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What is computational neuroscience?



What is computational neuroscience?What is computational neuroscience?

• Computational neuroscience is ‘the theoretical study of the brain to 
uncover the principles and mechanisms that guide the development, 
organization information processing and mental abilities of theorganization, information processing, and mental abilities of the 
nervous system.‘

• Computational neuroscience is an interdisciplinary science that links 
the diverse fields of neuroscience, cognitive science, computer 
science, physics and mathematics.p y

• Computational neuroscience is a subfield of theoretical neuroscience, 
b t ll i di ti th ibut usually indicating the same meaning. 

• Its ultimate goal is to construct complete, integrative model toIts ultimate goal is to construct complete, integrative model to 
explain and predict the brain structure and functions. 



The history of computational neurosciencey p

• Historically, the term was introduced by Eric L. Schwartz, who 
organized a conference, held in 1985 in Carmel, California at the 
request of the Systems Development Foundation, to provide a 
summary of the current status of a field which until that point was 
referred to by a variety of names, such as neural modeling, brain y y , g,
theory and neural networks. 

Th di f thi d fi iti l ti l t bli h d• The proceedings of this definitional meeting were later published as 
the book "Computational Neuroscience", MIT Press (1990). 

• The early historical roots of the field can be traced to the work of y
people such as Hodgkin & Huxley, Hubel & Wiesel, and David Marr, 
to name but a few.



The Nobel prize in Physiology/Medicine 1963The Nobel prize in Physiology/Medicine 1963

Alan Lloyd Hodgkin

University of Cambridge

Andrew Fielding Huxley

London UniversityUniversity of Cambridge,
United Kingdom

London University 
United Kingdom 

for their discoveries concerning the ionic mechanisms involved in 
excitation and inhibition in the peripheral/central neuronal membranes 



What are the differences between 

Computational Neuroscience, p

Neuroinformatics, 

Neural Networks,

Psychological connectionism,y g

and Machine Learning?and Machine Learning?



Emergence and Adaptationg p

• Computational neuroscience is distinct from psychological p p y g
connectionism and theories of learning from disciplines (such as 
machine learning, neural networks, and statistical learning theory) in 
that it emphasizes descriptions of functional and biologically realisticthat it emphasizes descriptions of functional and biologically realistic 
neurons (and neural systems) and their physiology and dynamics. 

• These models capture the essential features of the biological system at 
lti l ti l t l l f b t t i dmultiple spatial-temporal scales, from membrane currents, protein and 

chemical coupling to network oscillations, columnar and topographic 
architecture and learning and memory. 

• These computational models are used to test hypotheses that can be 
directly verified by current or future biological experiments.



Why should we use computers?



• The major reason for using computers is ‘the complexity• The major reason for using computers is the complexity 
of many models’, which are often analytically intractable. 

• However, analytic studies can give us a deeper and more 
controlled insight into the features of models and g
reasons behind numerical findings. 

• The models should be measured against experimental 
data; they are otherwise useless for understanding the 
b ibrain. 



The Brain is the complex system!p y





The brain is a typical example of yp p
complex systems

• nonlinear units
• various interactions betweens units• various interactions betweens units
• network effects – More is different!
• Adaptive behaviors
• the presence of rich emerging phenomena

Chaos, Fractal, Small-world effect, 
S h i ti B t I t ittSynchronization, Bursts, Intermittency
Life at the edge of chaos, scale-free behavior. 



Levels of abstraction and organization 
in the nervous system

• We want to speculate using models what the brain does and how the 
brain does. The speculations are developed into hypotheses, realized 
into models, evaluated analytically or numerically, and tested 
against experimental data. g p

• Even if it were possible to simulate a whole brain on a computer with 
ll h d il f i bi h i i l l i i hiall the details from its biochemistry to its large-scale organization, this 

would not necessarily mean that we had a better explanation of brain 
functions. 

• Thus, art of abstraction, making a suitable simplification of a 
system without abolishing the important features is significantsystem without abolishing the important features is significant. 





The integrated approachThe integrated approach



What is a model?What is a model?

• Models are ‘abstraction of real world systems’ or ‘implementations of• Models are abstraction of real world systems  or implementations of 
hypotheses’ to investigate particular questions or to determine 
particular features of a system or a hypothesis. 

• Descriptive (phenomenological) models
• Explanatory models• Explanatory models



Why do we have brain?



Why do we have brain?

The brain produces goal-directedThe brain produces goal-directed 
behavior to maximize our 

fprobability of ‘survival and mating’.  



What is the difference between 
disappointment and regret?



disappointment vs. regret



We have anticipating brain! 



Th b i i ‘ ti i ti t ’ th tThe brain is an ‘anticipating memory system’ that 
learns to represent expectations of the world, which 

b d t t l di t d b h ican be used to generate goal-directed behavior.  



Softwares for computational modelingSoftwares for computational modeling

• There are many software packages, such as GENESIS and NEURON, that 
allow rapid and systematic in silico modeling of realistic neurons.

• Genesis, a general neural simulation system 
• Neuron, a neural network simulator
••
• NEST, a simulation tool for large neuronal systems. 
• Neurospaces, an efficient neural simulation system that uses software engineering 

principles from the industryprinciples from the industry. 
• HNeT, Holographic Neural Technology. 
• Neuroconstruct, software for developing biologically realistic 3D neural networks. 
• Neurofitter a parameter tuning package for electrophysiological neuron models• Neurofitter, a parameter tuning package for electrophysiological neuron models. 
• Neurojet, a neural network simulator specialized for the hippocampus 
• HHsim, a neuronal membrane simulator 
• MCell A Monte Carlo Simulator of Cellular Microphysiology• MCell, A Monte Carlo Simulator of Cellular Microphysiology 
• Emergent, neural simulation software 



Blue Brain ProjectBlue Brain Project

• Blue Brain is a computational modeling project begun in May 2005, 
to create a computer simulation of the mammalian brains including 
the human brain, down to the molecular level. The project was 
founded by Henry Markram from the Brain and Mind Institute at the 
École Polytechnique (EPFL) in Lausanne, Switzerland.y q ( ) ,

•
• The aim is to study the brain's architectural and functional principles. 

Thi i b d 15 f i t l d t bt i d fThis is based on 15 years of experimental data obtained from reverse 
engineering the microcircuitry of the neocortical column.

• The project uses a ‘Blue Gene supercomputer’ running a simulation 
software, the MPI-based Neocortical Simulator (NCS) developed by 
Phil Goodman to be combined with NEURON software The simulationPhil Goodman, to be combined with NEURON software. The simulation 
will not consist of a mere artificial neural network, but will involve 
‘much more biologically realistic’ models of neurons.



Blue Brain ProjectBlue Brain Project

• The initial goal of the project (completed in December 2006) was the 
simulation of a rat neocortical column which can be considered thesimulation of a rat neocortical column, which can be considered the 
smallest functional unit of the neocortex. 

• Such a human column is about 2 mm tall, has a diameter of 0.5 mm 
and contains about 60,000 neurons, but rat neocortical columns are 
very similar in structure but contain only 10,000 neurons (and 108y y , (
synapses). 

B t 1995 d 2005 M k d th t f d• Between 1995 and 2005, Markram mapped the types of neurons and 
their connections in such a column. In November 2007, the project 
reported the end of the first phase, delivering a data-driven process 
for creating, validating, and researching the neocortical column.



Blue Brain Projectj

• Now, the project is pursuing two separate goals:
• construction of a simulation on the molecular level, which is desirable 

i it ll t t d ff t f isince it allows to study effects of gene expression; 
• simplification of the column simulation to allow for parallel simulation of 

large numbers of connected columns, with the ultimate goal of g g
simulating a whole neocortex (humans consist of about 1 million cortical 
columns.)



Connectomics

• Mapping the complete wiring diagram of a neural 
system including every tiny fiber and minisculesystem including every tiny fiber and miniscule 
connection has been attempted to uncover 
neurobiological mechanisms of brain functions, 

hi h i ll d ‘ t i ‘which is called ‘connectomics.‘

• Although connectomics is in the early stage inAlthough connectomics is in the early stage in 
which data mining is still in its initial step, this 
approach may eventually shed light on the 
fundamental principles underlying brain functionsfundamental principles underlying brain functions 
and furthermore pathological mechanisms of 
neuropsychiatric disorders arising from faulty 

i i h ti d hi h iwiring such as autism and schizophrenia.



Connectomics to Post-Connectomics: 
Finding out meanings from connection diagrams of biological neurons 

Data and Data
28

Data and Data……
What to see and How to tell?



Brodmann Area: 
Function associated anatomical clusters in Human Brain Cortex

Different Cellular compositions (cytoarchitecture) entail different functions 
: Naked-eye or Microscopic anatomy was possible 29



Hierarchy of Interactions:
From individual neurons to the global system

Cortical areas

Neurons ColumnsNeurons Columns

Local circuits

If we get the adjacency matrix of Neuro-synaptic network for the human brain, 

will the matrix tell us about the functionally segregated and clustered nature of Brodmann areas?
30



Caenorhabditis elegans:  
The only species which has a complete wiring diagram of its entire nervous system 

The only animal with nearly complete wiring diagram
302 neurons with ~8000 synapses 

Non-Homogeneous cell types
=> Hard to infer anatomical Homophily

31



Connectome of C. elegansConnectome of C. elegans

The microscopic worm C. elegans has 302 neurons with approximately 8,000 
synapses, which is the only model organism whose ‘wiring diagram of the y p , y g g g
entire nervous system’ (connectome) is completely known.



Computational neuroscienceComputational neuroscience

• Experiments: 
– Microscopic (multi-electrode, micro-array chip, high-

h h )throughput)
– Macroscopic (EEG or MEG, florescent dye)

• Mathematical modeling: 
– From single compartment to large scaled networks

• Comparison with experiments
• Modification of model
• System behavior: cell and network’s global behavior



Physics  BiologyPhysics     Biology

• Theory driven: • Empirical and descriptive:• Theory driven: 
– first principles

• Reductionism:

• Empirical and descriptive:
– phenomena 

• Systems level:• Reductionism: 
– simplify the world

Q lit ti d t di

• Systems level:
– details of the system

Q tit ti d t di• Qualitative understanding:
– mathematics

• Quantitative understanding: 
– measurements

• Paradigm Shift
– Complex: real systems– Complex: real systems
– Synthesis: whole-istic 

System biology using mathematical models– System biology using mathematical models
– Universality among the diversity: biology


