Systems Neuroscience Modeling

ARZHEEYFREIU

AR ERKRFEE npﬂﬁﬁp’i a4 a4= B b,

Louis Tao, Center for Bioinformatics, College of Life Sciences, PKU

Beijing, 29 March 2011



Neuronal Networks Are Complex

~10 neurons & 101° connections

104 cells & 1,000 m wiring in 1 mm? of cortex

From "Texture of the Nervous System of Man
and the Vertebrates" by Santiago Ramon y Cajal.
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Neurons $HZ T

» Information processing units {3 S AL/ T 8T

e THELENIRBX: 1010-1013 neurons in mammalian brains

« 10% cell bodies and roughly 10° m of ‘wiring’ per mm?

« Different shapes, sizes, functions, ... SNEIFIK. K/ IhEE

» Spiking vs. Analog neurons $£E{L (FI{EEEAL) vs.
e.g., bipolar and amacrine cells in retina, sensory-motor
neurons of invertebrates, ...
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« Many other cells (e.g., glia cells B ZHAHE) in cortex: to supply
energy, to provide structural stability, ..., and not directly
iInvolved In information processing
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URREHNHI . E{EEALSNZ (rate coding)

sH{E R AL BT E] (temporal coding)

1042z L& (Population coding)

5|+ / B#ZZ a7 (attractor/transient coding)

 BFEN: UHE TR BTN N RS
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Cortical Map of Orientation Preference
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Typical experimental setup for
optical imaging

(above figure taken from Tsodyks et al 1999)

Show Larry’s Movie
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Rate coding, populatiqn ace’ coding
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2. hEH & #8eh K4k (antenna lobe)

Transient dynamics BEZ 7S
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Stopfer et al, Neuron 2003 | pcally Linear Embedding (Roweis & Saul, Science 2000)
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e Rowels & Saul, Science 2000

 Modern Problem: How to find low dimensional subspace
In high dimensional data?
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3. HIF R E T MK I=EY
B8 ch FINR T2 R 4t --- K2k (antenna lobe)

~ 90 PN projection neuron (G4#&F14)
~ 30 LN local neuron (#P#lT4)
IR R LR IEFEM (sparse connectivity)
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What is “cognitive function” at the neural level?




fMRI: Functional Magnetic Resonance Imaging
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Spatial working memory
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Neuro-/Electro-physiology
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A Zebrafish Roadmap

Genes to Cells to Networks to Behavior
. Cortical regions and behavior

. Attractors? .
; = ¢
[ 1
Cells and networks «
. High resolution imaging, data analysis, and
mathematical modeling

. Dynamical / Functio@l Analog of Brainbow
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A Zebrafish Roadmap
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Wikipedia, Lorenz_attractor_yb.svg
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WslF RS

An attractor for the network exists if
from any initial configuration of
network states the network evolves in
time until:

time step . * A given configuration of network
states repeats itself (point attractor).

— » A given seguence of network states
i BN N N | repeats itself (limit cycle attractor).

Tj-02 -0f -04 -D2 -DZ
G' T e IO Bl ° The network states evolve non-
IORGRON N _ periodically
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(b) D J Amit. Modelling Brain Function: The
World of Attractor Neural Nets. Cambridge
University Press, New York, 1989.
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Basic tenants of attractor network

ATTRACTOR OUTPUT theory as applied to memory:
NEURAL NETWORK

1. Memories reside in specialized
recurrent neural networks as specific
patterns of neuronal activity.

2. Memory states are imprinted in the
network by modifications of recurrent
synaptic connections.

3. As a result of synaptic modifications,
memory states can be retrieved through
iInput of partial cues and persist due to

D J Amit. Modelling Brain Function: The World of recurrent self-excitation (tum e
Attractor Neural Nets. Cambridge University attractor states of the network).

Press, New York, 1989.

John J. Hopfield. PNAS, 1982
Misha Tsodyks. Neuron, 2005
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5|+ 5
seizure / epilepsy

Saizure SPECT Mon-seizura SPECT

€3

Subtraction SPECT Subtraction SPECT
co-registered to MRI

W. J. Freeman. IEEE Transactions on
Circuits and Systems 35 (7), 1988

(A) |1 00uV

20 sec

Keogh et al Epilepsy Research 66:75-90, 2005
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~ 3.5 hours 13 hours
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resting active
Na+ Ca?*
=
Na+ Ca?*
lon Concentration outside (in | Concentration inside (in Ratio Eion
mM) mM) Out : In (at37° C)

K* 5 100 1:20 -80 mV
Na* 150 15 10:1 62 mV
Caz* 2 0.002 10,000:1 123 mV
CIr 150 13 11.5:1 -65 mV
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A 442 nm 480 nm

E. {‘

.
® 530 nm
Ca?* increase YFP

'

Miyawaki et al., Nature 388:882-887, 1997

Fluorescence (AU)

CFP

Time (s)
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Multi-photon/Confocal Fluorescence Imaging

Leica TCS SP5 — Multiphaton/Confocal System




Detection of the FRET response of cameleon-
expressing neurons to stimulation
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Fan et al., J Biomed

Optics 12(3), 030417 Periodic Stimulation w/Potassium |C'ﬂ0m‘l-”3i ||
(2007) +EGTA +Ca?



PTZ induces epileptiform-like electrographic
activity in zebrafish larvae

18

I . optic tectum
AN “li ””“I”“ I “”” H“l' l“”””' |‘ | i A
retina .
OO

| 1 mvy

1000 ms

a - interictal b - ictal

. | 1mv

250 ms

500 ms

Baraban et al. Neuroscience 131: 759-768, 2005
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PTZ induces characteristic behaviors
INn zebrafish larvae

Control PTZ Exposure




PT/Z-

Transmission Image ag Merge
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YFP/CFP Ratio

: :
Control

PTZ

oy
E Ao d_f L\?«NW‘&\I \J\rLW \J“ f \JMJW‘ /"

7 dpf

Srinivasamoor thy et al.



PTZ 54 o6 N A5 B AR AL,

Spatial Characteristics of Seizure

POSt selzure T = 500

Pre-seizure, T =0

Selzure onset, T = 10
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Evolution of Calcium Activity as a Function of Compartment

TeO: optic tectum; Th: thalamus; CeP: cerebellar plate;

MO: medulla oblongata

Srinivasamoorthy et al. in revision



IJ& g ? ? . .
Y i,

Seconds 3600

~9 Minutes ~ ~9 Minutes
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Relating Calcium Activity and Behavior

Behavior. Control

Motion
Control
T = 60 Mins

Behavior: PTZ

Motion

Seizure
T =120 Mins

CFP/YFP
Ratio
T = 120 Mins

M. seEEESSSESS.a
0 Time (Minutes)

Srinivasamoorthy et al. in revision



Next on OurZebrafish Roadmap
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FRETIER{55 FKERRIE

80 4 [ ECFP_ | CaM [ evrr-vescesK]
(yellow cameleon 2.1)

E'lq4Q
[ ECFP | CaM | ever-vesLaeok

(yellow cameleon 3.1)
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Miyawaki et al., PNAS 96:2135-2140, 1999 [Ca™] (M)
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fEsfmtiE e
SH{EH {iL Time series of events (AP train) S{ERAL

sy 105 27 IR T R RO AR L TRt BB B 3R
| T Deconvolution

® (convolution with
"Inverted" kernel)

= / __DFT /

Convd@ution & o S i e %% /I:l

(of events Rith kernel) ® Kernel "Inverted" kernel
(unitary Ca2* transient)

(+ noise) (Noise filtering)
' $E R B

THIRE W

Convolved time series (Ca2*signal)

Yaksi & Friedrich, Nature Methods 2006
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Ca?* Concentration & Neuronal Activity
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Y/CFP FRET SVD-Based Signal Calcium Neuronal
Ratio Multivariate Data (Background Concentration Activity
55 8= Analysis Subtracted) sEm Tk WETEIERAL
(RE=RE) ET I 575 HTHY BS SR

SRS (BRE=R

Sornborger & Lauderdale (U Georgia)
DI & R G #HE (unpublished)
Tao et al 34733% (in revision)
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(Tao et al, in revisn.)
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(Tao et al, in revision)
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