of sleep 
Sleep is not a uniform stage 

- NREM sleep → non-rapid eye movement 

- REM sleep →  rapid eye movement 

Assessment of sleep stages with EEG and other biosignals 

- Wake period 

o Fast frequencies, small amplitude 

o Alpha activity 

o Spike in eye movement is a blink 

- Stage 1 / N1 

o Transition period 

o Only few minutes 

o No longer dominant alpha activity → slower 

o Rolling eye movement → typical 

- Stage 2 / N2 

o Falling asleep 

o Sleep spindles and slow waves 

o EOG only little bumps but that is from the signal of 

the EEG (overlapping) 

o EMG is lower 

- Stage 3 / N3 

o Deep sleep stage 

o EEG amplitudes much higher and frequency slower 
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- REM sleep 

o Low amplitude and fast 

o EOG shows rapid eye movement 

o EMG is flatline 

Sleep stages across the night are illustrated in a hypnogram 

- Amount of deep sleep (N3) decreases across a night of 

sleep 

- REM sleep duration increases across a night of sleep 

- There is a cycling through NREM and REM sleep across 

the night 

Amount  of sleep and sleep stages changes with age 

 

 

 

 

 

 

 

 

 

 

 

 

 

Brain oscillations that dominate during NREM sleep 

- Slow wave 

- Sleep spindle 

Slow waves 

- High amplitude, low frequency activity (< 4Hz) measured on the scalp 

- Slow wave activity (SWA) refers to EEG power below ~4Hz 

- Prevalent during deep sleep and anaesthesia 

- Correspond to highly synchronized firing of many cortical neurons and highly synchronized silence 

- Reflect homeostatic properties, sleep pressure, maturation, and use-dependency 

- Underlying generation 

o Alternation of highly synchronous neuronal firing (up-state, 

depolarization) and highly synchronous neuronal silence 

(down-state, hyperpolarization 

o Slow waves can be generated and sustained in the 

neocortex alone 

▪ Cortical slow oscillations were observed in cats 

with a lesioned thalamus 

▪ Slow oscillations have been collected in cortical 

slices 

▪ Cats with one hemisphere decorticated only demonstrated slow oscillations in the thalamus of the 

intact side 

o However, there is still a debate about the importance of the thalamus in 

generating slow waves → likely, the thalamo-cortical system plays an important 

role as well 

- Marker of sleep pressure and homeostasis 

o SWA is a marker of sleep depth and sleep 

pressure 

o During a sleep period there is a decrease in 

SWA 

o Prolonged wakefulness leads to an increase in 

SWA in the subsequent sleep period 



berrothj  HST  FS21 

46 
  Neural Control of Movement & Motor Learning 

- Marker of cortical maturation and age-dependent change 

o Slow waves have a frontal predominance in adults and occipital predominance in infants and toddlers 

o Regional max. follows a posterior-anterior path with development, likely reflecting cortical maturation 

o Overall number and amplitude of slow waves decrease with age as is reflected in decreases SWA 

 

 

 

 

 

 

 

Sleep spindles 

- Transient (0.3 – 3s long), thalamo-cortical oscillations between 11 – 16Hz 

- Sleep spindle activity refers to EEG power between 11 – 16H 

- They are generated by an interplay between thalamic reticular nucleus (pacemaker), thalamus and cortex 

- Prevalent during NREM sleep and some forms of anaesthesia 

- Sleep spindles are like a biological fingerprint, and they correlate with intellectual and learning abilities 

- Generation 

o Reticular nucleus → pacemaker 

o Cells of reticular nucleus are exclusively inhibitory → 

inhibit thalamo-cortical cells in thalamus during NREM 

sleep 

o Reticular nucleus is firing in single spike mode when 

there is wakefulness during NREM sleep 

o Inhibitory spikes lead to rebound activity in thalamo-

cortical cells → neocortex cells oscillate in frequency 

of sleep spindles 

o Neocortex cells have positive feedback to reticular 

cells → prolong and amplify sleep spindle 

- Biological fingerprint 

o Within the subjects the topographic representation of the sleep 

spindles looks very similar 

o Across the subjects is a huge variability 

o Single egg twins have the same topographical representation of 

sleep spindles → genetic contribution 

- Relation to cognitive abilities 

o First figure the density of spindles was investigated 

o Second figure the spindle activity was measured 
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7.4 Regulation and neuroanatomy of sleep 
Circadian process (process C) 

- Aligns sleep and wake with day and night 

- Alerting signal 

- Internal ~24h clock 

- Controls physiological processes in the body 

- Restricts sleep to a time of day that is ecologically appropriate 

- SCN in the brain is the masterclock that controls the circadian 

rhythm  

o Gets projection from intrinsically photosensitive retinal 

ganglion cells 

o SCN inhibits indirectly the Pineal gland which is releasing the 

hormone melatonin 

o High SCN activity → low melatonin 

o SCN has a rhythm even without light → would be longer than 

24h, so light helps to “reset” the rhythm 

o SCN controls diverse brain and body functions 

▪ Temperature, hormones, alertness, feeding, fasting 

- Is controlled by Zeitgebers such as light and food 

 

 

 

 

 

Homeostatic process (process S)  

- Drive for sleep 

- Builds up as a function of time awake 

- Represents the sleep need 

- SWA is an electrophysiological marker of the homeostatic process 

 

 

 

 

 

 

 

 

 

 

Two-process model 

- Defines sleep timing 

- The two processes work against each other 
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The discovery of sleep and wake promoting systems 

- Baron von Economo investigated patients with a new type of encephalitis 

attacking regions of the brain that regulate sleep and wakefulness (1915-

1927) 

- He identified centres that were lesioned by the virus in the brain 

- Horizontal lines displayed lesion sides that resulted in extensive insomnia 

→ anterior hypothalamus 

- Diagonal lines displayed lesion sides that resulted in extensive sleepiness 

→ junction between brainstem and forebrain 

The ascending arousal system (AAS) & ventrolateral preoptic nucleus (VLPO) 

- AAS promotes wakefulness 

o Dorsal pathway → two nuclei activate the 

thalamus 

o Rentral pathway → nuclei activate and alert the 

cortex 

- VLPO promotes sleep 

o Only one nucleus 

o Inhibits all nuclei from AAS 

- Flip-flop system ensures sharp transitions between wake 

and sleep through mutual inhibition of AAS and VLPO 

o Both systems inhibit each other 

o LH Orexin promote the activity of AAS and is inhibited by VLPO 

(when VLPO active) 

o Wake state 

▪ AAS is strongly active 

▪ Strong inhibition of VLPO 

▪ LH Orexin promote AAS → keeping flip-flop system on 

and ensuring that the wake state is stable 

➔ In narcolepsy LH Orexin doesn’t work 

o Sleep state 

▪ AAS has decreased activity 

▪ VLPO inhibits AAS → direct switch to sleep 

▪ VLPO inhibits LH Orexin 

 

 

 

Summary of wake and sleep promoting systems 

- Ascending arousal system (AAS) 

o Promotes waking together within orexin neurons from lateral 

hypothalamus and the basal forebrain 

o Includes monoaminergic and acetylcholinergic cell groups → strong neurotransmitters that promote and 

activate the thalamus & cortex 

o Inhibits the sleep promoting centre (VLPO) 

o Activation of thalamus → facilitates thalamo-cortical transmission 

o Activation cortex → facilitates cortical processing of thalamic input 

o Indirectly activated by the SCN (circadian drive) 

- Ventrolateral preoptic nucleus (VLPO) 

o Located in the hypothalamus 

o Promotes sleep by inhibiting nuclei of the AAS 

o Indirectly inhibited by the SCN and presumably activated by adenosine and hypnogogic factors that 

accumulate during wake (homeostatic drive) 

- Upper/dorsal PONS (Sublaterodorsal nucleus (SLD), LDT, PPT) 

o Activated during REM sleep while other AAS nuclei are silent 

o A “waking brain in a sleeping body” 

o Muscle paralysis 
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8. Sleep and (motor) memory consolidation 

8.1 Functions of sleep 
Sleep is vital 

- Sleep is a biological requirement for human life, alongside food, water, and air 

- Sleep deprivation can lead to severe pathology and death 

- Some of the worst disasters happened because of lack of sleep 

o Perhaps most disturbing is the fact that the nuclear plant catastrophe at Chernobyl is officially 

acknowledged to have begun at 1:23 a.m. as the result of human error 

o Exxon Valdez Oil Spill disaster was the result of a sleep-deprived crew 

Sleep and Health 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sleep and (some) proposed functions 

- Energy conservation and ecological adaptation 

- Nervous system performance & health 

o Synaptic homeostasis 

o Glymphatic “brain cleaning” 

o Mental health 

o Cognition 

o Memory consolidation 

- Physical performance & health 

o Cardiovascular health 

o Immunity and inflammation 

o Metabolic/endocrine function 

o Athletic performance 

Sleep quality 

- Not every person needs 8 hours of sleep 

- Sleep quality is also very important 
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8.2 Foundations of memory consolidation 
What is memory and learning? 

- Memory 

o Refers to the ability to encode, store and retrieve information 

o The mechanism of plasticity on the neuronal level provides a plausible cellular and molecular basis for 

memory formation 

- Learning 

o Name given to the process by which new information is acquired by the nervous system and is observable 

through the changes in behaviour 

Types of memories 

- Classification into implicit and explicit memory 

o While this separation provides a valuable contribution in understanding mechanisms of memory it has to 

be considered that many complex tasks (such as learning a language, complex motor movement sequence) 

will involve multiple memory systems 

- Declarative memory 

o Thus, when we state that bicycles are two-wheeled conveyances with pedals and handlebars, we are 

drawing on semantic memory. When we remember being chased by a dog during yesterday’s bike ride 

around a pond – or even when we remember that “bicycle” was on the second list of words we just read – 

we are drawing on episodic memory 

o Episodic memory 

▪ Memory for “temporally dated episodes or events, and the temporal-spatial relations” 

o Sematic memory 

▪ Repository of general word knowledge 

o Often both types are used and aren’t that easy to separate 

- Non-declarative memory: procedural memory 

o Refers to memory of skills such as riding a bicycle (motor skills) or reading (cognitive skill) 

o Is created through procedural learning or repeating a complex activity over and over again until relevant 

neural systems work together to automatically produce activity (Practice makes perfect) 

o Involves recollections to which a person has no direct conscious awareness 

Localization of memory 

- Brain disease and injury 

o Patients that are affected by injured brain regions can be studied on their memory deficits and the injured 

brain regions can be related to the respective memory 

- Patient HM 

o Uncontrollable seizures → medial temporal lobe removed 

o Unable to form any new memories 

o Memory is limited to specific structures → medial temporal lobe memory system 

o Long term memories aren’t stored in medial temporal lobe 

o Still able to acquire new motor skills 

- Brain lesions 

o Experimental procedure, in which specific brain regions are inactivated (surgically, optogenetically, 

chemically) in animal models (rat) and tested for memory deficits 

- Imaging methods 
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o fMRI (hemodynamic response) or PET (brain glucose metabolism) allow to identify brain areas that are 

active while performing a memory task 

- Non-invasive brain stimulation 

o New methods are used to modulate activity of specific brain regions and consequences on memory task 

performance are evaluated 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Memory formation process 

- Learning stimulus is first stored in short-term memory → is also 

the active memory 

- Active memory is labile and can be easily lost 

- Move stimulus to long-term memory via consolidation 

- Through reconsolidation the memory gets even stronger and 

more stable 

Memory and neuroplasticity 

- Structural plasticity of the synapse, such as modulation of synaptic weight (change of size, receptor count), 

structural changes of synapse or formation of new spines/elimination of existing ones are the fundament for long-

term memory formation 

 

8.3 Sleep and (motor) memory consolidation 
Memory formation and sleep 

- Encoding happens during wakefulness 

- Consolidation happens during sleep 

- Retrieval happens during wakefulness 

Sleep leads to less forgetting 

- Two participants in sleep lab for 2 months with 

controlled days, nights, and sleep periods 

- Participants learned nonsense syllables 

- After learning they had an amount of time where 

they weren’t learning (1-8h) 

- In between these intervals they let the participants 

sleep or the participants had to be awake 

- When awake between the periods the forgetting 

was faster 

 

 

 

 

 

 

 



berrothj  HST  FS21 

52 
  Neural Control of Movement & Motor Learning 

Classical study paradigm to illustrate sleep’s beneficial memory role 

- Typical declarative task 

o Form word pairs and have to retrieve 

them after some time 

- Typical procedural task 

o Learn a finger tapping sequence 

- After learning/encoding the task there was either 

a period of sleep or wakefulness → then retrieved 

- Compare how performance differ 

- Procedural tasks often tested in relation to sleep 

o Sequence finger tapping task 

o Texture discrimination task 

o Mirror tracing task 

o Visuomotor-adaption task 

Cofounding variables to consider 

- Different times of the day measured → circadian confounder 

- Interference → during wake more additional (arm) movements are done that might interfere with learned content 

(not so during sleep) 

- Sleep deprivation / sleep itself affects retrieval/retest performance 

Motor memory consolidation: sequence finger tapping task 

- Tap a sequence that they see on a screen → as quickly and 

accurately as possible 

- Performance over time gets better and stabilizes at a level 

- How does the performance differ when between the retest the 

participants sleep?  

o Always a significant difference when participants sleep 

between retests 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Circadian confounder wasn’t considered. The participants slept always at night 

- 4 groups 

o A → training in evening, sleep, retrieval at morning  

o B → training in evening, wake, retrieval at morning 

o C → training at morning, sleep, retrieval in evening 

o D → training at morning, wake, retrieval in evening 

- During training sleep and wake group don’t differ 

- In retrieval the performance of the sleep group is better 

- The group which was awake at night hadn’t a significant improvement 

- The wakefulness group could just be worse because they aren’t well 

because auf the sleep deprivation and not lack of consolidation 

o All groups slept the next night and had a retest 48h after the 

encoding 

o Group which could sleep twice, significantly better 
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Sleep promotes visuo-motor memory consolidation after a nap 

- Mirror tracing task → only seeing drawing Hand through a mirror 

- After a nap the performance is better 

- Nap studies are helpful because the wake and sleep periods are at the 

same time during the day → no circadian confounder 

Sleep stages and procedural memory consolidation 

- Slow waves sleep more in early sleep and REM sleep in late sleep 

- Procedural memory is affected after REM sleep deprivation 

o Texture discrimination task → to be as fast as possible to see change in directionality of the stripes 

o 3 groups 

▪ Control 

▪ REM-deprived 

▪ SW-deprived 

o When REM-deprived some 

participants even get worse 

and didn’t improve at all 

o Difficult to say if really REM 

sleep is important because due 

to the REM deprivation the 

sleep changed 

 

 

- Procedural memory benefits from REM-sleep rich night part 

o One group encoding then early sleep and after 

recall 

o Second group early sleep, encoding, late sleep and 

then recall 

o Had wake control groups 

o Paired-associate list for declarative assessment  

o Mirror tracing for procedural assessment 

o Change in improvement from encoding to recall 

▪ In the word-pair list in the early part of 

the night 

▪ In the mirror tracing in the late part of the 

night 

- Is REM sleep contributing to procedural memory? 

o More REM sleep after learning a procedural task 

compared to baseline condition 

o Correlation of overnight performance improvement in procedural tasks with REM sleep amount 

o REM sleep deprivation reduced overnight memory gain in texture discrimination 

o Half-split night model showed importance of REM sleep rich night part on procedural memory 

o But critical 

▪ Correlation is not causality 

▪ REM sleep deprivation and split night model also affect other aspects of sleep (sleep oscillations, 

sleep spindles differ throughout the night) 

▪ REM sleep deprivation increases stress and arousals 

- The role of REM sleep in procedural memory remains unclear 

o Pharmacological REM sleep suppression (antidepressant SSRI, SNRI) 

improves procedural memory consolidation 

o Sleep spindles during NREM sleep might be 

related to procedural memory formation 

(also different in late night than early night)  
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Proposed mechanisms of memory consolidation during sleep 

- Reduced interference – hypothesis 

o Early view in sleep research that wakefulness was more conductive to forgetting than sleep and memory 

decays through interference that is happening during wakefulness 

o Sleep encounters for a state of strongly reduced encoding/learning, interference is therefore minimized, 

passively protecting and maintaining memory traces 

o Can not explain active protection against interference, qualitative changes 

of memory, improved performance 

o Sleep actively protects against interference 

▪ Introduced an interference sequence after training for sequence A 

▪ Group 1 → encoding sequence A, after 2h interference sequence B 

which they had to learn, after 8h again testing of sequence A, after 

night sleep testing of sequence A 

▪ Group 2 → encoding sequence A, after 2h nap & interference, 

then same as group 1 

▪ At 8h decrease of performance of group one and the night sleep 

didn’t improve the performance significantly 

▪ Performance of group 2 didn’t decrease at 8h and the night sleep 

improved the performance significantly 

- Synaptic homeostasis hypothesis 

o Synaptic weight and number are globally reduced 

during sleep  

o This reduction is specifically reflected and 

possibly induced by slow waves 

o Global synaptic downscaling leads to a better 

signal-to-noise ratio which is illustrated in 

improved performance (by-product of sleep) 

o Explains better learning efficiency the next day 

o Local slow wave increase after motor learning 

predicts motor memory improvement  

▪ Participants train on rotation learning 

(from middle to target but you see it in a 

different angle → must adapt), sleep 

EEG, retest 

▪ Slow waves increase there where the brain needs them the most 

→ here in motor memory 

▪ Slow waves activity/increase predicts how high the improvement is 

o Motor memory consolidation and slow waves, and SHY 

▪ Computational model of downscaling predicts reduced variability in 

the motor task compared to additional learning 

▪ In human experiment with sleep shown the same 

- Active system consolidation 

o Active contribution of sleep to transfer short-term memory to long-

term memory 

o Reactivation during slow wave sleep that relies on the interaction of 

NREM sleep oscillations 

o Stabilization/strengthening of memory trace during REM sleep 

o Evidence of reactivation during leep in rats 

▪ During maze rats have specific neuron sequence active 

▪ During sleep a similar sequence is active in Hippocampus and in Cortex 

o Evidence of reactivation of declarative memory during sleep in 

humans 

▪ Re-exposure of learned material or used cue (e.g. 

odour) that was presented while learning can be used 

during sleep to explore whether reactivation occurs 
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o Evidence for reactivation of skill learning during sleep in humans 

▪ Learning a sequence of a music piece pre-nap → high-pitched & low-pitched 

▪ Group 1 → during nap replay high-pitched 

▪ Group 2 → during nap replay low-pitched 

▪ Group 3 → no re-exposure during nap 

▪ Reactivation of these sequences during sleep improved performance 

o Other studies have shown that this reactivation of skills only works in sleep but not in wake 

o Striatal-hippocampal interaction might be involved in system consolidation (short to long term) 

- We need more research to define the mechanisms that underlie sleep and memory consolidation 

 

8.4 Role of sleep oscillations in memory consolidation 
NREM sleep oscillations might be involved in memory consolidation 

- Slow waves 

o High amplitude, low frequency waves < 4.5Hz 

o Generated by the cortex 

o Reflect sleep depth 

- Sleep spindles 

o Transient brain oscillations during NREM sleep between 11-16Hz 

o Generated by an interplay between thalamus and cortex 

Experimental approaches 

- Correlation between memory consolidation and specific sleep oscillation → no causality 

- Conditions with deficits in specific sleep oscillations and consequences on memory consolidation → no causality 

o Schizophrenia, sleep spindles, and motor sequence memory 

▪ Patients with schizophrenia 

• Show reduced sleep spindles during NREM sleep than healthy controls 

• Have no sleep-dependent benefit in motor memory consolidation 

▪ Healthy participants have a sleep-dependent benefit in motor memory consolidation 

o Ageing, sleep oscillations and memory consolidation 

▪ Ageing is hallmarked by 

• Reduction of slow waves and sleep spindles 

• Reduced sleep-dependent benefit for procedural and declarative memory consolidation 

- Modulation of sleep oscillations and testing of the consequences on memory consolidation 

o Non-invasive brain stimulation during sleep 

▪ Transcranial electrical current stimulation 

▪ Auditory stimulation 

o Classical study paradigm to illustrate role of sleep oscillations in memory consolidation 

▪ Training  

▪ Group 1 → sleep with stimulation 

▪ Group 2 → sleep without stimulation 

▪ Post-test 

o Spindle enhancement with weak electrical currents promotes motor memory consolidation 

▪ Transcranial electrical current stimulation of sleep spindles enhance subsequent sleep spindles 

▪ Overnight motor sequence improvement was enhanced with stimulation but not declarative 

memory 

o Auditory slow wave enhancement promotes declarative memory consolidation 

▪ Auditory stimuli during deep sleep enhanced slow waves 

▪ Overnight declarative memory consolidation was enhanced with stimulation but not procedural 

memory 

Take home message 

- The functions of sleep are likely manifold and still an enigma in science. Memory consolidation is presumably one of 

these functions 

- The formation of memories consists of encoding, consolidation, and retrieval. Consolidation refers to the 

stabilization of the newly learned memory and the transition from short-term into long-term memory 
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- Procedural and declarative memory consolidation benefit from sleep also when controlling for confounding factors 

(e.g. circadian variations, interference, immediate effects of sleep deprivation on retrieval) 

- Currently, the synaptic homeostasis hypothesis and the active system consolidation hypothesis are the prevailing 

models that try to mechanistically explain the role of sleep in memory consolidation 

- Sleep oscillations, including sleep spindles and slow waves, are likely important for memory consolidation processes. 

Modulation of these sleep oscillations (e.g. auditory stimulation) help to uncover their functional role in memory 

consolidation 

 

9. Non-invasive electrical brain stimulation 

9.1 Basic principles of tCS 
Definition of non-invasive brain stimulation 

- Non-invasive brain stimulation refers to a set of technologies and techniques with which to modulate the excitability 

(activity) of the brain via transcranial stimulation 

o Transcranial magnetic stimulation (TMS) 

o Transcranial (electric) current stimulation (tCS) 

A history about electrical brain stimulation 

- Roman empire → torpedo fish to treat headache 

- 1938 → electroconvulsive therapy 

- 1980 → transcranial stimulation 

- 2000 → modern tCS methods with weak current 

General principle of tCS 

- Safe application of very weak electrical currents (intensity 0.25-2.5mA) that pass through the skin, skull and brain 

- Each tCS setup needs at least two transcranial electrode, one anode (+, red) and one cathode (-, blue) 

- Current flows from the anode to the cathode 

- Current is not directly inducing neuronal activity but rather modulates ongoing activity (subthreshold) 

- Overall duration of application varies with experiment but is typically around 5-40min 

 

TMS tCS 

induction of current by magnetic 
field through coil 

direct application of current 
through electrodes on the scalp 

relatively focal not very focal 

induces precisely timed burst of 
action potentials (+ physiological 

effects) 

does not induce time-locked neural 
activity but modulates endogenous 

activity 

suprathreshold stimulation subthreshold stimulation 

 

Different forms of tCS 

- Transcranial direct current stimulation (tDCS)  

o Most often used and oldest form of tCS approaches 

o Most studied neural modulation technology 

o Application of constant current that is either anodal (under anode) or 

cathodal (under cathode) 

o Subthreshold method → only effective in modulating activity of “active 

neurons” 

o Suggested mechanisms 

▪ Direct: increased (anodal) or decreased (cathodal) excitability of 

neurons, changed firing rate 

▪ Long-term after-effects: induced synaptic plasticity 
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- Transcranial alternating current stimulation (tACS)  

o Application of alternating current that oscillates at a specific frequency → mimics 

brain oscillations 

o Subthreshold method → only effective in modulating oscillations that are already 

endogenously present 

o Different waveform possible (e.g. sinusoidal, pulses) 

o Suggested mechanisms 

▪ Direct: entrainment of neurons to frequency of applied oscillation and synchronize/desynchronize 

oscillatory activity among brain regions 

▪ Long-term after-effects: potential plasticity effect dependent on applied frequency 

- Transcranial random noise stimulation (tRNS)  

o Like tACS, however a range of frequencies is applied simultaneously 

o Least used method of tCS 

o Suggested mechanisms 

▪ Direct: thought that adding random noise leads to improvement neuronal 

processing (e.g. stochastic resonance) and influence of cortical excitability 

▪ Long-term after-effects: possibly plasticity effects 

Combination methods: o-tDCS 

- Combination of tDCS & tACS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9.2 Neurophysiology and mechanism of tCS 
Transcranial direct current stimulation (tDCS) 

- tDCS can be used to manipulate neurons membrane potential 

o Positive anode (current flowing in) → depolarization 

o Negative cathode (current flowing out) → hyperpolarization 

- Depolarization and hyperpolarization are affected by complex brain anatomy  
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- tDCS is a subthreshold method 

o To induce an action potential from a resting membrane potential, a depolarization of ~20mV is needed to 

reach the AP threshold 

o Inducing neural activity in M1 with TMS 

▪ E = 100 V/m is needed to depolarize neurons 

o Modulating neural activity in M1: 

▪ With tDCS: E = 1 V/m, 25cm2 electrodes, 2.5mA intensity 

▪ It is assumed that this field strength polarizes the soma by <= 0.2mV, but of course that happens 

simultaneously in ten thousand of neurons → amplification of effect 

- tDCS modulates the membrane potential – but only a little bit…  

o These modifications are insufficient to induce action 

potentials but adequate to introduce variation in the 

response threshold of stimulated neurons 

o tDCS can modulate the membrane potential either closer 

to the threshold (depolarization) or further away from the 

threshold (hyperpolarization) 

o Changed membrane potential modulates excitability 

(animal model) 

▪ On-line effect on cortical excitability induced by a 

shift in the neurons membrane potential toward a more 

depolarized or hyperpolarized state 

▪ tDCS can modulate the spontaneous firing rates on neurons  

o Cortical excitability enhanced during tDCS in humans  

▪ Single-pulse TMS elicited motor evoked potential (MEP) can be 

used to assess cortico-spinal excitability 

▪ With anodal stimulation the cortico-spinal activity is enhanced 

▪ With cathodal stimulation the opposite 

- tDCS after-effects and synaptic plasticity 

o Mouse slice Not observable in BDNF knock-out mice 

▪ Looked at excitable post-synaptic potentials (EPSP) 

▪ When direct current stimulation is applied the EPSP increases 

▪ Not observable in BDNF knock-out mice 

o Humans 

▪ When the duration of the stimulation is 13min the excitability is still enhanced 60min after 

▪ The shorter the duration of the stimulation, the faster the effect disappears again 

▪ Not observable with pharmacological NMDA receptor antagonist 

o tDCS after-effects outlast the stimulation period by up to 2h 

o Depend on glutamatergic system and NMDA receptor activity 

o Result most likely from LTP reflect neuroplastic changes at the synaptic level 

o Are possibly facilitated by reduction in GABA 

o Still many open questions 

- tDCS can be used to manipulate brain excitability via membrane polarization  
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Transcranial alternating current stimulation (tACS) 

- Entrainment of neuronal oscillations to tACS 

o Underlying neural activity is aligned with a specific phase of the applied 

oscillations 

o For sham, each neuron fires similar frequency, but not aligned → don’t measure 

strong oscillation 

o Idea: enhance firing of the neuron to the outside of the oscillations  

→ synchronize neurons → stronger oscillation activity 

- Concept of ephaptic coupling 

o Synchornized active neurons give rise to strong electric fields that 

can be captured as oscillations in the EEG 

o These fields/oscillations are not a mere epiphenomenon of brain 

activity but these fields further modify and synchronize brain activity 

o Non-synaptic way of neuronal communication 

o Fundamental in order that exogenous fields can help modulate brain 

activity  

o With the help of ephaptic coupling it leads to more pornounced synchronization & alignment → even 

stronger endogenous fields which can be measured 

o Small changes, that chape/modulate de- & hyperpolarization, are strong enough to synchronize 

o External field can further promote these endogenous fields → change synchornization of firing 

o tACS fields help enhance de-/hyperpolarization in a similar way as tDCS, just in a frequency dependent 

matter 

- Exogenous electrical fields entrain endogenous oscillations 

o In vitro study (slices) 

o As soon as the field ist on the neurons begin to fire aligned 

- Can we measure that in healthy humans? 

o No 

o Artifacts in EEG → only after-effects 

o No artifacts if we look at firing of neurons (MUA) → intracortical electrodes 

- Are neurons genuinely entrained to applied tACS oscillation? 

o Study with primates 

o Already with 0.5mA the neuron aligns over 

severall minutes → can be transmitted to 

tACS studies in humans 

o With more mA the alignment gets better 

- tACS may promote synchronization across brain 

regions for better communication 

- Principle of the Arnold Tongue 

o tACS in humans is weak and therefore likely 

only successful if it matches the frequency of 

the endogenous activity 
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A combination of many models is needed to understand mechanisms of tCS  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

9.3 Application of tCS 
Rational design of tCS 

- Waveform 

o tDCS, tACS, tPCS, tRNS 

o Depends on what you want to look at 

- Current intensity 

o As high as possible to reach the field strength which is required to do something in the brain and is safe 

o Current must be adjusted to participants feedback (tingling, pain) 

- Montage selection 

o Which montage targets cortical region(s) of interest? 

- Stimulation duration 

- Electrodes → size, shape, material 

Electrodes and current density 

- Rubber electrodes that are either applied with saline-soaked sponges and straps, or with conductive paste 

- The smaller the electrode the stronger the current per area → current density 

o More relevant determinant of effect strength, not current per se 

- Stronger current density can lead to more tingling, slightly painful experience 

Electrode montage and field modelling  

- Location of electrodes, size and current intensity will define the electrical field that reaches the brain and the 

focality of these fields → which brain region should be stimulated? 

- Individual differences such as thickness of scull/skin or individual brain 

anatomy will also have effects on the electric field 

- Field intensities can be modelled with specific software, but it is always an 

approximation 

- < 50% of applied current reaches the brain, the rest is lost due to skin and scull 

- Electrodes further apart have a bigger field & distribution than electrodes 

nearer 

- With more electrodes (high density) you can change the activity more focally  
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Possible study paradigms 

- Online 

o Modulate → modulate the level or timing of neuronal activity and measure its immediate consequences 

o Stimulate while doing a task 

- Offline 

o Facilitate (LTP-like plasticity) 

▪ Increase the excitability of a brain region and measure its subsequent consequences 

o Inhibit (LTD-like plasticity) 

▪ Decrease the excitability of a brain region and measure its subsequent consequences 

Basic study design for NIBS studies 

- Assign participants randomly to experimental + placebo/sham group 

- Test effect of intervention vs. control on appropriate outcome parameter 

- Ideally: patients and experimenters are blinded 

The placebo effect 

- Just by thinking that something might happen can lead to a change in the measurements 

- Study 

o Placebo → flyer, on which stood that memory training can increase fluid 

intelligence 

o Control → flyer, where just stood, that the participants can get credits by 

participating 

o The placebo group showed more improvement than the control group 

- In tCS you start the stimulation, but shut it down again after some seconds → placebo 

 

9.4 tCS to study motor learning & memory 
Why using tCS in motor learning and memory? 

- Improved understanding of the involvement of a brain region in a type of behaviour was followed by attempts to 

modify activity… to secondarily influence performance, learning and memory functions 

Possible designs for tDCs and tACS in motor learning/memory  

 

 

 

 

 

 

 

 

 

 

- Example outcomes could be 

o Training’s performance, precision of performed movement, rehabilitation score in stroke, motor memory 

consolidation 

- Repeated exposure to tCS could be investigated → e.g. stroke recovery after multiple sessions of stimulation, 

repeated learning in motor skill 

- Studies might be combination of on- and offline outcome assessments 

- Can motor learning be modulated with tCS? 

o Single study cannot proof or disproof something → many studies have been done → mainly tDCS 

Typical tDCS montages and tasks for motor learning studies 

- Montage 

o Mostly the left motor cortex with the anode and the cathode on the right supraorbital ridge 

o Mostly left M1 because most of the people have their right hand as the dominant one 

- Typical tasks 

o Sequence learning → e.g. sequence finger tapping task 

o Visuomotor tasks → e.g. isometric pinch force task 

o Dexterity → e.g. pegboard task 
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Studies with tDCS 

- Online tDCS over primary motor cortex modulates sequence learning 

performance  

o Anodal tDCS over M1 significantly reduced reaction time in SFTT 

pointing to improved implicit learning 

o Cathodal also trend-level improved performance 

o Stimulation of control areas (e.g. premotor & prefrontal) did not lead 

to an enhancement 

o Similar findings were reproduced multiple times 

- A view studies failed to find online tDCS effect of sequence learning 

o Neither anodal nor cathodal tDCS of primary motor cortex enhanced performance in SFTT 

o Inclusion of TMS (to asses MEP) was mentioned as possible confounder 

- Repeated anodal tDCS promotes offline effects in visuomotor learning 

o 2 groups → anodal (grey) and sham (white)  

o 5 training days → witch tDCS 

o Follow up days (8, 15, 29, 57, 85) 

o Online → during training days, how fast they learned within the session 

o Offline → changes from last training day compared to first training day 

o Follow up days → skills are better in tDCS group, but slope of 

decay/changes are the same in anodal and sham group 

- tDCS facilitates motor learning online and offline in post-stroke patients 

o Dexterity task → the faster the task was done the better 

o All patients had tDCS and sham  

o tDCS improved the time of all patients compared to pretest → online & 

offline effects 

o No long-term effect showed (1 week after) 

- tDCS facilitates motor learning in post-stroke patients: meta-analysis 

o All analysed studies showed that tDCS had improved motor learning 

o Some failed to show a significant effect 

o Conclusion: weak to moderate enhancement of motor learning with tDCS 

tDCS and motor learning: a summary 

- Large body of work supports the use of non-invasive brain stimulation as a tool for neuromodulation of motor 

learning, online and offline 

- Offline gains might be enabled through LTP – like plasticity 

- However, numerous studies failed to find effects → important consideration of individual factors and study settings 

- Evidence that motor skill can be improved with tDCS in post-stroke patients, but effects vanish after several days  

→ long-term protocols and in-field applications 

- Usability for treatment in the future still needs more studies 

Brain oscillations and motor learning 

- During learning 

o Increase of gamma waves is observed & beneficial to the learning process 

o Reduction of beta waves is beneficial to learning process 

- After learning → to modulate motor memory consolidation 

o Increased sleep spindles enhance memory consolidation 

- Frequency-specific effect of tACS on motor learning 

o 3 different types of stimulations → gamma, beta, sham  

o Learning effect significantly worse if beta was increased 

o Increased gamma was slightly better than sham but not significantly  

- Sleep spindle tACS enhances motor memory consolidation 

o Detect sleep spindles with EEG → as soon as it starts, a spindle-like stimulation started 

o Compare EEG right after the stimulation with sham EEG 

o After stimulation the sleep spindles are enhanced → motor memory consolidation improvement 

Effectiveness of tCS 

- Different types of tCS & online / offline 

- Interindividual variability → e.g. anatomy, baseline, psychological status, neurochemistry, hormones, genetics 


