
Unit 11: Disorders 
of the nervous 

system

Mackenzie Mathis, PhD

Edvard Munch in 1893

https://en.wikipedia.org/wiki/Edvard_Munch


Disorders of the nervous system can affect every sensory, memory, and motor system. 



Common terms in neurological disorders:

Dystrophy: a disorder in which an organ or tissue of the body wastes away.  
Muscular Dystrophy, wasting of the muscles (implications for NMJ)

Multiple sclerosis: a disease in which the immune system eats away at the 
protective covering of nerves. (sclerosis: abnormal hardening of body tissue.)

Hydrocephalus: a condition in which fluid accumulates in the brain, typically in 
young children, enlarging the head and sometimes causing brain damage.

Ataxia: the loss of full control of bodily movements.

Stroke: occurs when the blood supply to part of your brain is interrupted or 
reduced, preventing brain tissue from getting oxygen.

Aneurysm: an excessive localized enlargement of an artery caused by a weakening 
of the artery wall

Fewer 
than 200,000 US 
cases per year

More 
than 200,000 US 
cases per year



Four systems make essential
and distinct contributions to motor control:

• spinal cord (and brainstem circuits)
• the cerebellum
• Descending control centers in the cerebral 

cortex and brainstem
• the basal ganglia

The neural control of movement: sensorimotor system



The corticospinal tract:

- L5 neurons in M1 project to motor neurons
in the spinal cord

(axon length ~ 0.8 m!) 
(called "upper motor neuron")

- axons cross-over to other body side at
"pyramidal decussation"

- axons contact motor neurons in the ventral horn
in specific segments

The neural control of movement: primary motor cortex



Mouilleau 2021 Amoroso et al 2013

Spinal Cord Neuroanatomy Basics
Genes regulate sub-types of motor neurons



extrafusal skeletal muscle fibers in mature 

mammals are innervated by only a single α 

motor neuron

Two types of lower motor neurons are found in the motor neuron pools of 

the ventral horn:

• Large motor neurons are called α motor neurons; they innervate the 

striated muscle fibers that actually generate the forces needed for 

posture and movement. 

• Interspersed among the α-motor neurons are smaller γ motor 

neurons, which innervate specialized muscle fibers that, in 

combination with the nerve fibers that innervate them, are actually 

sensory receptors arranged in parallel with the force-generating striated 

muscle fibers.

Motor unit: All muscle fibers innervated by 
a single motor neuron

(~ 3 – 500 muscle fibers)



Because an action potential generated by a motor neuron

typically brings to contraction threshold all of the muscle

fibers the neuron contacts, the single α motor neuron and

its associated muscle fibers constitute the smallest unit of

force that can be activated by the muscle. 

Sherrington was the first to recognize this fundamental 

relationship between an α motor neuron and the muscle fibers it 

innervates, for which he coined the term motor unit.

Alpha Motor neurons & The Motor Unit



Acetylcholine is the 
neurotransmitter used at the 

neuromuscular junction
—in other words, it is the 

chemical that motor neurons 
of the nervous system release 
in order to activate muscles.



WHAT IS ALS?

ALS, also known as Lou Gehrig’s disease, 
is a brain disease that targets brain cells 
called motor neurons. Motor neurons 
send messages from the brain to muscles 
throughout the body. In ALS, as motor 
neurons die, a person progressively loses 
the ability to walk, speak, swallow, and 
breathe. ALS affects adults of all ages, 
from teens to seniors, and is usually fatal 
within 2-5 years of diagnosis.



What are the symptoms of ALS?
With ALS, you may first have weakness in a limb that develops over a matter of days or, 
more commonly, a few weeks. Then, several weeks to months later, weakness develops 
in another limb. Sometimes the initial problem can be one of slurred speech or 
trouble swallowing.

As ALS progresses, though, more and more symptoms are noticed. 
These are the most common symptoms of ALS:

•Twitching and cramping of muscles, especially those in the hands and feet
•Loss of motor control in the hands and arms
•Impairment in the use of the arms and legs
•Tripping and falling
•Dropping things
•Persistent fatigue
•Uncontrollable periods of laughing or crying
•Slurred or thick speech and trouble in projecting the voice

As the disease progresses, symptoms may include:
•Trouble breathing
•Trouble swallowing
•Paralysis

The symptoms of ALS may look like other conditions 
or medical problems. 
Always see your healthcare provider for a diagnosis.

https://www.hopkinsmedicine.org/health/conditions-and-diseases/amyotrophic-lateral-sclerosis-als https://www.sciencedirect.com/science/article/pii/B9780128022573000043#f0020



New opportunities for bioengineering: 
stem cells and organoids to develop high-throughput drug screens

Shinya Yamanaka

Discovered four 

transcription factors 

(Oct4, Sox2, cMyc, 

Klf4) that could make 
adult cells pluripotent



Dimos et al 2008

Boulting et al 2011

New opportunities for bioengineering: 
stem cells and organoids to develop high-throughput drug screens

iPSC-based drug discovery is a 

promising technology for developing 

novel therapeutics for 

neurodegenerative diseases lacking 

useful disease models, such as 
amyotrophic lateral sclerosis (ALS).



Cerebral organoids model human brain 
development and microcephaly
Madeline A. Lancaster et al. Nature  (2013)

New opportunities for bioengineering: 
stem cells and organoids to develop high-

throughput drug screens

- human pluripotent stem cell-derived 
three-dimensional organoid culture 
system, termed cerebral organoids, that 
develop various discrete, although 
interdependent, brain regions

https://www.nature.com/articles/nature12517#auth-Madeline_A_-Lancaster
https://www.nature.com/


New opportunities for bioengineering: 
stem cells and organoids to develop high-

throughput drug screens

Open challenges in iPSC motor neuron 
research:

- Drug discovery is promising …
- Cell replacement therapy is very hard: 

need to remove oncogenes, viral 
vectors used for reprogramming

- In vivo regeneration: no native 
regeneration! But, in contrast to 
mammals, zebrafish regenerate 
spinal motor neurons.

Serotonin Promotes Development and 
Regeneration of Spinal Motor Neurons in Zebrafish

https://www.sciencedirect.com/science/article/pii/S221112471501075X

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/motor-neuron


New opportunities for bioengineering: 
stem cells for growing patient-specific neurons

“These results suggest that motor neurons 
derived from patients with SALS may provide 
improved stringency and clinical translatability 
for ALS drug development and preclinical testing. 
Only baricitinib, riluzole and memantine 
significantly increased motor neuron health in 
the screening.”



Prof. Fides Zenk, 
joined EPFL in 2023!



Purves Box 17B

Brain-Machine interface: using brain signals (here from the Motor Cortex)
to allow communication , or control of a prosthetic limb

BMI Monkey Pong
Neuralink





https://actu.epfl.ch/news/scientists-
identify-neurons-that-restore-walking-2/



Clinical application: mapping deficits to spinal injury location



https://www.dailymotion.com/video/x12647t

1997 BBC documentary, The Man Who Lost His Body.

S1

Thalamus

Cerebellum

Adapted from Scott, 2004

Clinical application: loss of proprioception

https://www.dailymotion.com/video/x12647t


Four systems make essential
and distinct contributions to motor control:

• spinal cord (and brainstem circuits)
• the cerebellum
• Descending control centers in the cerebral 

cortex and brainstem
• the basal ganglia



The cerebellum: functional organization

Purkinje Neuron: 
principle output 
of the cerebellar 
cortex DOI:10.1093/cercor/bhs354

http://dx.doi.org/10.1093/cercor/bhs354


FIGURE 19.16 Illustration of appendicular ataxia with cerebellar damage. (A) Smooth execution of a 
visually guided reach in an individual with typical cerebellum function.
(B) Poorly coordinated visually guided reach (appendicular ataxia) in an individual with cerebellar 
damage. The hand takes a much less straight trajectory to the target, with irregular
movements that typically overshoot or undershoot the visual target and so require frequent corrective 
movements to execute the intended motor task.

Cerebellar damage impairs motor learning & control in humans



https://www.youtube.com/watch?v=Txlvuu2byUY

Cerebellar ataxia
affects ~4 in 100,000 people

Cerebellar damage impairs motor learning & control in humans
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Shadmehr & Mussa-Ivaldi, 1994

Smith & Shadmehr, 2005



Basal ganglia:  Anatomy



Major BG pathways: indirect & direct

INDIRECT



Intention Action 

Motivation

Slide from Prof. Ann Graybiel (MIT)Movement

Basal ganglia:  shaping actions



Alzheimer's disease is one of the most devastating 
brain disorders of elderly humans.

It was defined by Alois Alzheimer in 1906 using criteria of 
progressive memory loss, disorientation, and pathological 
markers (senile plaques and neurofibrillary tangles).

4 known genes that cause the familial form of the disease

- APP on chromosome 21
- presenilin-1 [PS 1] on chromosome 14
- prescnilin-2 [PS 2] on chromosome 1
- apolipoprotein E (APOE, a gene on the long arm of 

chromosome 19 

AD currently afflicts nearly half of the people aged 85 years and older.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3181599/



Alzheimer's disease is one of the most devastating 
brain disorders of elderly humans.

It was defined by Alois Alzheimer in 1906 using criteria of 
progressive memory loss, disorientation, and pathological 
markers (senile plaques and neurofibrillary tangles).

4 known genes that cause the familial form of the disease

- APP on chromosome 21
- presenilin-1 [PS 1] on chromosome 14
- prescnilin-2 [PS 2] on chromosome 1
- apolipoprotein E (APOE, a gene on the long arm of 

chromosome 19 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3181599/

Blennow, K.; de Leon, M. J.; Zetterberg, H. 
Alzheimer’s disease. Lancet 2006, 368, 387-403.



FIGURE 31.3 Components of the nervous system that

organize the expression of emotional experience.

The link from emotion to motor systems



The link from emotion to motor systems

….. One interpretation of these findings is that

when voluntary facial expressions are produced, signals

in the brain engage not only the motor cortex but also

some of the circuits that produce emotional states.



In short, emotion and sensorimotor behavior are inextricably

linked. As William James put it more than a century

ago:

What kind of an emotion of fear would be left if the

feeling neither of quickened heart-beats nor of shallow

breathing, neither of trembling lips nor of weakened

limbs, neither of goose-flesh nor of visceral stirrings,

were present, it is quite impossible for me to think … I

say that for us emotion dissociated from all bodily feeling

is inconceivable.

William James, 1893 (Psychology, p. 379)



Affective Disorders

Mood disorders center on abnormal regulation of sadness and 
happiness

•Major forms: major depression and bipolar disorder (manic 
depression)
•Bipolar disorder involves alternating depression and euphoria
•Depression is the most common major psychiatric disorder
•Lifetime prevalence: ~10–25% in women, ~5–12% in men
•Diagnostic features go beyond normal grief or unhappiness
•Core symptoms: persistent sadness, despair, hopelessness

Areas of increased blood flow in the left amygdala and orbital and medial prefrontal

cortex (A) and in a location in the left medial thalamus consistent with the

mediodorsal nucleus (B) from a sample of patients diagnosed with unipolar clinical

depression. (From Drevets and Raichle, 1994.)

Treatments include several drug classes:
• Tricyclic antidepressants
• Monoamine oxidase inhibitors (MAOIs)
• Selective serotonin reuptake inhibitors (SSRIs)

•SSRIs are the most effective and widely used
•SSRIs block serotonin reuptake selectively
•Key SSRIs: fluoxetine (Prozac), sertraline (Zoloft), paroxetine 
(Paxil)



The Limbic System



FIGURE 32.13 Default-mode function and the posterior

cingulate cortex.

The limbic system and the Default Mode Network (DMN)



Schizophrenia 

• The most prevalent form of psychosis is schizophrenia, which affects approximately 1% of the world’s 

population

• Antagonists of dopamine receptors serve as antipsychotic drugs that reduce the positive (psychotic) 

symptoms of many schizophrenia patients.

Schizophrenia

Psychotic symptoms
(Delusions, Hallucinations)

Negative symptoms
(Apathy, Diminished expression)

Prof. Dr. Indrit Bègue

Department of Psychiatry

University of Geneva & University Hospitals of Geneva



Schizophrenia 

• The most prevalent form of psychosis is 

schizophrenia, which affects approximately 1% 

of the world’s population

• Antagonists of dopamine receptors serve as 
antipsychotic drugs that reduce the positive 

symptoms of many schizophrenia patients.

Prof. Dr. Indrit Bègue

Department of Psychiatry

University of Geneva & University Hospitals of Geneva



Major unmet need!

Total economic burden the US in 2019: 
● 343.2 Billion US $
● > 1 % of the US GDP
● Same order of magnitude as diabetes

(Kalakia et al, 2022)

Apathy is present in > 50% of patients and is 
strongly related to patient-relevant 
outcomes

Apathy

Activities of 
daily living

Social 
relationships

Capacity to 
work

Quality of 
life

… and thus contributes to the high societal 
and economic burden of schizophrenia
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From trial and error to precision psychiatry

time

Baeken et al, Curr. Opin Psych (2019) PMID:31145145

What if we could use advanced neuroimaging and non-invasive brain stimulation to understand 
individual brain circuits and personalize treatment to achieve better outcomes?

Adapted from Song et al, Biol Psychiatry (2024), PMID: 38552866
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From trial and error to precision psychiatry

Current process “One size fits all”

Incorporating neuroimaging for a precision psychiatry approach

Chen et al, Brain Stimul. 2024, PMID: 38641170



TMS: a causal link between brain activity and function

Impact of targeting M1 Neuromodulatory impact



TMS: set-up and demonstration

Neuronavigation system Coil

TMS machine



TMS engages large-scale circuitry beyond local effects

Impact on targeted networks

FPN

DN

VAN

DAN

Within the PFC, different stimulation sites preferentially 

modulate different subsets of brain networks 

(Opitz et al, Neuroimage, 2016, PMID: 26608241)





Technological Innovations that enable more 
Ecological Neuroscience for clinical applications



Beyond simple tests to practical tools in clinical applications

Fugl-Meyer Assessment
(standard for stroke)

Damen D, et al. 2022



EPFL-Smart-Kitchen Platform: towards ethological assays

Bonnetto, Qi et al. arXiv 2025A. Mathis Lab (EPFL)  & Profs. Hummel & Micera (EPFL) & Pollefeys (ETH/Micorsoft)
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EPFL-Smart-Kitchen Platform: towards ethological assays
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Beyond deep learning, and 
foundation models … 

Agentic Systems

Mathis arXiv 2025



Highlights:

• AmadeusGPT leverages LLMs, such as GPT3.5 or 4

• Its  an “OS”: a systems architecture approach to 
combing LLMs for  encoding, rephrasing, and 
explaining results

• Leverages SOTA models, such as SAM (MetaAI) and 
SuperAnimals (DeepLabCut)

• Can match human-level performance at quantifying 
animal behavior

52Shaokai Ye, Jessy Lauer, Mu Zhou, Alexander Mathis, Mackenzie W. Mathis NeurIPS 2023



AmadeusGPT benchmarked on several common 

scenarios in neuroscience

53



https://github.com/AdaptiveMotorControlLab/AmadeusGPT
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Decoding the Brain by merging behavior & neural data

Record Neural & 
Behavioral Activity

Build a Decoder 
Algorithm

Calculate requisite 
control parameters 
for external device



: an algorithm for joint modeling of neural & behavioral data

Schneider, Lee, M.W. Mathis Nature 2023 

time

n
eu

ro
ns

Building on contrastive learning:
Hyvärinen et al. 2019
Zimmermann et al. 2021
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Merk et al. 2023 
https://doi.org/10.21203/rs.3.rs-3212709/v1

Wolf-Julian Neumann

Invasive neurophysiology and whole brain connectomics 
for neural decoding in patients with brain implants

In the clinic!



58Wolf-Julian Neumann



Decoding the brain: towards linking computation to mechanisms

M.W. Mathis, Perez Rotondo, Chang, Tolias, A. Mathis (Cell 2024)



Ethological computational psychiatry: Challenges and 
opportunities. Current Opinion in Neurobiology, 2024
Ilya E. Monosov*, Jan Zimmermann*, Michael J. Frank*, Mackenzie 
W. Mathis*, Justin T. Baker* (*equal contributions)

Measuring & Modeling Adaptive Behavior: from the bench to clinical applications

4 ongoing using DeepLabCut
 including 1 in Bern!

https://www.sciencedirect.com/science/article/pii/S0959438824000436
https://www.sciencedirect.com/science/article/pii/S0959438824000436
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