
Klaus Obermayer 
 

In collaboration with Moritz Augustin and Josef Ladenbauer 

Synchrony and spike rate 
dynamics of coupled adaptive 

model neurons 



Dynamics & Control 

 Cognitive processing & neural dynamics 
 

 Stabilization and switching of brain states 
• Sensory inputs 
• Intrinsic mechanisms 
• External perturbations 

 

 Control of neuronal dynamics 
• Open-loop control 
• Time-delayed feedback loops 
• Neuromodulation 
• … 

 

 Understanding feedback loops in terms of feedback control of dynamical 
systems 

 



Different Spatial Scales 

 Control of the macroscopic dynamics 
 

 Control through microscopic interactions… 

Madison, Lancaster and Nicoll 1987,  
J Neurosci; modified 

…for example: ACh 



Model Reduction 

 Simulation of brain networks & model selection 

 Mathematical analyses 

 Link to neuron biophysics 

Madison, Lancaster and Nicoll 1987,  
J Neurosci; modified 

…vs. large-scale numerical simulations 



 Introduction 

 Model reduction 

 Single neurons: Subthreshold & spike-based adaptation 

 Small networks: Spike synchrony & cluster states 

 Neuronal populations: Sparse synchrony 

 Time-delayed feedback control (?) 

 Summary 



Local Network Model 

Adaptive exponential integrate-and-fire model [1,2] 

• Spike-based & subthreshold adaptation 
• Diverse subthreshold and spiking dynamics depending 

on model parameters 
• Good reproduction of neuronal spike times 

spike times 

Synaptic coupling and background activity 

[1] Brette & Gerstner 2005, J Neurophysiol 
[2] Jolivet et al. 2008, Biol Cybern; Gerstner & Naud 2009, Science 

time 

Adaptation 
current 

Membrane 
voltage 

Example trace 



Mean Field Model 

Diffusion approximation,  
sparse random connectivity [1] 

absorbing 

Separation of timescales 

Langevin equation 

Fokker-Planck equation 

time 

Adaptation   
current 

Membrane 
voltage 

Example (steady state) 

[1] Brunel 2000, J Comput Neurosci 

delayed (filtered) population spike rate 



ODE Model 

Additional variables, depending  
on reduction method 

 Spectral decomposition of the Fokker-Planck operator 

 Adaptive Linear-Nonlinear-Cascade 



Spectral Decomposition of the FP Operator 

(Extends [1,2]) 

Projecting     onto the eigenbasis            of the (linear) operator    : 

Rewriting 

Considering only the dominant non-zero eigenmode:  

Reduced network model (                              ): 

[1] Mattia & Del Giudice 2002, Phys Rev E 
[2] Schaffer, Ostojic and Abbott 2013, PLOS Comput Biol 



Adaptive Linear-Nonlinear Cascade 

(Extends [1]) 

from the steady-state solution 
of the Fokker-Planck equation  

from an (semi-analytical) 
exponential fit to the linear rate 
response of the Fokker-Planck 
model to input modulations 

[1] Ostojic & Brunel 2011, PLOS Comput Biol 

linear filter nonlinearity 

input spike rate 



Performance of the Cascade Model 

Poisson inputs  

Background: 
Balanced with 
constant rates 

Synaptic current 

Signal:  Time-varying rate 

Input spike rate 
                   (Hz) 

Output spike rate              
                     (Hz) 

Adaptation current  
                     (nA) 

Time (s) 

Original Model 
Reduced Model 

Signal (frozen OU process) 

5 4 

0.4 

0.6 

0 

50 

0 

50 

single neuron 



Performance of the Cascade Model 

High background activity 

Time (s) 

Original Model 
Reduced Model 

Signal 

5 4 

0.4 

0.6 

0 

50 

0 

50 

0.4 

0.6 

0 

50 

0 

150 

Time (s) 5 4 

Low background activity 



Single Neurons: Subthreshold & Spike-based Adaptation 

Ladenbauer, Augustin and Obermayer 2014, J Neurophysiol 

fluctuation-dominated inputs 

Adaptive  
perfect IF  
neurons 

Fokker-Planck PDE model & first passage times 



Two adaptation types mediated by distinct slow K+ currents 

 

 

 

 

 

 

 

Ladenbauer, Augustin and Obermayer 2014, J Neurophysiol 

(AHP) 

Single Neurons: Subthreshold & Spike-based Adaptation 



Small Networks: Spike Synchrony 

Extension to non-smooth dynamical systems [2]:  

1)  Linearization around the synchronous solution       with  
      transition conditions at discontinuities                   and kinks 

2)  Block-diagonalization → master stability equation: 

[2] Ladenbauer, Lehnert, Rankoohi, Dahms, Schöll and Obermayer 2013, Phys Rev E 

3)  Stability (e.g. Lyapunov exponents) measured as a function of  

The master stability function [1]: Stability of spike synchrony for general coupling 
matrices 

discontinuity 

[1] Pecora & Carroll 1998, Phys Rev Lett 



Synchronization properties are similar for  
different network topologies if couplings are  
not too strong. 

Ladenbauer, Lehnert, Rankoohi, Dahms, Schöll and Obermayer 2013, Phys Rev E 

Homogeneous aEIF networks 
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Small Networks: Spike Synchrony 
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[1] Rajan & Abbott 2006, Phys Rev Lett 

[1] 



Small Networks: Cluster States 

Heterogeneous aEIF networks:     and      neurons with different dynamics 

Ladenbauer, Lehnert, Rankoohi, Dahms, Schöll and Obermayer 2013, Phys Rev E 



Populations of Coupled Neurons: Sparse Synchrony 

• Spike-dependent adaptation can generate oscillations; subthreshold adaptation suppresses those. 

• Adaptation (spike-dependent & subthreshold) facilitates oscillations based on the EI and EE loops. 

Oscillation  

mechanisms 
 
 
 
 
 

Augustin, Ladenbauer and Obermayer 2013, Front Comput Neurosci 

 Numerically computed forward solution of the PDE model 



Closed Loop Control (?) 

• Delayed feedback & ACh [2,3] 

• Differential modulation of adaptation currents by acetylcholine (ACh) [1] 

ACh concentration 

[1] Madison, Lancaster and Nicoll 1987, J Neurosci; modified 
[2] Golmayo, Nunez, Zaborszky 2003, Neurosci &[3] Fournier, Semba, Rasmusson 2004, Neurosci 

Modality specific circuitry 
 
 
 
 
 



Closed Loop Control (?) 

Oscillation mechanisms 
 
 
 
 
 

ACh concentration 



Summary 

 Adaptation changes the transmission properties of neurons and affects 
synchrony and the emergence of rate-oscillations in recurrently 
connected neurons in a complex way. 

 Reduced computational models are a useful tool for stuying those 
changes. 

 Spike-based & subthreshold adaptation show differential effects. 

 



Outlook 

• Functional brain networks 

• Resting state dynamics 

• Sensory evoked changes of the attractor landscape 

• Impact of local network dynamics on brain network states 

• Concurrent LFP and fMRI measurements 

• Master stability function 

• Controllability of correlation patterns in brain networks 

• Determining nodes: dynamical systems on a graph 

• External perturbations 

• Transcranial current stimulation 

• Transcranial magnetic stimulation 

 


