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CNS 
TOP DOWN 

PNS 
    BOTTOM UP 

  

� CAUSE and 
EFFECT 

� VOLITION 

� AUTONOMY 

SELF DISCOVERY, REGULATION, CONTROL 



The Complex Brain 

•  Intelligence           Happiness 
•  Self-awareness        Feelings 
 
        Neurological   Disorders        
•  Epilepsy              Depression/bipolar 
•  Alzheimer                 Parkinson 
•  Multiple Sclerosis    Autism 
•  Schizophrenia          ADHD                   

etc ……… 



Genetic code but no neural code 

§ Biomedical scientists have made 
extraordinary progress, 
discovering causes of and finding 
cures for infectious and 
noninfectious diseases leading to 
better therapeutics involving 
better diagnostics. 



Brain-based Research: Cognitive Neuroscience 

•  Has involved the merging of several separate fields of science: 
      Molecular biology, neuroanatomy, embryology, cell biology, 

 neurophysiology, psychology, dev. biology,  chemistry, 
physics, math, engineering, Neuropsychology (the biological 
basis of cognition) 
 

•  In the past, these diverse fields operated in isolation, 
 similar to the fabled blind men examining an elephant  and 

drawing distinctly different conclusions about the subject of 
their examinations. Contemporary “blind men” from a wide 
range of disciplines need to talk to one another to tackle the 
important brain problems in the 21st century. 
INTERDISCIPLINARYTY 



Respect, Collaborate, Share 

We can all contribute to the solving these problems 



Over 90% of the neuroscientists who ever lived are still 
 alive today! (A longevity-sponsoring career?) 

 
 

Brain-based Research: Cognitive Neuroscience 

We’ve learned more about the human brain in the past 15 
 years  than in our previous 200 years. 

 
 

Twenty Nobel prizes have been awarded to neuroscientists 
 in the  past 25 years. 

However, We are no further than the Wright brothers 
well before  their first flight at Kitty Hawk.  
 
 



Precision Psychiatry (2013-)  
§  Current DSM diagnostics based on 

observable qualitative signs and symptoms. 
§  No connection about pathophysiology or 

treatment response. 
§  Diagnosis based only on symptoms may 

never yield the specificity provided by the 
rest of medicine.  

§  Behavioral symptoms are multi determined, 
so diagnoses based only on complaints are 
heterogeneous in terms of pathophysiology 



“..the opportunity to unlock the mysteries 
of the brain, including the sequencing of 
the human genome, the development of 
new tools for mapping neuronal 
connections, the increasing resolution of 
imaging technologies, and the explosion of 
nanoscience” 

• BRAIN=“Brain Research through Advancing 
Innovative Neurotechnologies” (2013) 

EU Europe’s Human Brain Project, Japan’s 
Brain/MINDS, China Brain Science Project 



Goals & dreams 

§  Alzheimer 
§  Parkinson 
§  Schizophrenia 
§  Depression 
§  ……. 

Understand diseases 
(Neurotransmitter systems) 

Brain-machine interfaces, 
artificial cochlea & retina  

Grow your own brain. 

Genetic dissection of brain circuitry; The Neuroses 



NIH Funding 2013 
NIH	  Agency Projects Total	  Funding Sub	  Projects SP	  Funding

NIAAA 25 $8,857,886	   10 $1,797,423	  
NIA 24 $10,332,704	   8 $1,973,067	  
NINDS 22 $5,729,704	  
NIMH 13 $3,562,850	  
NIDCD 4 $1,556,690	  
NIDA 2 $517,661	  
NIAMS 1 $20,000	  
OD 1 $2,310,000	  
NIBIB 1 $192,500	  
Total 93 $33,079,995	   18 $3,770,490	  

$36,850,485





Milestones 
§ Cajal ~1900 
§ Adrian ~ 1930s 
§ Hodgkin & Huxley ~ 1950s 
§ Hubel & Wiesel ~ 1960s 
§ Society for Neuroscience ~ 

1970s 
§ Sakmann ~1980s 
 

At present:  
 SFN meeting attracts over 30K people 
 4+ theory meetings 
 4+ theory summer schools 
 few “systems” meetings 



Neurons 

Adapted from C. Koch, Biophysics of Computation, Oxford Univ. Press, 1999 



Neuron Communications 

Adapted from C. Koch, Biophysics of Computation, Oxford Univ. Press, 1999 



Action potential 



From Sci. American 2008 



Brain Glossary 

• Neuron: elementary unit of a 
network, produces spikes/
action potentials/signal. 
• Synapse: transmits spikes 
between neurons. 
• Neuromodulator: chemical 
substance that changes the 
dynamics of neurons and 
synapses on a slow time 
scale.  



“Length”scales 

§  Inside the cell  
§  Spiking 

dynamics 
§  Local networks 

(100 neurons) 
§  Networks of 

networks (106 

neurons) 

§  Cortical areas 
(100) 

§  The whole brain 

Time scales 

§  Ionic channels 
§  Action 

potentials & 
synapses 

§  Short-term 
plasticity & 
adaptation 

§  Long-term 
plasticity 

§  Learning 
§  Development 



Length scales 

single neuron 

local circuits 

molecules 

brain 1012 

102 -104 

1 



Brain In Numbers 

submicron ~ synapses 10

each m 50-10 ~ neurons 10
15

12 µ

Sounds easy? 
• At least 100 different types of neurons 
• At least tens of different neurotransmitters 
• At least ???? different canonical architectures 
• Multiple time and length scales 



Consciousness and binding  

§ Many neurons are highly 
specialized to respond to, e.g., 
form, color, orientation, or motion in 
our visual field, smell or other. 

§ How does the complex firing of 
neurons scattered throughout the 
brain give rise to a coherent unified 
perception? 



Dominant experimental paradigm: 



Neural response quantified in 
terms of tuning curves 



Attention : gain modulation 
x – orientation of bar; y – attention  (McAdams & Maunsell (1999)) 

Multiplicative gain modulation: Firing rate = f(x)*g(y) 

Reviewed in Salinas & Thier (2000).  

x – motion direction selectivity ; y – attention  (Treue & Martinez Trujillo (1999)) 



The question 

How is information 
represented in the brain, 

transmitted, processed and 
turned into actions? 



Computational and Theoretical 
Neuroscience 

§  It involves the use of analytical and 
computer simulation techniques in close 
collaboration with experimentalists to do 
modeling and analysis of neurons, neural 
networks, showing how populations of 
neurons interact to produce functional 
circuits and actions. The goal is to 
determine the mechanisms by which 
networks of neurons represent, store and 
process information. 



Fundamental questions 

•  How is information represented in 
neural spike trains? 
 
•  What role does cortical circuitry 
play in processing information? 

 
•  How to quantify information 
content and processing? 



Modeling 
Neurons 
  • Active channels: stochastic opening of small  

 channels, coarse-grained kinetics. 
  • Morphology: compartmental models, neuron not  

 equipotential. Channel distribution. 
  • Pumps. 
 

Connections 
  • Synaptic potentials, stochastic release of vesicles, 

  coarse-grained kinetics. 
  • Connectivity: full, partial, and specific. 

 • Input current and noise-strength tuned to get  
 correct spike-rate and statistics. 



Simple Model Neuron (intuitive) 

when threshold is reached 
a spike is generated. 

spike 

)(tIV
dt
dV

+−=



Model neuron (Hodgkin-Huxley Formalism) 

ξ++−−−−−= IIIIEVg
dt
dVC synKNaLLm )(

Equation for the membrane potential: 

Each current represents a voltage-gated channel: 

)( KKK EVngI −= ))()1)((( nVnV
dt
dn

nn βαφ −−=

Here α and β represent experimentally determined opening 
and closing probabilities for each channel. 
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 Tiesinga -Jose (2001) Hippocampus 11:251;  adapted from Wang & Buzsaki (1996) 





Synchronization in the Brain 

Gamma frequency synchronization has 
been observed in: 
• Olfactory system (Adrian, 
Electroencephalogram. Neurophys. 
2, 377, 1950) 
• Visual cortex of cats (Gray et. Al., 
Nature 338, 334, 1989) 
• Hippocampus of rats (Bragin et. 
Al., J. Neurosc. 15, 47, 1995) 



Questions 
• Is there information in 
synchronized oscillations? 
• If so, is it useful information? 
• If so, would a postsynaptic 
neuron be able to extract it? 
• If so, do neurons have special 
properties to do this? 



Questions about past and 
present CN approaches  

§  Many of the current model equations are 
ordinary or partial differential continuous 
equations. Experimentally discrete spikes 

§  Transition from one neuron to 100s to 1000s 
measured simultaneously 

§  Need for new theoretical modeling to 
analyze tremendous amount of data 

§  Only limited areas of the brain analyzed 
§  fMRI, EEG, techniques 



Aspirational Future Goals 
§ Separate the signal from noise 

present in the raw data:  
§ Reduce the large and complex data 

sets into lower dimensional 
informative compact phase spaces  

§   Use theoretical modeling to link the 
compact results to underlying 
mechanisms hopefully leading to 
fundamental principles. 



Global views of the brain 
§  Connectome static and dynamic maps of 

neurons and synaptic connections 
§  Development of new neurotechnologies 
§  Improved AI deep learning algorithms 

(Alphago). Machine language data analyisis 
§  Need new neuronal models coming from 

detailed analyzes of new data 
§  Great opportunities for physicists and 

quantitative research areas (computer 
science, mathematics, engineering, etc.. 



The Complex Brain 

•  Intelligence           Happiness 
•  Self-awareness        Feelings 
 
        Neurological   Disorders        
•  Epilepsy              Depression/bipolar 
•  Alzheimer                 Parkinson 
•  Multiple Sclerosis    Autism 
•  Schizophrenia          ADHD                   

etc ……… 



Computational and precision 
psychiatry 

§  The ultimate goal is to go back to the original 
questions in my first slide about 
understanding, intelligence, consciousness, 
the deep biological reason of why there are 
neurological disorders that may lead to a first 
principles diagnostic successes 

§  Work has started but we are very far from 
answering any of these questions today.  

§  This will be very likely the central goals of 
neuroscience research in the 21st century 




