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Who am I?
• Assistant Professor at EPFL since 2020

• Rowland Fellow at Harvard 2017-2020

• PhD Harvard | Systems Neuroscience

Merging machine learning & neuroscience
The lab revolves around two interactive areas: 
developing open source machine learning tools & 
uncovering neural dynamics during adaptive 
behaviors. Specifically, we design naturalistic and 
skilled sensorimotor assays for mice, perform large-
scale neural recordings, and build tools to aid in our 
quest of finding internal models in the brain. 
Sensorimotor control mandates adaptability, and 
therefore we see it as the optimal system for better 
understanding intelligence. 

My office hours: 

Thursdays, 3-4pm in SV 2811

email: mackenzie.mathis@epfl.ch 

https://www.mackenziemathislab.org/
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Teaching team

• Célia Benquet

• Myriam Hamon

• Spencer Bowles (a 
lecture on BMIs + hands-
on expts!)

• Thomas Sainsbury (a 
lecture on fish & vision + 
hands-on expts!)

EDEE PhD candidate EDNE PhD candidate
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What is Systems Neuroscience?

“Systems neuroscience is a subdiscipline 

of neuroscience and systems biology that 

studies the structure and function of neural 

circuits and systems.” - Wikipedia

“Systems neuroscience encompasses a number 

of areas of study concerned with how nerve 

cells behave when connected together to 

form neural pathways, neural circuits, and 

larger brain networks. At this level of analysis, 
neuroscientists study how different neural 

circuits analyze sensory information, form 

perceptions of the external world, make 
decisions, and execute movements.” 4

https://en.wikipedia.org/wiki/Neuroscience
https://en.wikipedia.org/wiki/Systems_biology
https://en.wikipedia.org/wiki/Neuron
https://en.wikipedia.org/wiki/Neuron
https://en.wikipedia.org/wiki/Neural_pathway
https://en.wikipedia.org/wiki/Neural_circuit
https://en.wikipedia.org/wiki/Large_scale_brain_networks


Neurons

Behavior

The neural circuits, 
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Levels of abstraction

Inspired from:
Krakauer et al. Neuron 2017

Basset et al. Nature Neuro 2017
Terry Sejnowski & David Marr

Computation

Algorithm

Implementation

How can we study this?
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Computational 

models (& computations)

Neural activity Behavior

Towards closing the gap between the neuron & behavior

David Marr’s three levels, 
Krakauer et al. Neuron 2017
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Everything is on Moodle!

• Course Syllabus
• TA contacts
• Paper Readings
• Slides after class
• Quizzes
• Assignment details
• Forum for discussions!

Logistics of the class
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Logistics of the class

Learning Outcomes:

By the end of the course, you should be able to:
• Learn to effectively read primary literature.
 
• Understand the principles of neural coding and 

information processing.

• Understand the current state-of-the-art techniques 
for studying the brain, including behavior,  
electrophysiology, optogenetics, and functional 
imaging.

• Apply computational approaches to study specific brain functions such as sensory 
processing, motor control, and cognition.

• Understand the relationship between brain circuits and behavior.

• Develop computational skills for analyzing neural data 9



Logistics of the class

Quizzes:

There will be two short quizzes during the term to account for 25% of your overall 
grade:

•Quiz 1: During Section on W7: covering material from W1-7.
•Quiz 2: During Section on W13: covering material from W8-13.

Final Exam:

•During the last week* of the semester (on May 23rd), we will have a final exam 
covering the material presented in Lectures and Sections throughout the course. 
This will a written exam. It will count for 25% of your course grade.
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Logistics of the class

Problem Sets:
There will be two assignments:

Problem Set 1 (25% of the course grade, DUE April 17th): Write a "News & Views Nature (another example set 
here: News & Views Nature Neuroscience)" style article (~1,000 words) on one of the assigned papers. News & 
Views are generally written by specialists for broader scientific audiences. The goal is for you to write about one 
of the assigned readings (from any time point in the course). The learning objective is to read primary research 
articles and learn to summarize them in the broader context of the field. For example, here is one from Prof. 
Mathis. 

 You have 1 week to dedicate time to this! 

Problem Set 2 (25% of the course grade, DUE May 15th): Now that you are about to venture off to do thesis 
projects in labs, let's build your skills at formulating science! The goal is to write a small research proposal to help 
you craft your critical thinking. Please write a 2-3 page (11pt font, 1.5 line spacing) proposal that 
includes: (1) Background & Introduction; (2) Scientific Aim(s): Hypothesis, Methods; (3) Anticipated Results; (4) 
References. An example is provided on Moodle!

 You have 1 week to dedicate time to this! 11

https://www.nature.com/nature/articles?type=news-and-views
https://www.nature.com/neuro/articles?type=news-and-views
https://www.nature.com/articles/s41593-019-0504-2


Weekly Schedule:

W1: Introduction to Systems Neuroscience & Memory
W2: Reward & Reinforcement Learning
W3: Sensorimotor modulation & control
W4: Visual Systems
W5: Neural data analysis
W6: Behavioral data analysis
W7: Encoding of Space (quiz 1 in section)
W8: Problem Set #1 work week
W9: NeuroAI
W10: spring break  - no assignments (April 17 - 28th)
W11: Problem Set # 2 work week
W12: Brain Machine Interfaces for Systems Neuroscience
W13: Cognition & Frontal Cortex (quiz 2 in section)
W14: Emerging topics in systems neuroscience & FINAL EXAM May 
23rd

Each week you will have:

• An in-person Lecture that requires no pre-
reading or homework. Please just attend with 
an open mind and be ready to take notes. 
Slides will be provided on Moodle for reference 
after the lecture.

• An in-person Section that will typically have 1 
paper for assigned pre-reading and then a 
Journal Club in class. We will have discussions 
on that paper in depth, thus please come 
prepared to discuss the work. The papers are 
posted below in each week. Some Sections will 
have hands-on learning computational 
materials that aid in learning (neural or 
behavioral analysis).  Some may also have live 
demos. Please check the week schedule below 
to know more!

Weekly Schedule!
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Reading (Homework)

• One primary literature paper will be assigned most 
weeks and discussed in Section (Fridays)

• The lecture (Thursdays) will provide you will (most) 
of the relevant background for the paper
• Note, we assume you have the required basic 

neuroscience background (see BIO-311)

Image from http://www.neotropicalscience.com/reading-primary-lit.html
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Optional Reading

 Great for cutting-edge 
ideas in systems neuro

→ “The” graduate level 
textbook on neuroscience

14



Grading 

The final mark is a combination of three evaluations: 
2 problem sets (50%) 
2 quizzes (25%)
1 final exam (25%)

Expected student activities:
Attend lectures and sections (both are critical), read scientific 
articles assigned for each section, complete the two homework 
sets, participate in quizzes, and take the final exam!
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https://www.epfl.ch/schools/sv/bmi/brain-mind-institute/neuroscience-events/  all on Main Campus
https://neuro-x.epfl.ch/en/events/  many in Geneva EPFL Campus (Neurotech)

Go watch neuroscience seminars! 
- these are world-leaders in their area giving the latest updates 

16
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https://neuro-x.epfl.ch/en/events/


Let’s start…

with a primer on neuroscience
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Men ought to know that from the brain, and from the brain only, arise our 
pleasures, joys, laughter and jests, as well as our sorrows, pains, griefs and 
tears. Through it, in particular, we think, see, hear, and distinguish the ugly  from 
the beautiful, the bad from the good, the pleasant from the unpleasant. . . .

 It is the same thing which makes us mad or delirious, inspires us with dread and 
fear, whether by night or by day, brings sleeplessness, inopportune mistakes, 
aimless anxieties, absent-mindedness, and acts that are contrary to habit. 

attributed to Hippocrates Fifth Century, B.C.

18



The Nervous System
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Anatomy

Brains are very complex:

About 86-100 hundred billion neurons
in human brain, 71 million in a mouse, and 
~300 in a c. elegans worm

Neurons be classified in many different
ways including:

1. Based on number of “neurites”
2. Based on dendrites
3. Based on connections or
function
4. Based on axon length
5. Based on neurotransmitter,
typically one neurotransmitter
per neuron
6. Named cells

20



Neural circuits are complex

Felleman and Van Essen Cerebral Cortex 1991 Shepherd and Yamawaki Nature review neuroscience 2021
21



Human Brain Anatomy (then and now)

22



Human Brain Anatomy
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Mouse Brain Anatomy

http://www.gensat.org/imagenavigator.jsp?imageID=14206 24

http://www.gensat.org/imagenavigator.jsp?imageID=14206


http://atlas.brain-
map.org/atlas?atlas=2&plate=100883804#atlas=2&plate=100883804&resolution=10.60&x=7671.879635581487&y=4000.064
125543908&zoom=-3

Mouse Brain Anatomy

25

http://atlas.brain-map.org/atlas?atlas=2&plate=100883804
http://atlas.brain-map.org/atlas?atlas=2&plate=100883804
http://atlas.brain-map.org/atlas?atlas=2&plate=100883804


Mouse Brain Anatomy

https://connectivity.brain-map.org/3d-viewer

26

https://connectivity.brain-map.org/3d-viewer


https://www.mdpi.com/1422-0067/20/6/1296

Zebrafish Brain Anatomy

Image from https://news.mit.edu/2022/smarter-zebrafish-study-1118
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The fundamental unit: the neuron
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Hubel & Wiesel Purves Fig. 12.8

Function
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Neurons

Behavior

The neural circuits, 

the dynamics… 
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The technology:Modern Technology is critical: Neuropixels

• Many neurons recorded simultaneously are 
required if we aim to study complex behavior!

31



Technology is critical: deep 

learning for neural analysis

• Measuring behavior (pose)
• Spike extraction
• Modeling neural dynamics 

Schneider, Lee, Mathis Nature 202332



There is also a lot we still 
don’t know …

(we hope this course helps start your 
scientific quest!) 
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Many unsolved challenges…. 

David Hilbert

https://www.simonsfoundation.org/2020/
05/06/hilberts-problems-23-and-math/

23 Problems in Mathematics

34

https://www.simonsfoundation.org/2020/05/06/hilberts-problems-23-and-math/
https://www.simonsfoundation.org/2020/05/06/hilberts-problems-23-and-math/


1. Shall We Even Understand the Fly's Brain?

2. Can We Understand the Action of Brains in Natural

Environments?

3. Hemisphere Dominance of Brain Function-Which Functions

Are Lateralized and Why?

How Have Brains Evolved?

Many unsolved challenges…. 
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How Is the Cerebral Cortex Organized?

4. What Is the Function of the Thalamus?

5. What Is a Neuronal Map, How Does It Arise, and What Is

It Good For?

6. What Is Fed Back?

Many unsolved challenges…. 
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7. How Can the Brain Be So Fast?

8. What Is the Neural Code?

9. Are Single Cortical Neurons Soloists or Are They Obedient

Members of a Huge Orchestra?

10. What Is the Other 85 Percent of V1 Doing?

How Do Neurons Interact?

Many unsolved challenges…. 

37



What Can Brains Compute?

11. Which Computation Runs in Visual Cortical Columns?

12. Are Neurons Adapted for Specific Computations? Examples

from Temporal Coding in the Auditory System

13. How Is Time Represented in the Brain?

Many unsolved challenges…. 

14. How General Are Neural Codes in Sensory Systems?

15. How Does the Hearing System Perform Auditory Scene

Analysis?

16. How Does Our Visual System Achieve Shift and Size 

Invariance?

Felleman and Van Essen Cerebral Cortex 1991
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Organization of Cognitive Systems

17. What Is Reflected in Sensory Neocortical Activity: External

Stimuli or What the Cortex Does with Them?

Many unsolved challenges…. 

18. Do Perception and Action Result from Different Brain 

Circuits? The Three Visual Systems Hypothesis

19. What Are the Projective Fields of Cortical Neurons?

20. How Are the Features of Objects Integrated into Perceptual

Wholes That Are Selected by Attention?

21. Where Are the Switches on This Thing?

22. Synesthesia: What Does It Tell Us about the Emergence

of Qualia, Metaphor, Abstract Thought, and Language?

23. What Are the Neuronal Correlates of Consciousness?
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What is a memory trace?

How is it stored in the brain?

Can you implant false 
memories? 

40



Prof. Sheena Josselyn

What is memory?

41



Prof. Sheena Josselyn

The Engram

42



https://core.ac.uk/download/pdf/289079817.pdf

Engrams can be studied at the 

region, neural population, cell 

or even nucleus level… 

43
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The Distributed Brain 

Regions of the brain do not function in isolation
• Many areas are involved in seemingly “simple” 

behaviors. 
• Neurons across regions orchestrate behavior 

in a hierarchical manner 
• This hierarchy is most often considered 

anatomically, then computationally

“Simple” example, Tennis:
- visual areas to judge size, motion, velocity of the ball
- amygdala (plus more in brainstem) adjusts heart rate, respiration, coordinate with 
hypothalamus to motivate
- To hit the ball, need premotor and motor to signal to spinal cord
- Basal ganglia activated to recall learned movements
- Cerebellum, parietal and somatosensory cortex provide sense of body and feedback
- Hippocampus: remembers the great hit to brag about it later! 

44



Explicit memory—the conscious recall of information about 
people, places, and objects—is what people commonly think of 
as memory.

The two structures in the mammalian brain that are critical for 
encoding and storing explicit memories are the prefrontal 
cortex and the hippocampus.

The prefrontal cortex mediates working memory. Information 
stored in working memory can be actively maintained for very 
short periods and then rapidly forgotten, such as a telephone 
number that is remembered only until it is dialed, or it can be 
stored elsewhere in the brain as long-term memory. The 
hippocampus stores declarative information in a more stable 
form for periods ranging from days to weeks to years, up to a 
lifetime.

The Hippocampus 
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https://www.youtube.com/watch?v=wMuwc2MxLuw

The Hippocampus in mice 
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Criteria for identifying correlation, necessity & sufficiency of memory

Observe

CorrelationLearning            =>   Neural Activity

(Eichenbaum, 2016)
(Hasselmo et al. 2002)
(Reijmers et al. 2007)

(Tang et al. 1999)
(Han et al, 2009)

(Denny et al. 2014)
(Tanaka et al. 2014)

Perturb 

Block  neurons  =>   Block memory Necessity 

Slide courtesy of Prof. Steve Ramirez (BU)
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The Hippocampus in mice: causally probing memory 

(Reproduced, with permission, from Tsien, Huerta, and Tonegawa 1996.) Fig 67-12

BioRender

Metrics:
• Time to reach platform (escape latency)
• Swimming path (for ease, often broken into quadrants in older 

works, now can be tracked with DL easily)

Long-term potentiation, and spatial learning and 
memory are impaired in mice that lack the NMDA 
receptor in the CA1 region of the hippocampus

necessity

48



The Hippocampus in mice: causally probing memory 

Fig 67-13

BioRender

Metrics:
• Time to reach platform (escape latency)
• Swimming path (for ease, often broken into quadrants in older 

works, now can be tracked with DL easily)

Learning and memory are enhanced in mice that 
overexpress the NR2B subunit of the NMDA 
glutamate receptor. 

necessity

(Reproduced, with permission, from Tang et al. 1999.) 
49



correlation

The firing patterns of pyramidal cells in the 
hippocampus create an internal representation 
of the animal’s location in its surroundings. 

*see much more in “Encoding of Space” lectures

The Hippocampus in mice: what are the neural representations?

(Adapted, with permission, from Muller, Kubie, and Ranck 1987.)Fig 67-15

(Reproduced, with permission, from Rotenberg et al. 1996.)Fig 67-16

But is there a relation to neural firing and 
disruption of NMDA receptors in hippocampus?

Yes! Recording in mutant mice shows a 
disruption of “place cell” coding …  

50



Observe

CorrelationLearning            =>   Neural Activity

(Martin and Morris, 2000)

(Eichenbaum, 2016)
(Hasselmo et al. 2002)
(Reijmers et al. 2007)

(Liu et al. 2012)
(Ramirez et al. 2013)
(Josselyn et al. 2015)

(Tonegawa et al. 2015)

Perturb 

Mimic

Block  neurons  =>   Block memory

Activate neurons =>     Activate memory

Necessity 

Sufficiency 

Slide courtesy of Prof. Steve Ramirez (BU)

Criteria for identifying correlation, necessity & sufficiency of memory

(Tang et al. 1999)
(Han et al, 2009)

(Denny et al. 2014)
(Tanaka et al. 2014)
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Hypothesis:
Neurons in the hippocampus that are active 
during the formation of a memory are sufficient to 
drive behavioral expression of that memory

Is the hippocampus engram sufficient to drive recall of a memory?
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X Liu et al. Nature 000, 1-8 (2012) doi:10.1038/nature11028

• A specific memory is thought to be encoded by 
a sparse population of neurons.

• These neurons can be tagged during learning 
for subsequent identification and manipulation 
(think ChR2/optogenetics).

• Moreover, their ablation or inactivation results 
in reduced memory expression, suggesting 
their necessity in mnemonic processes (and 
over-expression can enhance memory-based 
learning!)

•  However, the question of sufficiency 
remained: it is unclear whether it is possible to 
elicit the behavioural output of a specific 
memory by directly activating a population of 
neurons that was active during learning.

Is the hippocampus engram sufficient to drive recall of a memory?

53



Aversive conditioning / "fear learning"

CS: An innocuous sensory stimulus
(tone of 7 kHz, 80 dB, 0.1 s, 30x)

US: A mild electric footshock
Activates nociceptors on the feet and probably 
other low-threshold mechanoreceptors

CR: freezing (behavioral immobility)
An evolutionary useful response in
the presence of a not clearly present threat

Content A Content B Content A

Cartoons by Prof. Steve Ramirez (BU)
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Activity-dependent and inducible optogenetics

c-fos

ChR2

ChR2 makes cells 
responsive to light

c-Fos is only expressed in active neurons Dox can open and close windows 
for expressing a given gene

TRE ChR2

tTA

c-fos promoter tTA

tTA

ChR2

DOX

Behavior

Slide courtesy of Prof. Steve Ramirez (BU)
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The Expression of Immediate Early Genes (IEGs)

c-fos

c-Fos is only expressed in active neurons

IEGs are classified into two groups: 
• (a) those that encode transcription factors that regulate the expression of 

other genes by binding to a specific DNA sequence (called regulatory 
transcription factors)

• (b) those that encode proteins that are found throughout the cytoplasm and 
which go into the peri-dendritic region of cells, directly modifying cell function 
(called effector IEGs)

• *be aware there are many more beyond c-fos …. https://www.mdpi.com/2673-4087/3/4/50
56
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X Liu et al. Nature 000, 1-8 (2012) doi:10.1038/nature11028

Basic experimental protocols and selective labelling of DG cells by ChR2–EYFP.

How to label a memory in the mouse

a: The c-fos-tTA mouse was injected with AAV9-TRE-
ChR2-EYFP and implanted with an optical fiber targeting 
the DG.

b: When off Dox, fear conditioning induces the 
expression of c-fos → tTA, which binds to TRE and 
drives the expression of ChR2–EYFP, labelling a 
subpopulation of activated cells (yellow) in the DG
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The experimental setup

Mice were habituated in context A 
with light stimulation while on Dox 
for 5 days

Then taken off Dox for 2 days 
and fear conditioned (FC) in 

context B

Mice were put back on Dox and 
tested for 5 days in context A with 
light stimulation

Cartoons by Prof. Steve Ramirez (BU)

What behavioral 
readout are we 

going to look for?
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Question …

• When mice are on Dox the expression of c-fos-tTA is inhibited! Why is 
this important?

You don’t want expression of c-fos just because they are learning a new environment in context A!

ChR2

DAPI

C-fos

59



Hippocampus cells active 
during learning are 

sufficient for memory 
recall upon subsequent 

activation

Activating a similar 
proportion of cells 

unrelated to fear learning 
does not elicit a fear 

response

Light induces freezing in experimental subjects only

Bi-lateral stimulation 
caused even more 

freezing

Slide courtesy of Prof. Steve Ramirez (BU)
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Lets take a look…

This file contains a movie showing one representative mouse from the Exp-Bi group during 
a test session post-training. The first minute of the movie shows the light-off epoch and 
the subsequent three minutes show the light-on epoch. The movie is played at 4× normal 
speed. Note that freezing levels increase dramatically only during the light-on epoch. X Liu et al. Nature 000, 1-8 (2012) doi:10.1038/nature11028 61



Optogenetic stimulation of a hippocampal engram 
activates fear memory recall

• Optogenetic reactivation of hippocampal 
neurons activated during fear 
conditioning is sufficient to induce 
freezing behaviour. 

• They labelled a population of 
hippocampal dentate gyrus neurons 
activated during fear learning with 
channelrhodopsin-2 (ChR2) and later 
optically reactivated these neurons in a 
different context. 

• The mice showed increased freezing only 
upon light stimulation, indicating light-
induced fear memory recall

this was the first demonstration that directly 
activating a subset of cells involved in the 

formation of a memory is sufficient to induce the 
behavioural expression of that memory
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Section Journal Club Paper For Tomorrow …. 
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“The difference between false memories and true ones is the same as for jewels: it 
is always the false ones that look the most real, the most brilliant.”

- Salvador Dali 

Slide courtesy of Prof. Steve Ramirez (BU)
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