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The story ....
« hybrid (bio-artificial) systems at the neuron
(cell) level: when neuroengineers get involved»

Neuro-electronics interfaces

A closed-loop approach
Single-cell level interactions
Network scale level interactions

Multi-modal systems



The keywords....

(remember the talk title:
“Hybrid neural networks :biology/electronics interactions )

o)
W

v ELECTRONICS: electrical signals (currents, voltages)

v INTERACT :

from direct measurements or using sensors/transducers

v BIOLOGY: ionic channels, cells, networks, systems



Different levels of investigation = Different interfaces

Humans
In vivo
Large Networks

Small Networks

Neurons

Channels




Different levels of investigation = Different signals

Electro—encephalo/ myo- graphs g zz M AWW w ------
i Y gy
» ’ 1l OKS ”De[s] 05 1
.................................................................................. 0 N S S S
. .% 50 } !
Local field potentials ’W‘A ______________ W
% 50 W f
................................................................... I I B
-280 50 100 1éo 200

1 i b : L
extra 03 mv
0.04 mV
........... 80 mv

40 ms
Intracellular Ntk - o




Different levels of investigation = Different signals

oltage V]
=

Electro-encephalo/myo-graphs s

1 i b : L
extra 03 mv
0.04 mV
........... 80 mv

——
S % *

\

40 ms
Intracellular Ntk - o

In-vivo
/
In vitro



And what about BMI (in vivo) ?

Brain-Machine interfaces

/ ~\

Non-Invasive Invasive
Surface Recordings Intracranially implanted electrode
Imaging / (high resolution, biocompatibility N
Single recording site} Multiple recording sites
Area-specific activity Distributed processing
/ \ / (multiple brain areas)

Small samples Local Field Potential } Large ensembles
Few cells Population effects 100-1000 cells
Variability of activity Neural oscillations Multi-level computational

Limited bandwidth paradigms

Lebedev and Nicolelis, 2006



And what about BMI (in vivo)?

Brain-Machine interfaces

[ Non-Invasive } [ Invasive }

Surface Recordings Intracranially implanted electrode

Imaging / (high resolution, biocompatibility N

Multiple recording sites}
Distributed processing

(multiple brain areas)

} [ Large ensembles }

100-1000 cells
Multi-level computational
paradigms




And what about BMI (in vivo)?

Brain-Machine interfaces

[ Non-Invasive }

but:

EEG=Limited bandwidth

Limited resolution

“Surface” analysis (2 cortical layers)

Lebedev and Nicolelis, 2006



BCI = High-level features

« Brain-computer interfacing: schematic of the principal components » *

—~—

o

~aS O

Thought j

Preprocessing

Feature
extraction

Classification

Signal
acquisition

Brain signal

wl .

Closed-loop
system

Feedback (visual, auditory, haptic)

Application
interface

A

Application

* A. Nijholt and D. Tan, Brain-Computer interfacing for intelligent systems,

2008, IEEE Intelligent systems, 23(3):72-79



This talk 1s finally about....

Electronics processing electrical cellular or cellular-induced signal

for investigating
low-level neural features (cell, small network)

or

low-level induced neural features

N

in-vitro / in vivo closed-loop configurations
with

electrically-induced feedback.



The story ....

Neuro-electronics interfaces
The closed-loop approach
Single-cell level interactions
Network scale level interactions

Multi-modal system



A modular closed-loop

Control/storage

protocol I .....

- ~N ik Closed-loop

High level —— On-line

processing —— Off-line
- J




Closed-loop : biology > artificial

Electrodes ,gwg

|

Low-level processing:
Filter, amplifier, artefact

suppression

| |

\

(F eatures extraction: )
Spikes/bursts detection
Freq./phase

Statisitics ...

J

Communication
protocol

/

(High level)
processing

.

Control/storage

— On-line
— Off-line



Closed-loop : artificial » biology

Electrodes ’b

Communication
protocol

/

High level
processing

.

mechanichal, chemical

[Stirnulation: electricalﬂ

1

[Control/trigger:

- from high level proc
- patterned

o

~

- from inputs (sensors)

J

Control/storage

-

— On-line
— Off-line




Closed-loop : a modular approach

* Process « neural information »
What is information?

Which processing? bio-inspired?
task-inspired?

- Process data in « biological real-time »:
Define « real-time »?

- Processing material:
Hardware?
Software?

Mixed?



Closed-loop : a modular approach

* Process « neural information »
What is information?
Which processing?

Temporal Coding

Discrete Time, Discrete Signal

Continuous Time, Discrete Signal

A)

Continuous Time, Continuous Signal

B)

Sarpeshkar, Neural Computation, 1998



Closed-loop
e Process « neural information »
Which processing?

v" Bio-mimetic neural network...

v'Frequency analysis....

: a modular approach

02

0.15

0.1

0.05

0.05

041

0.15

02
0 01020304 C

Exclamation.wav 22050 Hz,

16 Bit, Mono

0.011
0.009
0.007
0.005

Time, ¢ 4003

v’ Time-frequency analysis (frequency-varying signals).....

v Statistics, classification (spatial)....

1000 1500 2000

2500

3000

Exclamation.wav 22050 Hz, 16 Bit, Mono

0 1000 2000 3000 4000 5000
Frequency, Hertz




Closed-loop : a modular approach

e Process data in « biological real-time »
What is real-time?

v' Temporal processing:
. Analog HW: identical kinetics
. Digital HW, SW:
- fix the sampling rate, process data between 2 samples;
- average real-time over a fixed period

v'Other processing methods;
. Define the maximum feedback delay

Need for
specifications...




Closed-loop : a modular approach

Processing material: the implementation 1ssues

e Software: on-line, off-line

e Hardware: on-line

<« digital v single-chip

& an_alog v multi-chips
<+ mixed

v Embedded
v Discrete modules

o Configurability

Need for
specifications...




The story ....

Neuro-electronics interfaces
The closed-loop approach
Single-cell level interactions
Network scale level interactions

Multi-modal system



Hybrid networks at the single cell level

Dynamic clamp or hybrid neural networks (conductance-based models)

Synaptic connections (computed on HW or SW):

- from artificial to : = gsynl(Vpre) ( 'Vequi)
- from to artificial: T, =g (V) (Vo Vequi)
Axoclamp amplifier L] software

t%'“"'ng : ”i ‘-“’7—: g |I] I
85 -°6%8
0 666 Models

hardware

A. Sharp, E. Marder, Brandeis U.
G. Le Masson, INSERM Bx



Back in time: The first dynamic clamp

m Vi
[/ MAIN
AMPLIFIER
MY 100V,
MAIN L

AMPLIFIER

LINE
DRIVER

2116A

Block diagram of the first « dynamic
clamp » set-up (from Scott, 1979):
Synchronisation of 2 small clusters (100
pm) of spontaneously active embryonic
chick ventricular cells. The analog circuit
generates positive and negative command
potentials proportional to the difference of
membrane potentials between the 2
clusters. These command potentials are
sent to the main amplifiers to let them
inject a « nexus current » so that they are
coupled by an equivalent « nexus
resistance ». The HP « minicomputer »
only records the 2 membrane potentials.

Nexus = link, tie

R. Wilders, ‘Dynamic clamp’ in cardiac electrophysiology, J Physiol. 2006, 576; 349-3599



Now: Dynamic clamp software

A T—
input V,, 4 (A/D)
Vi input V2 (A/D) | Vim2
amplifier 1 At compute I, amplifier 2
Vemd. 1 output I (D/A) | Vg2
& l output I (D/A) l I,
L I
current current
clamp \ / \ / clamp

[ myocyte1 ) [ myocyte2 ) Software solutions compatible with
custom or commercial hardware

(any excitable cell)

B p—C
Table 1. Publicly available dynamic clamp software
v input V, (A/D) Name Reference Configuration®  Platform Notes
amplifier At comput":e | Dynamic clamp Manor & Nadim (2001) AB Windows Available at http:/stg.rutgers.edu/
tout | BIA Requires National Instruments data
Vema output I, ( ) acquisition board
Iy l e DynClamp2 Pinto et al. (2001) AB Windows Available at http:/inls.ucsd.edu/~rpinto/
Requires Axon Instruments Digidata

current 1200A data acquisition board
clamp Real-time Linux Dorval et al. (2001) B RT-Linux Available at http://www.bu.edu/ndl/
dynamic controller (RTLDC)

[ myocyte ] Model reference current Butera et al. (2001), B RT-Linux  Available at http://iwww.
injection (MRCI) Raikov et al. (2004) neuro.gatech.edu/mrci/
G-clamp Kullman et al. (2004) B Windows Available at http:/hornlab.neurobio.pitt.edu

Requires National Instruments
LabVIEW-RT hardware and software

3 components
Standard dynamlc Advanced dynamic clamp Mufiz et al. (2005) B RT-Linux Available at http://www.ii.uam.es/
3 ~gnb/adclamp
CIamp Conﬁguratlons DynaClamp Berecki et al. (2005, 2006) C RT-Linux  Available at http://www.physiol.med.

uu.nl/dynaclamp/

*A, B and Crefer to the dynamic clamp configurations of Fig. 24, B and C, respectively.

R. Wilders, ‘Dynamic clamp’ in cardiac electrophysiology, J Physiol. 2006, 576; 349-3599



Hybrid networks at the single cell level

Dynamic clamp or hybrid neural networks (conductance-based models)

Axoclamp amplifier || software
it CE—
Models

hardware

Hybrid Files.
1= Unknown st Analog Outputs
2= Unknown ]

Output 1= AMPARYb[0iz  Input
Output 2= Unknown Input

Output 3= Unknown Input

p Input

F:\Projet_hybride\nrn431\Hybrid\Bin\E_S_dsp.out file on dsp
or requests

ignal inverted

1/Select Signal oulDIM range.
2/Select swi idir i below
RATIO= current units\V

o ST v 3 P A +0.4nA > select 7

_Lturm" G g LR pet (O p; e
(P h B - = o \ +0.5nA > select 5

- 5@3 41 nh - selets

 ~ +2 nA->select3

Liv on S salecn




Hybrid networks at the single cell level - Example 1

Investigation of rythmic pattern generation

A Heart Interneuron (HN)

Bicucu\llme/J‘ \/

>HN HN<
NI

Vim Dynamic ISyn
Is er’ Clamp

Silicon Neuron (SiN)
CTTTT_

Vm
(o e [
o o0 o o
o O o O

Voltage amplification & Voltage amplification &

B current injection C current injection
HN (R,3) SiN
w -50 mV — - nd
10 mV
HN (L,3) HN [10m
|15 mv
- -50 mV
3s 2s

- D —| = HH-based model

Figure 1.  Design and activity of hybrid half-center oscillator. A, Heart interneurons (HN), in
an isolated ganglion preparation, were pharmacologically isolated with bicuculline. Voltage/
current-clamp amplifiers were used for recording and current injection into heart interneurons
and the silicon neuron (SiN). A single sharp microelectrode in discontinuous current-clamp
mode was used for voltage recording and current injection into an isolated heart interneuron.
Voltage recording and current injection into the silicon neuron were provided by direct connec-
tion to amplifier headstages (two-electrode current-clamp mode). Dynamic clamp provided
real-time control signals to create artificial synapses between a heart interneuron and the
silicon neuron. B, Activity of a living heart interneuron half-center oscillator in an isolated
ganglion 3 (heart interneurons indexed by body side and ganglion number). C, Activity of a
hybrid half-center oscillator.

M. Sorensen, S. DeWeerth, G. Cymbaliuk,R. Calabrese , Using a hybrid neural system to reveal
reguation of neuronal activity by an intrinsic current, J Neuroscience. 2004, 24(23); 5427-5438.



Hybrid networks at the single cell level - Example 2

+
Model LGN
nRt/PGN - 5.51 retinal cell
+ (g

« A retinal cell spike induces an EPSP in the TC cells, which triggers

itself bursts of spike in the nRt/relay cells » Le Masson and al, Nature
(INSERM Bx, UNIC Gif/Yvette)

Biomgieaﬁmml»\wmw | | WMAMWJLL"‘M
Model nRt M MWL “mmm M

Model retinal cell

Artificial = Software AND Hardware

1s,20 mV

« Synaptic background activity controls spike transfer from thalamus to cortex »
Wolfart and al, J. Physiol.



Hybrid networks at the single cell level - Example 3

Hypothesis:

Thalamocortical feedback exerts its function by using a separate channel of modulatory
information: the variance of background synaptic input (originating from cortex).

Dynamic clamp set-up (RT-Neuron software+DSP)

a Quiescent

| 10mv

Ginput__ ) N

Vm‘“‘N‘J\L J""’l N l s
|\ G R WY G CH G

=-60 mV

| 20ns

100 ms

J L L A A
| 20ns

glNoise
9®Noise

T
5

o ©
()] w
T T

e
£y
T

Spike probability

o
o

Quiescent

0'00 10 20 30 40
Input (nS)

Spike probability

1.0

0.8

0.6

04

0.2

0.0C

|-0nS

A A ANAA, M praropn A P Y

B Strong noise

Weak noise

Slope (nS™")

0 10 20 30 40 50
Input (nS)

The influence of synaptic noise changes the transfer function of thalamocortical cells recorded in vitro. a)
Voltage during injection of g; ., (quiescent), inh.+exc. noise inputs (static), stochastically fluctuating noise inputs
(noise); b) probabilities of input g to evoke =1 spike, fitted by a sigmoid; ¢) decreasing the variance of noise

increased the sigmoid slope.

J.Wolfart et al., ‘Synaptic background activity controls spike transfer from
thalamus to cortex , Nature Neuroscience, 2005, 8-12, 1760-1766.



The future: Hybrid networks at the « small network » level

Artificial = Software AND Hardware

FACETS experimental set-up
(« single-cell » stream):

A tool to explore STDP

in spiking NN

Facets EU FET project -
http://facets.kip.uni-heidelberg.de

Software User Interface —~—
(STDP computation) |

Network status
Time-stamped events

STDP computation

Digital HW ™
Background activity

Connectivity
Digitized spikes

i

Neurons
Synapses

Analog HW

Synaptic current
Membrane voltage

Neurons

Biology Synapses




The future: Hybrid networks at the « small network » level

Artificial neurons = analog hardware
Connectivity = digital hardware
Network model = PyNN

¥ FACETS/WPS8 - Mozilla Firefox B 18] x|
Fichier Edition Affichage Historique Marque-pages Outils 2
@ - - @ (3 (& ims-bordeaux. fr/FacetsWebApp{PAX. bt »| ] [[Clz[coogle

VS Wl FACETS = PyNN:
. Fast Analog Computing with Emergent Transient States
(a3 Python package

This is the on line interface of the PAX simulator. for SN N
PUBLIC

In order to launch a PAX simulation, you have to select three configuration files and enter the number of neurons you want to use. p f t
INTERNAL speciticatons

To create new configuration files, use the PAX form : _ PAX form (http ://neuralensem

and convert the new XML you created into configuration files :

give a name to that configuration, the configuration files will be stored in a folder with that name : ble : Org/traC/PyNN )
PAX_Bnbn_examplexml ¥|  refresh this file list | convertthat XML into configuration files

WP8 CONTACT

Select the .pds, it, and .syn files you want to use (Python IS a dynam[C
simu-f5/simu-fo-all.pds v refresh this pds files list

- [simutB/cunrente it =] refresh this itfiles list ObjeCt-OrIented
[simu-f5/simuf5-corl00.syn | _refresh this .syn files list .
S programming language)

Enter the number of neurons you want to use (from 1to 6) : l_
Enter a name for that simulation : |
And add that new simulation (which is dumped in a .prj file) to the gueue :
add that simulation to the queue

e I ]
4 Démarrer | | 199 Connexion réseau sans fi_|[@ Facers/wPs - Mozilla... <3 The Gimp Pack Mode |

QO WHEED 133

- Facets EU FET project - http://facets.kip.uni-heidelberg.de/




The future: Hybrid networks at the « small network » level

Analog Hardware: HH configurable neurons

..‘

V22 2 22 2 2 2 2 7 71T I ftifisrss S sS.§

Q
)
{10
y G
(03
97
03
G
G
G
G,
1l[od
G,
019
| C‘
04
(2
L
o
&)
[
Ao
Y
o)
ol
J

Example: Galway chip

Analog:

42 ionic and synaptic conductances /chip
(max 5 membranes)

Memory:

204 analog dynamic memory cells
Digital:

Topology and parameters control

BiCMOS technology
10,5 mm?

50k elements

105 pads



The future: Hybrid networks at the « small network » level

Plasticity model: STDP (from Badoual et al. , 2006)

dw
dt

Ji

= —8j8i

(wﬁ - WLTP)E P[t - Zj(t)]z-:(t —1,, )+ (wﬁ - WLTD)E Qft- fl.(t)]s(t - tj,,)

k l

Potentiation, Depression, Soft bound, Eligibility factors

Experiment (HW 3-conductances neurons):

- |& Neuron

. |— Excitatory

: synapses
‘|[+—+Noise pattern
(Group 1)

/ |i-4.Noise pattern
(Group 2)




The future: Hybrid networks at the « small network » level

A network of cortical neurons receives « background activity » stimulation.
-> Investigate the weights convergence depending on the stimuli correlation

& Neuron

. |— Excitato
6 HW neurons (3-conductances). S;n;pse;y
All synapses follow a STDP rule. ‘|++Noise pattern
: (Group 1)
* |4-4.Noise pattern
(Group 2)
Noise patterns:
: | |
Reference pattern (Poisson, freq. F) Y | | | | | > t
o -
' : s
: A /\ .‘J
P
Stimulation patterns (correlation ¢€) i
| A A /
P- | I I I |



The future: Hybrid networks at the « small network » level

" |#& Neuron
. |=— Excitatory
' synapses
‘|+—+Noise pattern
| (Group 1)
. |4-2.Noise pattern
(Group 2)

Experiment (HW 3-conductances neurons):

Representation of the weights convergence: paraml vs p ramy

Unpublished data

For each group of plots, left is the normalized weights distribution histogram, right is the paraml vs param? plot.
Top-left: bimodal convergence, (x, f(x)) tends to (0.5, 0.5). Top-right: minimized convergence, (x, f{x)) tends to (1,

0). Bottom-left: confined convergence, (x, f(x)) tends to (0, 0). Bottom-right: maximized convergence, (x, f(x)) tends
to (0,1).



The future: Hybrid networks at the « small network » level

Hypothesis (Bal et al.):
Thalamocortical feedback exerts its function by using a separate channel of modulatory
information: the variance of background synaptic input (originating from cortex).

Investigation to come using closed-loop experiments:
Effects of distributed synaptic background activity on the thalamocortical feedback

- |& Neuron
. |— Excitatory
: synapses
:[+—+Noise pattern
: (Group 1)
* |4-2.Noise pattern
(Group 2)

Thalamocortical cell



The story ....

Neuro-electronics interfaces
The closed-loop approach
Single-cell level interactions
Network scale level interactions

Multi-modal systems



Hybrid systems at the network level

MEA (multi-electrode arrays): microfabricated grid of electrodes,
parallel pre-processing units (1 /channel)

© Spatial resolution

©: Extra-cellular electrodes records the electric field induced by ionic currents

Minimize the pitch
(electrodes+pre-processing)




Hybrid systems at the network level

Standard MEA Clustered MEA

L. Berdondini,
M. Kudelka
IMT Neuchatel

MultiChannelsSystems
MEA 64 - up to 1k channels

3D active MEASs

Active arrays

I
\\\\\\ lon channels ~" //

Cell

N
il Y :

— Elgctrolyt 8 °

o : Unpublished data
— %I l} .
/ O~
Electrode Readout o)
Electronics S
CMOS chip T :

PEL, ETH Zurich ESIEE, Cergy-Pontoise



In vivo: modular BMI

Neuroprobes EU project:

« develop a system platform based
on multi-electrode arrays that will
allow an extremely wide series of
innovative diagnostic and
therapeutic measures for the
treatment and for the scientific
understanding of cerebral systems
and associated diseases »

« Probes are assembled in a Lego fashion
that permits to combine probes with different
functionalities, shapes and sizes on a
common backbone. Amplifiers are reported
on the probes PCB»

Platform with probe array

PCB with OMNETICS connectors

Complete system assembly Single-comb assembly

Coordinators: IMEC (BE), IMTEK Freiburg, Univ. Leuven (Be) http://naranja.umh.es/~np/



Hybrid systems at the network level

Low-level processing: on chip amplifiers, filters, spike detection ...

Integrated, low-power amplifier array from
Intan Technologies. This single-chip device
contains 16 fully-differential amplifiers with
programmable bandwidths suitable for many
bioinstrumentation monitoring and recording
applications.

Intan Tech. is a spin-off of
R. Harrison (Univ. Utah)

Simultaneous multichannel stimulation
and recording: arbitrary configuration of
electrodes, preamplifiers, artifact

blanking
. Integrated Circuit

Multielectrode Array

(MEA)
Stimulation | <+ Discharge
Buffer \'\ ! Amplifier
Input : | +—-Output

put ... . .
(from MEA) ; \ N | o A1 cerd
Stimulus ... ; . in Computer)
(from Computer) ! :
: ' “Recording
: i Preamplifier

Control -
(from Computer)

Blum et al, 2007



Hybrid systems at the network level: example

(1) MEA 1060

A closed-loop set-up to
study the dynamics and
learning of embodied living

systems in a simple
sensory-motor loop

Hardware ‘ e
(pre-processing) =

Software
(on-line and
off-line processing)

(=

Neurobit /IDEA EU projects - M. Koudelka, IMT Neuchatel
(see also Martinoia - U. Genova; Potter - Georgia Tech)



Hybrid systems at the network level: example

Recordings On-line Burst Phasing Protocol (BPP)

Unpublished data

4 N

Culture
adaptation

Unpublished data

A. Garenne - INSERM/CNRS Bx (submitted) \ /




Hybrid systems at the network level: example 2

Bio-Electro-magnetism (Bio-EM)

4 )
Biophysics

Mechanisms

Environment
Power plants
Mobile phones

Bio-electromagnetism

Exposition systems
Animal models

Project CNRS/ Fondation Santé et RF
B. Veyret (IMS Bordeaux)
A. Del’Angelo (Univ. Roma)



Hybrid systems at the network level: example 2

Bio-EM interaction mechanisms: investigate and model effects of
low-power microwaves on culture networks of cortical cells.

Unpublished data

Integration constraints:

- Configurability
Project CNRS/ Fondation Sante et RF - Isolated and EM robust HW modules
B. Veyret (IMS Bordeaux)
A. Del’Angelo (Univ. Roma)



Hybrid systems at the network level: the DBS case

Principle: send electrical impulses to specific parts of the brain

http://'www.alphaomega-eng.com



Hybrid systems at the network level: the DBS case

DBS Principle: send electrical impulses to specific parts of the brain

Meurostimulator
!

DBS to control Parkinson symptoms: !eu..ﬁ i
Neurosurgery:
HFS (130Hz), parameters controlled by the surgeon N X

. Extension DESII:' e
Neuroscience:

STN (sub-thalamic nucleus) activity-dependent stimulation
LPF (local field potential): filtered activity of a population through a

low-impedance electrode

http://'www.medtronic.com

Adaptive stimulation -> Closed-loop BMI



Hybrid systems at the network level: the DBS case

In vitro/in vivo hybrid networks for exploring oscillations in the STN network

Hypothesis:
“oscillations of STN neurons in beta band frequency contribute
to the emergence of parkinsonian motor symptoms”

Method:
Cancel on-line the beta-band oscillations using dedicated
analog electronics

A
Pre-stim B-stim Post-stim 200
10 4 10 104 150 i
01 0 0 >

<-10] — 10 < 101 o 100

£ -20] 2 20 £ 204 £ 50 : i :

— [=] H i H

2-301 g -30 o -30 > i i

%_40_ & 40 4_§’-40- g i) I I :. ..

= .50 3 0 > 501 TR 1o SO 4 W RTINS S U
0] 80 801 & -100 :

-70- 500 ms 70 o 2 150 |
B 2, C D 2 110 s i !
18 * e ¢ -200 | :

N 164 08 3 -120 250 i |

I 144 -

> 121 8 a. 0 50 100

E 12 e 06 k] 130 time [ms]

§ 104 B 140

y 8 4 504 2@

L © ? 150 . : :
4] 02 8 To come: In vivo experiments
Z] 0 & -160

@ 58 ng\ 0 20 40 60 80 100 6 20 40 60 8o 100
& Frequency (Hz) Frequency (Hz)

In vitro experiments: LFP stimulation drive A Benazzouz. T. Boraud
STN neurons activity in the beta band ' .
frequency in vitro CNRS/CHU Bordeaux



Hybrid systems at the network level: the DBS case

LFP recording

. Multi-Channel Processor Raw signals
Actual set-up: 4 Aphawap ) - v sinat
12.5 kHz
PC

|

Matlab software

(in Vitro, in ViVO) Microelectrodes Analo
J)/i Digitall

. amplification sampling A-O Eng,, -
Living cells through P\

. A-O Eng.
different electrodes : \ n9

DBS, Patch or
Extracellular / Current stimulus generator PC

AlphaMAP Matlab software
p =

multisite :
| Ao ‘ \ Analo
Bipolar electrode, L | Digita
A-O Eng., Oscillatory signals

/) +5V/-5V Theta, beta,
and gamma ranges

Signal processing

|

STN stimulation

Under construction set-up :

Unpublished data

See also Foffani,
Milano/Philadelphia



The story ....
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Multi-modal systems



Multi-modal hybrid systems: non-electrical sensors

Closed loop configuration:

Control: electrical signals
Sensors (symptoms) ?

- Electrodes
or

- Electro-mechanical sensor (rigidity,tremor)
- Neuro-imaging

=
ALPHA-MAP "MULTI-CHANNEL
aw X ACQUISITION PROCESSOR"



Multi-modal hybrid systems: non-electrical control

DELIVRER project:

investigate the dynamics of pancreatic cells to decode glucose-induced
information, and the effect of insulin control

B 10 mM glucose
5
Gluce
- Glucose
B -10
. Glut2 ‘ i
—\ - — Membrane
P— oo N\ potential ‘.
/ JoKINase \ )\ g
Glucose 6-P ucotinase \\ (mV)
ADP Mitoch 60 \ J / > 3

;‘ GIucose—G-P | ‘

| v V V.
sum ¥ ey “Tmin
, min
K’ “‘ ‘l ‘>A SG
: \

: \

H No mcre?se. . ' ATP+ . s
. :9‘ ‘

‘ in[Ca'] 5“ [Ca"14 /] Insulin

\ A\l '} Insulin secretion

ﬂ Membrang™ ===+ S
/\ depolanzation O L-type Ca" -channels
Ca” Ca’

Source: Br J Diabetes Vasc Dis © 2005 Sherboume Gibbs, Ltd.

C 10 mM Glucose
5mMG | ' -10 Glucose-induced electrical activity recorded from a beta-cell
w,'-i M ‘ \ ‘ ‘ (mV) when the glucose concentration is increased (B). The bursts
P W MV 60 periods of electrical activity result in biphasic pulsatile insulin

secretion illustrated schematically in (C).

1 min
A. [Glucose] < 7mM :
= hyperpolarized membrane

B. [Glucose] = 7mM : _
= depolarized membrane DELIVRER project

C. Membrane electrical activity J. Lang, B. Catargi - IECB /CHU Bx



Multi-modal hybrid systems: non-electrical control

DELIVRER project:
investigate the dynamics of pancreatic cells to decode glucose-induced
information, and the effect of insulin control

Feedback control?

Unpublished data

DELIVRER project
J. Lang, B. Catargi - IECB /CHU Bx




The story ....

Neuro-electronics interfaces
The closed-loop approach
Single-cell level interactions
Network scale level interactions
Multi-modal systems
but...

.... the bioware issue



What is the model?
How can we specify the
control functions?
(without running
experiments. ..

Control/storage

Communication
protocol

siii Closed-loop

High level —— On-line
processing —— Off-line




An (electrode+bioware) model

Intracellular electrodes model + charge compensation

Method:
Model the response of an intracellular electrode to an injected

current:
-> calculate equivalent non-linear circuit for electrode+cell (including

current substraction during dynamic clamp experimente).

Results:
Fit natural states with dynamic clamp

R. Brette, Z. Piwkowska, M. Rudolph, T. Bal, A. Destexhe,
A non-parametric electrode model for intracellular recording, Neurocomputing, 2007, 70:1597-1601.



An (electrode + bioware) adaptive compensation

Problem:

Record short-term response of tissues after stimulation is impossible due

to the presence of stimulation artifact.

Insert a feedback circuitry with a stable point at the discharged electrode

Solution:
condition
MEA Stimulation and Artifact Matlab Data
(60 electrodes) Elimination System Acquisition

16-channel t

=

custom IC

To NI

1
=B DC card
12DAC | PIC i Trigger
channels microcontrollerﬁ-l output
Isolation __ |solated . . . 4 ;|
Barrier DC/DC L ?. '
converter " Triager
RS-232 | . i
k S Input
)

.

(Electrode+solution) model

E. Brown, J. Ross, R. Blum, S. DeWeerth, Stimulation and recording of neural tissues, Closing the

loop on the artifact, ISCAS 2008.



What if....

The DBS problem for Parkinson disease:
For an adaptive control...

....iIf a LFP-dependent control is not efficient....
|s there a robust STN model ?

A behavioral model?

Handling diversity?



Conclusions (tentative)

v" Hybrid systems help exploring the dynamics of biological systems

v" Combine computation modes ( it already combines living and artificial)
v" Signal processing can be basics (filter, amplifiers...) or more complex
v" Signal processing can be bio-inspired (spiking neural networks)

v The loop can be closed at different levels

v Models for each closed-loop module (including bioware)

v"Multi-modal processing can lead to multi-level processing

v Multi-level processing implies common tools and protocols

v" Specifications (cross-disciplinary collaborations) are crucial.

. COMBINE INVESTIGATIONS AT DIFFERENT LEVELS
. COMBINE SENSORY / CONTROL modalities
> so many configurations....



The story ....

« hybrid (bio-artificial) systems at the cellular
level: when neuroengineers get involved »

... gOes on.



UNIVERSITE DE
BORDEAUX

CENTRE MATIOMAL
DE LA EECHERCHE
SUIEMTTFIUIE

i Inserm




and happy Bastille Day ...




