
Computational Neuroscience at FIAS

Bridging scales by modelling 
and replicating in silico
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Multi-scale modelling and simulations of neural systems

Multi-scale 
modelling

High-
performance 

computing

Integration of 
theory and 

experiments

Cuntz   Kaschube   Roig   Triesch   
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Computational Connectomics

DFG priority program 
SPP-2041

Who:

• Scientists across 

Germany 

FIAS participants: 

• J. Triesch (speaker)

• M. Kaschube

• T. Tchumatchenko

Topics

▪ Automated
reconstruction of brain 
connectivity 

▪ Curation and open-
access distribution of 
large-scale data sets

▪ Computational
analyses of complex 
connectivity networks

▪ Computational models 
of brain networks and 
their dynamics and 
function

Key Results from FIAS

• Spine detection in 3D 

live cell imaging. Vogel, 

…, Triesch, …, Kaschube. 

Sci Rep. (2023)

• V1 connectivity rules 

from in vivo recording. 
Kraynyukova, …, & 

Tchumatchenko. PNAS 

(2022)

• Simulator 

development. Vieth, … & 

Triesch. Front. Neuroinform. 

(2021)
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Emergence of representations during development

D-US Grants (NSF, 
NIH / BMBF)

D-US joint grants:

• 2016: with MPI

Florida, D. Fitzpatrick

• 2020: with UMN

Minnesota, G. Smith

• 2024: with UMN, G. 

Smith & UC Denver, 

B. Scholl (under 

review)

FIAS participants: 

• M. Kaschube

Key results

• Highly structured 

spontaneous activty in 

infant cortex 
Smith et al, Nature Neurosc. 

2015, 2018

• Activity structure 

universal across 

neocortex 
Powel et al., PNAS 2024

Follow up work

• Universal structure 

explained by 

Turing-mechanism 
Nature Com., in rev.

• Reliable representations 

through feedforward-

recurrent alignment: 
Nature Neurosc., in rev.

Visual 

cortex

Prefrontal 

cortex

  PIs: Smith, GB, Scholl, B, & Kaschube, M 

   

and (2) cellular-resolution (2-photon) to map local 

interactions within the cortical network. From 

these experiments we will measure the spatial 

profile and range of facilitatory and suppressive 

interactions, when driving either excitatory or 

inhibitory neurons. By examining the spatial 

profiles within different cortical locations, we will 

estimate the heterogeneity and net magnitude of 

these interactions. We will then develop 

computational models, constrained by these in 

vivo data, and assess their ability to generate 

statistically accurate large-scale activity patterns. 

Aim 1a: Measure spatial profiles for local 

excitatory and inhibitory interactions. In this aim 

we will directly test for the presence of LELI 

interactions using in vivo optogenetics and 

assess the heterogeneity across the cortical surface. This will be conducted at mesoscopic scale, with 

single-domain 1-photon stimulation of ST-Chrimson and simultaneous widefield imaging of GCaMP (as 

previously demonstrated by the Smith lab26), and at cellular scale with 2-photon single-cell stimulation69 or 

ST-ChroME70 with simultaneous 2-photon cellular imaging of GCaMP (Figs. 3,4). For 1-photon 

photostimulation experiments, we will perform simultaneous optogenetic stimulation and widefield imaging 

using our custom designed laser-coupled DMD microscope, that allows us to perform precisely targeted 

optogenetic stimulation within a 3+ mm field of view26. For 2-photon photostimulation experiments, we will 

perform simultaneous spatiotemporally precise 2-photon optogenetic stimulation and 2-photon imaging 

using an SLM coupled to a separate photostimulation light path70. 

Each experimental modality relies on an optogenetic input to drive or modulate calcium activity in 

neighboring neurons–providing a measure of how cortical areas or cells are connected (i.e. ‘influence

mapping’). In both preparations, the opsin (ST-Chrimson or ST-ChroME) will be co-expressed with GCaMP, 

allowing for photostimulation and recording neural activity in the same neurons. In both cases, we will either 

target excitatory or inhibitory neurons for photostimulation using the hSyn or mDlx promoters, respectively, 

which provide the required specificity in the ferret24. From both datasets, we will photostimulate a large 

number of individual targets (columnar-sized spots or cells) to generate a population average of the spatial 

profile of optogenetic-induced activity. Each experimental modality provides a different level of granularity 

on this measure. Mesoscopic domain-level photostimulation and widefield imaging allows spatial 

measurements at the millimeter scale, but is unable to resolve activity within a targeted domain. On the 

other hand, single-cell 2-photon photostimulation allows for precise spatial measurements at micron scale, 

which will reveal the lateral interaction profile within and directly around cortical domains (~0-500 

micrometers). The spatial profile of excitatory and inhibitory influences will provide a quantitative measure 

of the local interactions in ferret visual cortex. In order to assess heterogeneity of these interactions, we will 

systematically probe different cortical locations with each photostimulation type. Notably, this combined 

optogenetic and calcium approach is the only currently available method to perform these experiments, as 

it is the only approach that provides information on the spatial relationships between neurons that are at 

the core of this project. It has also been used successfully in prior studies to measure both facilitatory and 

suppressive effects, as we seek to do here. Although whole-cell electrophysiological recordings with 

optogenetic stimulation are possible (eg 28), it is impossible to record from a sufficient number of neurons 

with this approach to effectively assay heterogeneity and constrain our computational models. Likewise 

current voltage imaging approaches utilize sparse labeling of neurons, and thus also lack the required 

density of sampling.  

Aim 1a.1: To measure the interaction or ‘influence’ of a cortical domain, we will perform optogenetic 

stimulation of individual cortical domains and widefield calcium imaging (Fig. 3). Spots sized 200-300 µm—

approximately the diameter of a single cortical domain— will be targeted to many locations. Target of 

excitatory or inhibitory neurons will be conducted with separate experiments. To assess the optogenetic 

Figure 2: Modular spontaneous events and 
long range-correlations across cortical areas. 

A) Imaged areas. B) Top: Modular spontaneous 
events in all areas. Bottom: Long-range 
correlations across events. 
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Abstract Representations in Neural Architectures

DFG FOR 5368
ARENA (2023-27)

Who:

• Psychology, Max 

Planck Soft. systems 

and FIAS scientists

FIAS participants: 

• J. Triesch

• M. Kaschube

• Gemma Roig, co-

speaker

Overall Goals Subprojects

J. Triesch: 

Active Learning

M. Kaschube:

\.    Cognitive 
maps

G. Roig

Multimodal

learning

- Study principles 

underlying the 

representation of abstract 

knowledge in the brain

- How those emerge in 

the developing brain

- How abstract 

representations of 

knowledge are used for 

behaviors

➢ Model in silico with AI
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The Adaptive Mind (TAM)

Invited for an 
excellence initiative

Who:

Giessen, Marburg, 

Darmstadt; participating 

institutions: Goethe Univ., 

FIAS participants: 

• J. Triesch

• G. Roig

Goals

Understand human

perception, thought, 

action by uncovering how 

humans adapt to 

changing conditions.

Focus on 5 key areas:

• regulation, 

• causality, 

• categorization, 

• prediction, 

• reciprocity

Cognitive Development 
in silico

Aubret et al., ICLR (2023); Mattern et al. IEEE TCDS (2024)

System Level Research

MIMo: Multi-Modal Infant Model



Emerging Initiatives

Circuit mechanisms of creativity Bernstein Conference 

for Computational Neuroscience

FIAS conference:

Bridging Fields in Creativity Research

Sep 11-13 2024

26 speakers

40 participants

Planned DFG FOR

Bernstein Conference
Sep 29 - Oct  2, 2024

Frankfurt  am Main

Invited speakers

Dmit r iy Aronov (USA)  

Alison Barker (Germany)

Helen Barron (UK)

Elizabeth Buffa

l

o (USA)

Alex Cayco Gajic (France)

Jan Drugowitsch (USA) 

Jakob Macke (Germany)

Tir in Moore (USA)

Mala Murthy (USA)

Memming Park (Portugal)

Xiao-Jing Wang (USA)

b
e

rn
s
te
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o
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n
c
e
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In Frankfurt 2024-2026

World’s top 3

+500 participants



What: “LOEWE Schwerpunkt“ pre-proposal selected 

in internal competition of Goethe University

Who: scientists from Frankfurt and Giessen;  at FIAS: 

G. Roig, G. Pipa, J. Triesch (co-speaker)

Goals: better understand the development of different 

facets of consciousness; explore possibility of 

conscious AI systems.

Emerging Initiatives

Consciousness in Natural and Artificial Systems Initiatives in the Area of Mental Health

* DYNAMIC (LOEWE Center)

Topic: Psychiatric Disorders, 

FIAS participants: J. Triesch, G. Roig (affiliated)

* EpiImmune (CRC/Transregio application)

Topic: Epilepsy, 

FIAS participants: J. Triesch, G. Roig

* MOPRED (GRK application)

Topic: Multimodal-Processing 

FIAS participants: M. Kaschube, G. Roig



Dynamic Neural Representations Potential Research Focus

Research focus:

1. Neural mechanisms and 

implementation

2. Refinement in learning and 

development

3. Dynamic sequences for 

reasoningRepresentational learning 

in AI

Cognition and 

Behavior 

Computational 

neuroscience

Experimental 

neuroscience

Foundations in ML

• Links to newly 

established brain-

imaging center 

CoBIC

• Collaborative 

research initiative 

in preparation

• Long-term 

perspective: Top-

down approach 

towards a digital 

twin of the brain



connectivity activity

Overall summary

Bridging scales and levels of understanding, modelling and 
replicating in silico

function behaviour

▪ Vibrant environment (3 Max-Planck Institutes, 

Ernst Strüngmann Institute, CoBIC, Hessian.AI, RMN2, ICNF)

▪ High impact publications (Nature 

Communications, Nature human behaviour, Neuron, PNAS (2), 
Scientific Reports (3), Cell reports (3), Elife (3),
PLOS Computational Biology (6), Journal of Cognitive 
Neuroscience, NeurIPS (2), ICLR, NeuroImage (2), MLHC (2))

▪ Multiple ongoing and planned 
collaborative initiatives



THANK YOU!


