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Disclaimer

| am not a Computer Scientist
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What Is a hybrid system?
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Why Is it Important to develop
neurohybrid systems?

Neuroscience

A Basic Neuroscience Neuroengineering
A Brain Repair

A Neurorehabilitation

A X

A Wetware Technology

A New computational paradigms

ComputersSeience
Al
Robotics



g Diseases and injuries of the central nervous system affect
more than one billion people worldwide
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W/ f # 2 Rededhybridinterfacesconnecting neuronal
== and artificial systems can be usedfitothe brain

A Brain Modulators (ICMS, DBS, NIBS)

A BCI/BMI
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¥ Brain modulators

A ¢ K 8lectceutical O 2 y Replaciigivharmaceuticalinterventions by
targeted electrical stimulation delivered by

smartmicrofabricateddevices

OA jump st ar tNatdrédpril 261Bect r oc e u't
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Gary

Receiving DBS Therapy 6 years

Parkinson's Disease
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A Neural signals are recorded from the cortex using scalp or-auracal
electrodes. Specific features are extracted from the signals (e.g. amplitudes
evoked potentials or sensorimotor cortex rhythms, firing rates of cortical
neurons). The features are then translated into a pattern of commands for at
output device (e.g. a simple word processor, a robot arm, a robotized

wheelchair).
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Invasive Brain Machine InterfaceBMIs

Data Acqwsmon Box
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Chapinet al. Nature Neuroscj 1999;Wessberget al. Nature 2000;Actionfrom thoughts, MALNicolelis Nature 2001

Neural signals recorded from the brain as input commands
to control externaldevices
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Neuroprosthetics

da device or system that has an interface with the nervous system and

supplement®r substitutesfunctionalityA y G KS LI GASydUa o62R
Wright et al, 2016
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Neurorobotics

Robotic devices for stroke rehab

Wearable exoskeletons

Robotic limbs
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Ourresearch interests

neuronal system artificial system

A METHOD Exploiting techniques and methodologies of engineering for
biomedical applications
A Understanding by building
A Multi-scale experimental approach
A LYy20FGA0S WYWSEnddmbybridy it Q Y2RSfa 6
A FANALGOAL- Neurorehabilitation

A Neural Interfaces (including neuroprostheticsnterfacingneuronal circuits with
artificial devices

Neuromodulation drive neuronaldynamics

A
A Neurorobotics:perform controlled training on patients and monitor recovery

15



1t Ourmulti-scale approach

Neural Interfaces

translational methodology 16
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A How can wenteract with a neuronal system and thusodulate its
dynamics?

A How carwe interfacethe neuronal element with an artificial offe

A How canwe restore aninjured or pathologicatommunication througtan
artificial device?

17



The brain is one of the most complex system of the known
"~ Universe

10 neurons
10% synapses

Thebrain is a world consisting of a number of unexplored continents and great stretches
unknownterritory

Santiago Ramon €ajal



Lessons fronlNeuroengineering

A Reduce the complexity of the system by developing
simple experimental model

A Use the model to test technological solutions for
brain repair

19
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Multi-scale approach

Molecules

Neurons

Network

complexity
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Human brain

In vivo brain

W lth¢ future, sensorymotor, and modulatoryBMlsare likely to take
advantageof a continuousdialog betweenthe nervoussystemand
artificial computational devices (...) Thanksto their controllability
and relative simplicity, artificially embodied in vitro networks
provideexcellenttest bedsfor studying plasticity mechanismsit is
not hard to imagine that this electricaltraining and modulation of
cortical tissuecould form the basisof future adaptive, closedloop
BMIQ
S.M. Potter,GeorgiaTechUSAFrontiers in Neuroscience (2010
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Primary cultures of rat cortical neurons

Dissection
+

Enzymatic digestion
+
Mechanical dissociation

Rat embryos (E18)

In vitro cortical cultures

Micro-Electrode Arrays (MEAS)
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~50.000cells



Spikes and Bursts atectrophysiology

A The electrophysiological signal acquired from a single microelectrode is
generallycharacterizedy two different patterns of activity:

A Spike ¢ single over-threshold signalrepresentingthe electrical activity of one or
more neurons(i.e. 1-3 cells)

A Burstc sequenceof highly packedspikesoften occurringsimultaneouslyon several
channelsandgivingriseto a phenomenongenerallyknownas‘Hetwork burstQ

23
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How can wenteract with a neuronal systerand
thusmodulateits dynamics?
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An In vitro model of neural dynamics
Electrical modulation;/x>
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Chiappalonest al. Neurocomputing 2005 Chiappalonegt al. Brain Res 2006 Chiappaloneet al. Int INeural Sys 2007, Maccioneet al. J
NeurosciMethods, 2009 Bologna,et al. Neural Networks 2010 Pasqualest al. JComputNeuroscj 2010 Bisioet al, PLoSOne 2014
Kanneret al, JOVE 2015 Pasqualeet al. ScientificReports2017 25



Network bursts are typical features of in vitro neuronal
cultures

Evoked activity Spontaneous activity
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The concept of brain modularity

A Brainis redundant and intrinsically modular, being composed of local
networks that are embedded in networks étworks (Meunieret al.,
2009; Levy et al, 2012)

-V -

Ref: Park &riston Science 2013

Ref: Yamamoto et al, Science Advances 2018 28
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UL Brain modularity in vitro: network patterning
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Averna et alsubmitted (LNCS)

Multimodular systems (electrophysiology)
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How can wenterfacethe neuronal element with an artificial one?

32
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A A brain with a bodyi.e. a
brain with an artificial sensory
system and an artificial motor
system

A First example of alosedloop
system an in vitro brain of a
sea lamprey bidirectionally
connected to a mobile robot.

KarnielA, et al. JNeuralEng 2005
KositskyChiappaloneet al. FrontNeurorobotics 2010
MussalvaldiFA et al. FrontNeuroscj2010

NORTHWESTERN &= -
UNIVERSITY FA Mussdvaldi M Kositsky V Sanguineti
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The first closedoop system
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Our neurorobotic system

Spike :
)D—) detection —>| Decoding

e Filter ,l{ Wheel Speed Commands
Amplifier

J Tessadori

Tetanus

Stimulation €

Tessadori et aliving Machine®013; Tessadori and ChiappalodeVE 2015 34
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Hybrid communication ineuroroboticsexperiments
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Robot navigation paradigms

A If activity is (close to) equal in tlRightand Left I
area -
U the robot goesstraight ~i-:-/ g

activity in thelLeftarea
U the robot turnsleft (the obstacle was on its right side)

[
A If the activity on theRightarea is higher than the <=\ @
i

activity in theRightarea
U the robot turnsright (the obstacle was on its left side)

[
A If the activity on the_eftarea is higher than the @ >

J Tessadori

Tessadori et aliving Machine®013; Tessadori and ChiappalodeVE 2015
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Is there any exchange of information?

J Tessadori

EMPTY
OPEN_OOP
CLOSEDOOP

w0, RODOt navigation
*

404

20 1 -

Average Distance between Hits

ee g istituto
m italianodi
tecnologia

Empty Open-Loop Closed-Loop

Tessadori et alEEEBioRoh 2012; Tessadori et d&ront. Neural Circuit2012;Nava etal. Living Machine014 37



Adding (some kind of) training for inducing learning

TECNOLOGIA

A Localized tetanic stimulus affects the network response to activation
stimulus Jimboet al. Biophys], 1999; Chiappalone et &uJNeurosci
2008; Ld-eberet al.PLoSOne 2010)

A Tetanic stimulation when the robot hits an obstacle a short tetanic burst
Is delivered from the collision side

- Rl
=
\» R
0.05's
- @ Obstacle hit:
) 1s ] A Tetanic stimulation
‘ ‘ ‘ ‘ (20Hz, 2s)

- - A Step backo a previous
Y R position
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Changes in the network activity
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