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Disorders of the nervous system can affect every sensory, memory, and motor system.
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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. 200000

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



The neural control of movement: sensorimotor system
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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: primary motor cortex
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Spinal Cord Neuroanatomy Basics
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Genes regulate sub-types of motor neurons
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Two types of lower motor neurons are found in the motor neuron pools of

the ventral horn:

» Large motor neurons are called a motor neurons; they innervate the
striated muscle fibers that actually generate the forces needed for
posture and movement.

* Interspersed among the a-motor neurons are smaller y 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)

extrafusal skeletal muscle fibers in mature

Ry T O mammals are innervated by only a single o
by a single a motor neuron motor neuron




Alpha Motor neurons & The Motor Unit

Because an action potential generated by a motor neuron
typically brings to contraction threshold all of the muscle
fibers the neuron contacts, the single a 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 a motor neuron and the muscle fibers it
innervates, for which he coined the term motor unit.




The nerve - muscle synapse, or neuromuscular junction
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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.




| Normal health condition |

What are the symptoms of ALS?

With ALS, you may first have weakness in a limb that develops over a matter of days or, ' » E— - Biooo yescel ' :

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.

Dosmant
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As ALS progresses, though, more and more symptoms are noticed. ) Lo S G
These are the most common symptoms of ALS: i
t ».,
*Twitching and cramping of muscles, especially those in the hands and feet ’ :
*Loss of motor control in the hands and arms A pele
*Impairment in the use of the arms and legs
*Tripping and falling P
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https://www.hopkinsmedicine.org/health/conditions-and-diseases/amyotrophic-lateral-sclerosis-als https://www.sciencedirect.com/science/article/pii/B978012802257300004 3#f0020



© The Nobél Foundation.
Photo: U. Montan

Discovered four
transcription factors
(Oct4, Sox2, cMyc,

KIf4) that could make
adult cells pluripotent

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

Dimos et al 2008



New opportunities for bioengineering:
stem cells and organoids to develop high-
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Cerebral organoids model human brain
development and microcephaly
Madeline A. Lancaster et al. Nature (2013)
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Open challenges in iPSC motor neuron
research:

throughput drug screens
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Drug discovery is promising ...

Cell replacement therapy is very hard:
need to remove oncogenes, viral
vectors used for reprogramming

In vivo regeneration: no native
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Serotonin Promotes Development and
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New opportunities for bioengineering:
stem cells for growing patient-specific neurons
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Brain-Machine interface: using brain signals (here from the Motor Cortex)
to allow communication , or control of a prosthetic limb
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Gregoire Courtine
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Clinical application: mapping deficits to spinal injury location

(B) The innervation arising from a single dorsal root gangli-
X Trigeminal on and its spinal nerve is called a dermatome. The full
o set of sensory dermafomes is shown here for a typical

adult. Knowledge of this arrangement is particularly
important in defining the location of suspected spinal
(and other) lesions. The numbers refer to the spinal
segments by which each nerve is named. (A,C after
Rosenzweig et al., 2005; Haymaker and Woodhall, 1967;
B after Haymaker and Woodhall, 1967.)
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Clinical application: loss of proprioception

__ Cerebellum
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Spinal cord

Adapted from Scott, 2004
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1997 BBC documentary, The Man Who Lost His Body.
https://www.dailymotion.com/video/x12647t
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Cerebellar damage impairs motor learning & control in humans

(A) (B)

L r L

FIGURE 19.16 lllustration 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
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Basal ganglia: Anatomy

Cerebrum VA/VL complex

pars compacta

FIGURE 18.1 Motor components of the basal ganglia.



Major BG pathways: indirect & direct

(A) Direct pathway INDIRECT
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Basal ganglia: shaping actions
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The Basal Ganglia Have a Powerful Effect on Behavior:

Clinical Evidence
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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 Healthy Sev_ere :
progressive memory loss, disorientation, and pathological Brain Alzheimer’s

markers (senile plaques and neurofibrillary tangles).

ok N s
. )‘( ’,‘ /
4 known genes that cause the familial form of the disease ,)' . < z
i - <

- APP on chromosome 21 : ) > ) |
- presenilin-1 [PS 1] on chromosome 14 ‘ < )\ |
- prescnilin-2 [PS 2] on chromosome 1 \ B o s
- apolipoprotein E (APOE, a gene on the long arm of A ‘ &

chromosome 19 \\’ \Qi"

\*-‘

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

Tangles

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

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3181599/
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FIGURE 31.3 Components of the nervous system th
organize the expression of emotional experience.
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The link from emotion to motor systems
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The link from emotion to motor systems

(A) No sham rage (B) Sham rage remains FIGURE 31.2 Midsagittal view of a cat’s
brain, illustrating the regions sufficient for
the expression of emotional behavior.

(A) Transection through the midbrain, discon-
necting the hypothalamus and brainstem,
abolishes sham rage. (B) The integrated
emotional responses associated with sham
rage survive removal of the cerebral hemi-
spheres as long as the caudal hypothalamus
remains intact. (After LeDoux, 1987.)

Cerebral cortex Cerebral cortex

Hypothalamus  Midbrain Medulla Hypothalamus Midbrain Medulla

..... 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
eLifetime prevalence: ¥10-25% in women, ~5-12% in men
*Diagnostic features go beyond normal grief or unhappiness
*Core symptoms: persistent sadness, despair, hopelessness

Treatments include several drug classes:

e 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)

Mediodorsal nucleus

(A) Amygdala (B)
' of the t/halamus

Orbital and medial L R

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.)



The Limbic System

Corpus callosum

Orbital and medial - )
prefrontal cortex ‘ - of midbrain

Temporal Parahippocampal
lobe gyrus

Mammillothalamic  Anterior nucleus Mediodorsal

tract of the thalamus Fornix nucleus of the thalamus

FIGURE 31.5 Modern conception of the
limbic system. Two especially important compo-
nents of the limbic system not emphasized in early
anafomical accounts are the orbital and medial
prefrontal cortex and the amygdala. These two
felencephalic regions, fogether with related
structures in the thalamus, hypothalamus, and
ventral striatum, are especially important in the
experience and expression of emotfion (green).
Other parts of the limbic system, including the
hippocampus and the mammillary bodies of the
hypothalamus, are no longer considered import-
ant neural centers for processing emotion (blue).

Anterior
commissure

Ventral basal —
ganglia
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The limbic system and the Default Mode Network (DMN)
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FIGURE 32.13 Default-mode function and the posterior
cingulate cortex.



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.

Psychotic symptoms
(Delusions, Hallucinations)

Schizophrenia

Negative symptoms
(Apathy, Diminished expression)

Prof. Dr. Indrit Bégue
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 Bégue
Department of Psychiatry
University of Geneva & University Hospitals of Geneva

E Healthy control Individual with schizophrenia
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Apathy is present in > 50% of patients and is ... and thus contributes to the high societal

strongly related to patient-relevant and economic burden of schizophrenia
outcomes
/ . . 0 \
Activities of Total economic burden the US in 2019:
daily living e 343.2BillionUS S
- 7 e >1%of the USGDP
i Social h e Same order of magnitude as diabetes
relationshi S (Kalakia et al, 2022)
{ Apathy N P>
4 ] I
Capacity to
work
o J

life

Quality of } Major unmet need!




From trial and error to precision psychiatry

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

100% Bresponse
B remission
Py
Current Process & 80°% sychotherapy +
) P o antidepressant TMS +
Trial-and-error o psychotherapy
. 2]
. R rTMS
Try a different treatment E 6 Psychotherapy Antidepressant
d nd:) monotherapy (citalopram)
[ : 1
‘ Fail to respond # Q 8 40%
Treatment decisions (’ Q g One failure
based on clinical
heuristics Qiy ~30% wt 8‘ 2 O/ Two failures )
Respond nq:) o Three failures
Extended timeline. Wait and see on outcome of each trial. II Il
. . treat t t
Adapted from Song et al, Biol Psychiatry (2024), PMID: 38552866 more treatment resistance
time

Baeken et al, Curr. Opin Psych (2019) PMID:31145145
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From trial and error to precision psychiatry

Current process “One size fits all” ) standard treatment
» | :
()] L
6 . no response (10%)
S - A
4 r
o . * linear constant improvement (22.5%)
ca q ]
w L]
()
| -
Q.
(V)
2

L
Delayed response (49.1%)
h ]
L]
f Rapid response

Week

Incorporating neuroimaging for a precision psychiatry approach @
o location 1
identification of circuit application of non-
invasive stimulation @
location 2
location 3

'

location 4

0123456 7 8 9 10 Chen et al, Brain Stimul. 2024, PMID: 38641170
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TMS: a causal link between brain activity and function

Magnetic
field

l

Electric
current

|

Depolarization

A\

Facilitation Inhibition

Impact of targeting M1

0 £ é’s
-~ Q
= < f
T Q
g £ zg - P "X
A7) X
Foot &
Toes 2
Genital L‘(ﬁ:‘q‘e
\“‘%@N
W
- G
w?
Foc®
ues
Teeth,
gums =
and jaw '
Tongue
Pharynx -

MEP change (% baseline)

160 5

-

Ul

o
1

[N

B

(@)
1

=

w

o
1

120

110 A

100 -

Neuromodulatory impact



TMS: set-up and demonstration

Neuronavigation system ., | &

S machine
NEEEEEREET |

A
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TMS engages large-scale circuitry beyond local effects

Impact on targeted networks DAN

FPN

ICN

DN

ICN3 \
ICN4
ICN5
ICNObG

ICN7

VAN

Within the PFC, different stimulation sites preferentially
modulate different subsets of brain networks

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




Exploring personalized efficacy and impact of cerebellar-TMS in
Schizophrenia using CEBRA 2.0

Apply unsupervised CEBRA Provide an interpretable framework Use latent trajectory shifts to
on fMRI data to extract latent to analyze TMS-induced shifts of decode personalized
trajectories of neural dynamics neural dynamics efficacy of TMS
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Schneider, Lee, Mathis 2023 Nature



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)

' )
..‘\
% { 4
- ' A

wipe dewnlcountern




EPFL-Smart-Kitchen Platform: towards ethological assays

9x Exocentric views

asod Apog

Fine-grained Action Annotations

Cany Knife

TERITROR R |
Cut Mushrooms
UL / 8x IMU sensors

Move Mushrooms [NV S P R

asod pueH

Hold Mushrooms J'H'N”"“‘ql"i‘ﬂ“&

Grab Mushrooms

A. Mathis Lab (EPFL) & Profs. Hummel & Micera (EPFL) & Pollefeys (ETH/Micorsoft) Bonnetto, Qi et al. arXiv 2025



Body Mesh fitting

Hand Mesh fittin

EPFL-Smart-Kitchen Platform: towards ethological assays

output0

output0

Projected 3D poses

Rendered 3D meshes

3D poses



Beyond deep learning, and
foundation models ...

Agentic Systems

£
-
-
-

s,
*s,
»
Ty

development of Al systems
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#
[}

~"Agentic Systems

Machine Learning
Deep Learning

9@ Foundation Models
o _

"' '_-:; L]
J ' I...:"\..

Neural
Encoder

Vision-Lang. \
Encoder

models

architectures

algorithms

adaptive intelligent systems ¢ 4

1
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Mathis arXiv 2025 51



% Input Vio 2 Query

“When is the mouse
on the treadmill?”

v

[ ] [ ] ° ‘ ;
Highlights: - AmadeusGPT « )
« AmadeusGPT leverages LLMs, such as GPT3.5 or 4 -@OPG“AI +—> -

Generate Code based on class AnimalBehaviorAnalysis:
Core API & Integrations ,mh o
* Its an “OS”: a systems architecture approach to N e i & R et ey e
. . . o?ject_names = ['18') Y get names of all cobjects
combing LLMs for encoding, rephrasing, and fal == e natmlristrin el
behavior_analysis.plot_object_ethogram(object_names) comparison,
explaining results b8 Canc, s

Python Interpreter ﬁ

* Leverages SOTA models, such as SAM (MetaAl) and - @ - OQsam

. use pretralned DLC model use pretrained SAM model
SuperAnimals (DeepLabCut)

e Can match human-level performance at quantifying
animal behavior \_

/~ & Output v I
“Result for query : 12,836 frames

the mouse is on the treadmill (total
\\7 video length is 107,800 frames).

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



=PrL

AmadeusGPT benchmarked on several common

scenarios in neuroscience

L Query:
“When is the animal on the
treadmill, which is object 52~

L Query:

animal.”

task_program():
behavior_analysis =
overlap_object_5_events =
fig, ax =
fig, ax

(c) MABE Challenge dataset

Watching

“Plot the trajectory of the

AnimalBehaviorAnalysis()
behavior_analysis.animals_object_events('5"',
behavior_analysis.plot_trajectory(bodyparts=[‘'all'],

L Query:

“When is the animal close to the
object 35, if I define close as
less than 50 pixels?”

'overlap', bodyparts=['all'])
events=overlap object_5_events)

Official definition X Our prompt

“pefine <|chases|> as a social behavior
where closest distance between this
animal and other animals is less than
40 pixels and the angle between this
and other animals have to be less than
30 and this animal has to travel faster
than 2 pixels. When do chases happen?”

Chase: Mice are moving above 15 cm/sec,
with closest points less than 5 cm apart,
and angular deviation between mice is
less than 30 degrees, for at least 80% of
frames within at least one second. Merge
bouts less than 0.5 seconds apart.

Watching: Mice are more than 5 cm apart
but less than 20 cm apart, and gaze offset
of one mouse is less than 15 degrees from
body of other mouse, for a minimum
duration of 3 seconds. Merge bouts less
than 0.5 seconds apart.

“pefine <|watching|> as a social
behavior where distance between animals
is less than 260 pixels and larger than
50 and head angle between animals is
less than 15. The smooth_window_size is
15. When does watching happen?”

53



o E | | 1
Share W

Left click to draw a polygon. Right
click to confirm the drawing. After

that, click finmish drawing button. W\ 2

AW R
Refresh the page if you need a new ROI {‘; Mathis La boratory
Or if the ROI canvas does not display Ama eu SGPT‘ _ ) of adaptive motor control

Elevated plus maze (EPM) 1is a widely used behavioral test. The mouse is put on an
elevated platform with two open arms (without walls) and two closed arms (with walls). In

this example we used a video from https://www.nature.com/articles/s41386-020-0776-Yy.

. ll On the left you can see the video data auto-tracked with DeepLabCut and keypoint
names {below). You can also draw ROIs to ask questions to AmadeusGPT« about the ROIs.

You can drag the divider between the panels to -‘increase the video/image size.
+ We suggest you start by clicking 'Generate Response' to our demo queries.

» Ask additional questions in the chatbox at the top of the page. Note that you need to

scroll down to see the outputs!

*» Here are some example queries you might consider: 'The <|open arm|> is the ROI®. How

much time does the mouse spend in the open arm?' (NOTE here you can re-draw an ROI®@ if

you want. Be sure to click 'finish drawing') | 'Define head_dips as a behavior where

Ve the mouse's mouse_center and neck are in ROIO® which s open arm while head_midpoint s

outside ROI1 which is the cross-shape area. When does head_dips happen and what is the

' ~ " ~ . Lo = 4

. AmadeusGPT# Wi

W Streamlit «g@ python™ sueyeer
"

» We turn natural language descriptions of behaviors into
] machine-executable code.

& Repor

https://github.com/AdaptiveMotorControlLab/AmadeusGPT



Decoding the Brain by merging behavior & neural data

4 I a I 4 I

, Calculate requisite

Record Neural & Build a Decoder
: .. > , — | control parameters
Behavioral Activity Algorithm .

for external device

\ J \ J
e

J % 1
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& CEBRA : an algorithm for joint modeling of neural & behavioral data

a Behavioural data: b Discovery: [ Hypothesis:

Om position time only position
time 2 \ & .
s "
3. ¢

neurons

v

Latent 2

Building on contrastive learning:
Hyvarinen et al. 2019

Zimmermann et al. 2021 Schneider, Lee, M.W. Mathis Nature 2023



s CEBRA

In the clinic!

Movement decoding coharts and tasks

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

Center Beorin Bejrg Prsburgh Washingion
Subjects 12 PD 107D 16 PD 18 Epdlopsy
A\ @ v | e 18
A -\ ' \ Vel
Task \'\ ! tr% - ‘)i AN
115 g v . :
& y
Rotation | Sutton press | Grip force [Clench & release

Wolf-Julian Neumann

Merk et al. 2023
https://doi.org/10.21203/rs.3.rs-3212709/v1

h

Methods for decoding without patient individual training —

Interpolated grid
-+ Plug & play decoding on a newly recruited subject

points

W 0-75 pmovemer
classifica
Mos [balancec

0 |
Real-Time decoding Real-time
No individual training  Individual training decoding performances
- B Balanced accuracy |
Na N / \ G Movement
- 6‘° detection rate
<

i j k

Connectivity template Contrastive learning ECoG embedding

& 1.0
& 0.8
OO d
&P £0.6
& S

-7.5 -3.75 0.0 3.75 7.5-7.5-3.75 0.0 3.75
Time [s]
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Decoding the brain: towards linking computation to mechanisms

Volume 187
Number 21 C .
October 17, 2024 = n
N - 3 : y \
. | ; Attempted £ \
) o 3 ( Good to see you )
‘ silent speech \
. ; €

Closed loop / aninﬁ;?it:;
experimental
design ¢
3 Text = Brainstem
2 decoding stroke
b = (RS
o
Qz; synthesis
i wll‘* .
N© .
F.6:511. [
2 o < @ [«
8~ S50, (2>
p 79 t ’ Ll o = it
Reconstructed samples Phone probabllltles
S —0O—
OB ORZ®
— X 1
FOCUS (e]] ] i .; : | Speech-soin_d features -
Neuroscience ' > §~ Oc—0
q ;;"5,7_/-‘1 { =< }i . SR
B ) \ ~0

Deep- Iearnmg model

Articulatory gestures

5%CellPress

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



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

multi-modal
digital models

extended out to the side but bent so the lower arms are going
upward and slightly forward. The head is level and looking

The person is squatting so that upper body is resting on the R
back of their legs raise up on their toes. Both arms are
straight forward.

GPT4 with DALL-E PoseGPT

2
&
3
5
§ P\ @ openAI &
2 )((

o

National Library of Medicine

National Center for Biotechnology Information

ClinicalTrials.gov

Ethological . I hi . Chall I
opportunities. Current Opinion in Neurobiology, 2024 4 ongoing using DeeplabCut
llya E. Monosov*, Jan Zimmermann* Michael J. Frank*, Mackenzie

W. Mathis*, Justin T. Baker* (*equal contributions) including 1 in Bern!


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