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Behavioural State

Interacting dynamics

Bidirectionality



From Deborah M. Gordon, Nature 8 March 2007 

• “A better route to understanding the dynamics of 
apparently self-organizing systems is to focus on 
the details of specific systems.  This will reveal 
whether there are general laws….”

• “When we learn more about the specifics of such 
systems (such as ant colonies), we will see where 
analogies between them are useful and where they 
break down…..”

• “Life in all its forms is messy, surprising and 
complicated….” 



“We got rhythm!”



From György Buzsáki’s book, 
“Rhythms of the Brain” OUP 2006

• “... the most interesting thing we can 
learn about the brain is how its self-
generated internal states, the potential 
source of cognition, are brought about.”

• “... the disappointing “rule” of brain 
oscillators: coupling behavior depends 
on the details.”



“Neither ignore the details nor 
be overwhelmed by them!”



Outline 

• Background 
• ‘Design’ and ‘Discover’
• Ideas 
• Future directions



“Here comes the hippocampal world!” J



The hippocampal cortex is an intensely 
studied region of the brain because:

• It is amenable to experiment, retaining its 
synaptic circuitry and thus population activities 
in the slice.

• It is associated with memory and learning 
(i.e., LTP, LTD), epileptic seizures, and 
neurogenesis.  

• It exhibits a wide range of population 
rhythmic activity patterns (<1 to >200 Hz) that 
are associated with various behavioural states.



EEG activities of 
mouse hippocampus

Sharp wave-ripples

Electrode location Theta-Gamma SPW-ripples



Interneurons
(GABAergic nonprincipal cells or 

Inhibitory neurons)

“Interneurons are part of an extensive 
inhibitory network which play an essential role 
in molding the synchronous rhythmic output of 

principal cells.”
Freund and Buzsaki, Hippocampus 6:347-470, 1996



Interneurons 
represent 10-20% 

of the neuronal 
population but may 
provide the precise 
temporal structure 

necessary for 
ensembles of 

neurons to perform 
specific functions.

- Buzsáki and Chrobak, 1995



Interneurons and electrical oscillations. 
Schematic from  E.I. Moser, Nature, 2003,

showing the activity profiles of three types of hippocampal
interneurons during two brain states

(based on the findings of Klausberger et al., 2003).
Colours indicate the probability that a given interneuron will fire 

(maximum red, minimum blue). The variation within each group is small, 
suggesting that classes of interneurons exert precise control 

over distinct aspects of hippocampal network dynamics



Bartos et al. Nature Reviews Neuroscience 8, 45–56 (January 2007) | doi:10.1038/nrn2044

Mutually inhibitory networks of basket cells, and….
Network models produce coherence at high frequencies



Theoretical Insight

…fast forward to today…

…over a decade ago…



Bartos et al. Nature Reviews Neuroscience 8, 45–56 (January 2007) | doi:10.1038/nrn2044

Mutually inhibitory networks of basket cells, and….
Network models produce coherence at high frequencies



Bartos et al. Nature Reviews Neuroscience 8, 45–56 (January 2007) | doi:10.1038/nrn2044

Context consideration….



‘Design’ and ‘Discover’

• Design: Invoke some underlying mechanism(s) of how the 
network output could be produced using smaller networks 
to allow a cellular perspective to be included.

• Use ideas and insight from experiment and theory.
• Take advantage of mathematical analyses to obtain 

dynamic understanding.
• Build larger networks using the understanding achieved in 

the smaller networks and experimental constraints.
• Discover: If resulting network output compares favourably

with experimental manipulations, then the invoked 
mechanisms from design stage could be considered 
biologically plausible, and used to make further 
predictions.



Hence, a designed discoverydesigned discovery
of the workings of biological 

networks 
(in particular context)



Idea I

• Using heterogeneity to compare single 
compartment neuronal models











near-synchronous near-antiphase

varied phase-locking suppressed

harmonic locking asynchronous

Skinner et al., J. Neurophysiol. 2005



e
gsyn= 0.5  ε = 0.05  τsyn= 10



gsyn= 0.25    Iµ= 3    τsyn= 1



gsyn= 0.25  ε = 0.05  Iµ= 1
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quantitative evaluation
of the importance of
various intrinsic
cellular details…



Idea II

• Using two-cell network model parameter 
values to constrain and predict N-cell 
network model outputs



Parameter constraints in N-cell networks?

If one randomly distributes inputs to N cells of an N-cell 
inhibitory (all-to-all coupled) network in a range up to a 
maximal amount of heterogeneity, say %Hetmax

Then the possible patterns that the N-cell networks express 
include the patterns that the 2-cell networks express with 

%Het ≤ %Hetmax

- Skinner et al., J. Comput. Neurosci. (2005)



8%Het, �syn=6, I�=3 
(near-synchronous solutions, but no multistability,

as per 2-cell network bifurcation analyses)



5%Het, �syn=1, I�=1 
(bistable near-synchronous and near-antiphase solutions, 

as per 2-cell network bifurcation analyses)



4%Het, �syn= 7, I�=1 
(bistable near-synchronous and suppressed solutions, 

as per 2-cell network bifurcation analyses)



Parameter preciseness
(4%Het, �syn= 1, I�=1) 



0 20 40 60 80 100

−60

−40

−20

0

20

0 20 40 60 80 100

−60

−40

−20

0

20

0 20 40

C
el

l N
um

be
r

50

0

0

50

Time (ms) Time (ms)

V
ol

ta
ge

 (m
V

)

Two- to N-cell Network Output Correspondence

- quantitative linkages occur
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Idea III

• Estimating synaptic parameters from actual 
and virtual model networks… as a prelude 
to dealing with the experimental data



“VmD” method

“A Method to Estimate Synaptic Conductances from 
Membrane Potential Fluctuations”

M. Rudolph, Z. Piwkowska, M. Badoual, 
T. Bal and A. Destexhe

J. Neurophysiol. 91:2884-2896, 2004



Figure 2
from Rudolph et al.
(2004)

Illustration 
of VmD
method



‘spike-free’ data from network models
variable patterning can be captured by averaging across many 

deterministic simulations in which ICs and heterogeneity are varied

50-cell networks, 4% Het, 200 sets
gsyn= (i) 0.25, (ii) 0.25, (iii) 0.20; τsyn= (i) 7, (ii) 9, (iii) 7
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Review and onward….

• I: quantitative evaluation of cellular details
• II: 2- to N-cell insights
• III: model and experiment network links



Gillis et al., J. Neurosci. Meth.
(2005)

Spontaneous Rhythmic Field Potentials (SRFPs)
(Wu et al. 2002, 2005)



‘Design’ and ‘Discover’

• Design: Invoke some underlying mechanism(s) of how the 
network output could be produced.  This would be 
determined using smaller networks to allow a cellular 
perspective to be included.

• Use ideas and insight from experiment and theory.
• Take advantage of mathematical analyses to obtain 

dynamic understanding.
• Build larger networks using the understanding achieved in 

the smaller networks and experimental constraints.
• Discover: If resulting network output compares favourably

with experimental manipulations, then the invoked 
mechanisms from design stage could be considered 
biologically plausible, and used to make further 
predictions.



Iapp,1

1 2
τD,1

τD,2

Iapp,2

Alternating Bursting Emergent Synchrony

- Jalil et al., J. Comput. Neurosci. 17:31-45, 2004
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From Deborah M. Gordon, Nature 8 March 2007 

• “A better route to understanding the dynamics of 
apparently self-organizing systems is to focus on 
the details of specific systems.  This will reveal 
whether there are general laws….”

• “When we learn more about the specifics of such 
systems (such as ant colonies), we will see where 
analogies between them are useful and where they 
break down…..”

• “Life in all its forms is messy, surprising and 
complicated….” 
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The end


