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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.” 2

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


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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Memory systems Decision-making Visual systems Motor systems Neural Data Analysis

Behavior Analysis Encoding of Space NeuroAI BCIs for systems neuro Skill learning
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Felleman and Van Essen Cerebral Cortex 1991

Memory systems

Decision-making

Visual systems

Neural Data Analysis Behavior Analysis

Encoding of Space

BCIs for systems neuro

Motor systemsCognition

NeuroAI

“thinking & acting”



Final course logistics: 

• Final exam is the same style as the Quiz
• You can bring a A4 double side sheet of notes 

• Please take the “course survey” on Moodle! 



What’s new in systems neuroscience in 2025 …



Nature 2025



9

Recap - The Hippocampus

The hippocampus is a highly conserved 
brain structure across all mammals, 
including humans

Primarily uni-directional processing
loop: entorhinal cortex ->  hippocampus 
-> entorhinal cortex

EC -> Entorhinal cortex
Ca1: Cornu Ammonis 1
Ca3: Cornu Ammonis 3
DG: Dentate Gyrus
Sub: Subiculum



Tolman, Ritchie, Kalish 1946
Edward C. Tolman, 1948
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The cognitive map

Food reward

The animal acquires a structure 
of the environment during initial 
exploration

a cognitive map of the 
environment

Food reward

10
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The cognitive map

You are here

How do you know?

You have a cognitive map of 
the EPFL campus with place 
cells encoding specific places 
within it



12

O’Keefe et al. 1971
O’Keefe & Nadel, 1978

Place cells in hippocampal subfield CA1



Position

Speed

Head 
Direction

Full loss:

Decoding multiple behaviors from raw neural activity

Frey et al. 2021



Using CEBRA for testing positional encoding in the hippocampus
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Grid-cell & place-cell anatomy

Park et al. 2019



Grid cells in entorhinal cortex (EC)

16

Strange et al. 2014

Place and Head direction 
cells are found in 
hippocampus (and other 
areas)

Grid cells are found in 
entorhinal cortex



Grid cells in entorhinal cortex (EC)

Grid cells in entorhinal cortex respond to multiple spatial 
locations in a unique triangular grid pattern.

Ratemap    Autocorrelogram

Hafting et al. 2005

Grid cell (rat medial entorhinal cortex) recorded over 45 minutes of foraging

One grid cell (medial entorhinal cortex, layer II/III) wirelessly recorded as a rat forages for randomly scattered food in a large (~2m square) enclosure.

Recorded by Roddy Grieves in the lab of Professor Kate Jeffery, University College London.
http://www.ibn.ucl.ac.uk/jeffery-lab/

The animal's path is traced as a faint grey line, the activity of one grid cell is plotted on top of this as red markers. The video speed increases with time in order to 
compress 45 minutes of coverage into a short video. The video ends by showing the false colour firing rate of the cell.

Please feel free to use this video, a copy can be freely downloaded here:
https://doi.org/10.6084/m9.figshare.11498157.v1

Grieves, Jefferey 2020 
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http://www.youtube.com/watch?v=YMdGxGqv1AU


The theta cycle is a rhythmic oscillation in the 4–12 Hz range 
observed in the hippocampus during active behaviors

Theta sweeps … 
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Highlights
•Firing across hippocampal neurons can 
regularly “take turns” (cycle) every ∼125 ms

•Cycle firing is seen at single-cell, cell-pair, and 
population levels

•Cycle firing encodes hypothetical experience, 
including multiple possible futures

•Cycle coding generalizes across 
representational correlates, implying common 
process

Volume 180, Issue 3, 6 February 2020, Pages 552-567.e25

https://www.sciencedirect.com/journal/cell/vol/180/issue/3


But is there an experience-independent spatial sampling mechanism? 
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Nature 2025



The major claim: 
“…. we show in freely moving rats, that within individual theta cycles, ensembles of grid 

cells and place cells encode a position signal that sweeps linearly outwards from the 

animal’s location into the ambient environment, with sweep direction alternating 

stereotypically between left and right across successive theta cycles ”

22



Method: high density Neuropixels recordings (were key!)
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Method: latent variable modeling plus GLM
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Nice “trick”: expand 

the latent manifold 

beyond what is 

known (in position)



Grid cells and place cells sample ambient space with alternating “sweeps”

25



Grid cells and place cells sample ambient space with alternating “sweeps”
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Sweeps were detected in 72.9 ± 3.4% 

(mean ± s.e.m.) of the theta cycles in 

rats with more than a thousand cells (3 

rats). In the full sample (16 rats, mean of 

769 cells), sweeps were detected in 48.0 

± 1.3% of theta cycles.
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Grid cells and place cells sample ambient space with alternating “sweeps”
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Grid cells and place cells sample ambient space with alternating “sweeps”

Sweep lengths scaled with the spacing of the grid modules
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Restricting the analysis to grid cells revealed a stronger 

presence of sweeps relative to non-grid cells in EC

Place cell sweeps were delayed compared to simultaneously recorded 

EC, raising the possibility that hippocampal place cell sweeps are inherited 

from entorhinal grid cells

Strong correspondence between sweep direction in 

grid cells and the direction encoded by theta-

modulated directional cells

the findings support the notion that sweep direction is determined by 

activation of internal direction cells, via a layer of conjunctive grid cells
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Sweeps extend to never-visited locations

Taken together, these findings show that a seamless map of ambient space – including grid cells, 

internal direction cells and place cells – is unfolded independently of whether the animal ever visits 

the locations covered by the sweep signals.



Huge thanks to the TAs 
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• 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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Cartoon courtesy of Adrian Roggenbach

Remember, we are just at the starting line for many key questions…. 



Thank you!

Photograph: D. Berger/Google Research & Lichtman Lab 
(Harvard University)
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