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Spatial and modular organisation of brain networks
prevents large-scale activation

Marcus Kaiser




Network Science

Rapidly expanding field:
Watts & Strogatz, Nature (June 1998) cited 2,255 times
Barabasi & Albert, Science (October 1999) cited 2,122 times

Modelling of SARS spreading over the airline network
(Hufnagel, PNAS, 2004)




Types of neural/cortical connectivity

« Structural / Anatomical (connection): two
regions are connected by a fibre tract

~ Functional (correlation): two regions are
active at the some time

- Effective (causation): region A causes

£ C “
8 Complex networks

itive-function



Cortical networks

Nodes: cortical areas

Edges: fiber tracts between areas

(Agranular) (Granular)



Visual pathways
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Structure and Function in Neural Systems

o Multiple clusters

«» Small-world architecture
© Scale-free organisation
© Spatial arrangement




Cat cortical network ¥
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Multiple clusters/communities
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Reconstructing connectivity

Local density
Standard deviation of nearest distances
Area size
Cartesian coordinates (x, y, Z)
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Small-world architecture
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Small-world features

small-world

*Average clustering coefficient
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Scale-free organization




Scale-free networks

Log-log plot
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Is the brain similar to scale-free networks?

O Macaque
B Random

cumulated occurences

0O 5 10 15 20 25 30 35 40 45

degree
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Sequential node removal

PR Small-world Network, Node elimination n=73
Macaque Network, Area elimination Scale-free Metwork, Area elimination

0 0.5 1
0 . - - - fraction of deleted nodes
0 02 04 086 0.8 1 i 0? D04 0B 0B 1 Random Network, Node elimination n=73
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Spatial arrangement




Reducing neural wiring costs

» Minimizing total wire length reduces metabolic costs
for connection establishment and signal propagation

© Every alternative arrangement of network nodes will
lead to a higher total wiring length

(Component Placement Optimization, CPO)
(Cherniak, J. Neurosci., 1994)




Previous results supporting CPO

» Macaque: layout of cortical prefrontal areas
(Klyachko & Stevens, PNAS, 2003) 5
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Rhesus monkey cortical network
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C. elegans neural network

Global level (277 neurons with 2105 connections)




Wiring length distribution
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Reduced wiring length for alternative placements
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Kaiser & Hilgetag (2006) PLoS Computational Biology, 7:€95



Fewer long-distance projections for optimized placement
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Networks without long-distance connections

Original network




Why are there long-distance connections?

37k original
[l criginal [ ] minimal

/

NN\

ANAN
AN

ANAN

Macaque C. elegans C. elegans
(local network) (global network)




Benefits of fewer processing steps

O
- Synchrony of near and distant regions (ﬂ >0

- Reduced transmission delays (@O/Q




Altered Connectivity in Alzheimer patients

EEG
synchronization
Network




Path length and task performance

Mini Mental State Examination
(attention, memory, language)
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Development




Real-world networks extend in space!
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Topological and spatial organization

(1) Preference for short-distance
connections

(2) Existence of long-distance connections
(3) Small-world properties

> Spatial growth

J

4) Spatial and topological clusters — Time windows




Distance dependence

Global connectivity (between areas)
Kaiser & Hilgetag, 2004

Qccurrences

Macaque
(one hemisphere)
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Spatial growth

Edge formation probability P(u,v) = § e @)
depends on spatial
distance d between 15

nodes u and v




Resulting network topology

/ Cortical Networks
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Spatial growth and time windows

Spatial component:
Pist(U,Vv) = ¢ * eaduy)

Time-window dependance:
P(U,V) = Ptemp(u) * I:>temp(V) * Pdist(u,v)
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0.5
relative time




Development of Clusters

timed adjacency matrix reordered adJacency matrix

e Ly e
SRR T - b "ﬂ*:&ﬂ-- ik

Ly 4 Lot B N

., ™,

R L S ]
- T T PRT . A
cm— g e ot i 1L AT

oo, - bk et " -.

w:wgg b=

o i
HJ'E-I#: e ' .
LY AL - &
e8| - I 3 B




&

Robustness of small-world properties

o= 0.2

(b)

Time windows Murmber of nodes



|s this model implemented in the brain?

Experimentally testable predictions:

(1) A small overlap of the time windows of two regions should result in fewer
fibre tracts between those regions.

(2) Regions with wider time windows should (a) have a larger number of
connections and (b) be part of a larger cluster.

(3) Older regions should get more connections than newer regions.

Frontal, ‘.__-——-——"" Parietal,
Temporal, _______-———vOcmpltaI

Sensorimotor
\ Archicortex, /

Paleocortex




Hierarchy and critical activation




Critical range of cortical function

High level of
activation r

Epileptic seizure

5 10 15 20 25 30
time [s]




Standard model:
Balance between inhibition and excitation

qd N .
Excitatory O O Inhibitory
population population




Topologlcal model: Hierarchical modular network

* clusters of sub-clusters of nodes

g
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Spatial self-similarity

Neuron Cortical network
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Hierarchical cluster network model L

1,000 nodes; 12,000 bidirectional connections

 activation threshold: >6 presynaptic neurons, stochastic
deactivation, p=0.3

network
1000 nodes
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Comparison networks




Example activation behaviour

* 30 runs
* 100 (10%) randomly activated initial nodes
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Robustness for starting parameters
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Robustness for spreading parameters

Small-world Network Hierarchical Network
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Robusthess for node exhaustion

max. 7 steps max. 5 steps

0.1 0.1

2 4 6 8 10 2 4 6 8 10

max. 3 steps max. 1 steps




Nodes

node

0 20 40 B0 80 00 120 140 160 180 200

Dependence on inter-cluster connectivity

g_ Sustained
= activity in one
" cluster
0 % 100 150 2000 50 100 150 200
Steps

Sustained activity in three
clusters for reduced inter-
cluster connectivity
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Do epilepsy patients have larger
Inter-cluster connections?

steps



Outlook: Hierarchies and activity spreading

subsubcluster activation
— spatially near nodes
- —rapid feedback

— rapid oscillation
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Partial seizure
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Summary &

o Cortical networks show
properties of small-world and
scale-free networks and have a
modular organization (clusters)

SAm
Somato-
sensory-

14
PFCL
'Frontolimbic' P, [ 55* motor

© Neural systems are optimized
for fast processing rather than C@Q/O
for saving energy —

0.05

- Spatial growth with time
windows generates modular
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relative time
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