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Abstract: Theoretical neuroscience, like theoretical physics, attempts to discover and quantify the basic principles governing the systems it studies.
Currently, however, there are very few attempts at unification across the levels of organization found in the brain. In this talk, I will describe the
biological mechanisms of interest to neuroscientists, and describe a quantitative method for constructing sophisticated models of these mechanisms.
Through a series of examples, | will show how the three principles that make up this method are general, allowing us to better understand a broad
range of complex behaviour in aunified manner.
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® Kinds: 100s (perhaps 1000s) @
®Size: 10%to5 m

® Connections: 500-200,000 inputs/ outputs (72
km of fiber)

® Communication: 100s of neurotransmitters

|
- ®Highly heterogenous -
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e What can we do with all this data?

e Neuroscience is

“Data rich and theory poor”
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e What can we do with all this data?

» Neuroscience is
“Data rich and theory poor”

» Unifying theories are essential for a deeper
understanding of neural phenomena

Theoretical Neuroscience — Models
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» Sophisticated single cell models
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» Sophisticated single cell models

» Account for many nonlinearities

» Wide range of computational complexity

e Ad hoc network models

» Hand-set/tuned connection weights
» Learning (STDP, Hebbian, backprop, etc.)
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g Large-scale model
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Our work at the CNRG
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Not unlike Newton’s theory:

e Three basic principles
e General, unified approach
e Quantitative

e Wrong!
e But useful
e And a start



o
-
s e
J ‘ :
4 —
b
S,
L] —
e
¥ -
F =,
iy,
- b Py







.
——
2 — F

- '
: i,

]J I, N

Y

5 T —

f = "
- - ¥ b |
r




- "
.

'#H'_'.__“"' R ) ] D
SRve N

: “ —
3 B

“\synapse




-

- . 4.-"\._
; — - ‘IF\\
.-.-'-1-._.‘:-______ _‘_'-_.l_._.'-_..--..'_._,_.___...-:—'-'--"L - }
| \ | :
r.'

h

4

synapse X~

™
]
-j ¥

I T \synapse

r.

%




Firing Rate (Hz)

Neuron Tuning Curve

_ o

~\synapse



Neuron Tuning Curve

MNeuron Tuning Curve

Firing Rate (Hz)

Firing Rate (Hz)




Pirsa: 08100034 Page 78/178



» Need two procedures to define representation
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» Need two procedures to define representation

» encoding (stimulus -> spikes)
» decoding (spikes -> stimulus; ‘theoretical’)
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» Need two procedures to define representation
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x(t) I

e Input signal, x(1)
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"A’ neuron spikes -

Input signal, x(1)
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‘B’ neuron spikes
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Principlc 2. Transformation
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Principle 2. Transtormation
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» A new mapping of a standard representation
of dynamics onto neural systems
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» A new mapping of a standard representation
of dynamics onto neural systems

neural transformation

e

2

neural representation
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* A new mapping of a standard representation
of dynamics onto neural systems

neural dyvnamics  neural transformation

P

%X., t)

neural representation
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» Adapt standard control theory to
neurobiological systems
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» Adapt standard control theory to
neurobiological systems
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The NEF defines a generic neural subsystem
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The NEF defines a generic neural subsystem

mnput
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The NEF defines a generic neural subsystem

input

synaptic weights

dendrites

recurrent connections
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The NEF defines a generic neural subsystem
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The NEF defines a generic neural subsystem
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The NEF defines a generic neural subsystem
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Language-based reasoning

Working memory Hemineglect

Vi' ﬁion
Complex action

(basal ganglia)

e Navigation
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o Sharp (1997) data: tuning curve width, spike
rate distribution
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o Sharp (1997) data: tuning curve width, spike
rate distribution

» 4000 simple spiking neurons

* Conklin and Eliasmith (2005) A controlled attractor model of path lnteg'aﬁon
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o Sharp (1997) data: tuning curve width, spike
rate distribution

» 4000 simple spiking neurons

» Stable 2D activity ‘bump” with nonlinear
velocity dependence
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o Sharp (1997) data: tuning curve width, spike
rate distribution

» 4000 simple spiking neurons

e Stable 2D activity ‘bump” with nonlinear
velocity dependence

» Coupling weights from NEF

i Conklin and Eliasmith (2005) A controlled attractor model of path integrafion
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Model accounts for:

+ Tuning curves in different
environments

+ Velocity sensitivity of neuron
tuning
+ Theta dependent phase

precession and amplitude
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+ Weak visual input gives
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displacement

Wodel Predicts:
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Model accounts for:

Tuning curves in different
environments

Velocity sensitivity of neuron
tuning
Theta dependent phase

precession and amplitude

Weak visual input gives
smooth acceleration

Strong visual input gives rapid
displacement

Wodel Predicts:

Identically coupled velocity
and direction sensitivity across
environments
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Model accounts for:

+ Tuning curves in different
environments

+ Velocity sensitivity of neuron
tuning

+ Theta dependent phase
precession and amplitude

+ Weak visual input gives
smooth acceleration

» Strong visual input gives rapid
displacement

Wodel Predicts:

+ Identically coupled velocity
and direction sensitivity across
environments

+ Heagd-direction independent
accuracy




e Abstract Rule

o [f there is a vowel on one side
then there is an even number on the other.
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o Abstract Rule

o If there is a vowel on one side
then there is an even number on the other.
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o Abstract Rule
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o Abstract Rule

» If there is a vowel on one side
then there is an even number on the other.

e Social Rule

» If someone is drinking alcohol
then they are over 21.
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Context
(VMPFC)

A

Rule (R)
(Language Areas)

Pirsa: 08100034 Page 146/178



Right Inferior Frontal

Rule (R)
(Language Areas)
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: . Motor
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: . Motor
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even: 0.48 not_over2l: 0.73

1
0.8}
g
@ 0_6 4
25
@
=
3 02}
o.
8
> 0l
L
=
B -0.2
-0.4}
-0.6
Pirsa: 08100034 0 1 2 : Page 153/178



vowel: 0.72 ~drinkalcohol:0.85 vowel: 0.67
even: 0.48 -mot_over2l: 0.73 even: 0.43

Similarity to Possible Responses
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 Incorporating more nonlinearities (single cell
bursting, dendritic responses, dendritic
structure, reverse-engineering networks, etc.)

Pirsa: 08100034 Page 170/178



» Incorporating more nonlinearities (single cell
bursting, dendritic responses, dendritic
structure, reverse-engineering networks, etc.)

» Characterizing the relationship to learning
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» Incorporating more nonlinearities (single cell
bursting, dendritic responses, dendritic
structure, reverse-engineering networks, etc.)

» Characterizing the relationship to learning

 Figuring out what the brain does...
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More about brains...
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More about brains...

http:/ / ctn.uwaterloo.ca

Mailing list for CTN seminars:
celiasmith@uwaterloo.ca

Brain day April 6th, 2009
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