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Microfluidics and neurosciences
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1. Neurosciences for physicists \
Neurons, synapses, Nervous influx\
Action potentlals and Hodgkm Huxley model

‘\

2. lono electronic interfaces : electrodé&..\

3. Neuroffiidics—._
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Brain weight = 0.2 % total weight

H u m a n b ra i Brain blood flow = 15 to 20 % total flow
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20% of oxygen consumption of the body
20-30W over 100W entire body

SOMATOSENSORY CORTEX
MOTOR CORTEX CNGLLATE GYRUS OF LIVING GORTEX

« The brain consumes a great amount of energy doing — x5
nothing. It's a great mystery of neuroscience » =4 [ Sw
James Kozloski, Researcher, IBM e s com




Neurons

One multipolar Neuron:
1 axon
Several dendrites
1 000 synapses

One human brain
100 Billions neurons
10 000 hillions synapses

Types:
Afferent (Sensitive periphery)
Efferents (muscles and glands)
Interneurons (Short and long)

+glial cells, astrocytes, oligodendricytes
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Complete myelinisation of the brain : not before 25 years old !



Image C.Leterrier, Marseille
Blue: MT
Orange : Actin
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Number

of neurons
by species

Caenorhabditis elegans

= Pond snail
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Glial cells

Astrocytes
Oligodendrocytes
Schwann cells
Microglia




Growth / Growth Cone

Stage: 1 2 3 4 5
Lamellipodia Minor Axonal Dendritic Maturation

Processes Outgrowth Outgrowth *
A
A}

\
\

F-actin bundle

Days in
Culture: 0.25

C.Leterrier @LaurelCoons




Growth cone

Topology guidance :
A nano grating allows to polarise cell growth

AN

B.Charlot, Neural Engineering

Nanograting

Growth cone
Filopodia \
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Cytoskeleton

o dendrite coma growth-cone

axon

Microtubule
Actin
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. . microtubule

-~ neurofilaments 2 spectrins :
3 \@ cross-linkers

~—~~— F-actin smmmm microtubules @ adducin
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Sushil Dubey, The axonal actin-spectrin lattice acts as a tension buffering shock absorber, BioArXiv



A brain in action

Crystal skull 50,000 neurons in the outer layers of the brain.

Kim T.H. et al. Cell Rep. 17, 3385-3394 (2016)




Nerves

cable-like bundle of axons

Afferent nerves conduct signals from sensory
neurons to the central nervous system, for
example from the mechanoreceptors in skin.

Efferent nerves conduct signals from the
central nervous system along motor neurons to
their target muscles and glands.

bundle of
nerve fibers

Spinal nerve

Epineurium

Perineurium

Epineurium

Blood vessels

Fascicle

Perineurium

Endoneurium /

Perineurium —__

Axon fascicles

(b)

By OpenStax College - Anatomy & Physiology, Connexions Web site. http://cnx.omontent/
col11496/1.6/, Jun 19, 2013., CC BY 3.0, https://commons.wikimedia.org/w/index.pkb?
curid=30147983



Nervous influx

v\

The Nervous influx is a set of Action Potentials (AP)

An AP is the propagation of a depolarisation wave of
the membrane that initiate in the cell body and travels
down the terminations

‘LDepoIarisation
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~digital signal

Information coding by the number and frequency of APs
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SYNapses

It is the zone of contact that spread between two neurons
or between one neuron and another cell

Chemical synapse uses neurotransmitters ~ glutamate
Serotonin

Electrical synapse Dopamine
Adrenaline

Synaptic cleft : between 10 and 40 nm  Acetyicholine
Endorphin
Oxytocin
Glycine

Neurotransmitter
Neurotransmitter attached to receptor

released into synapse

U Vcs-cules\'j
synapts

synaptiques
ae

Axon

3 ; - 2t
| x Q.\b hy r
Neurotransmitter Enzym

e that destroys
stored in vesicles neurotransmitter

Motoneurone




SYNapses

Synapses transmit AP from one cell to
another

Briefly :
The arrival of one AP in the synaptic cleft

induces the progressive delivery of
neurotransmitters

Diffusion of neurotransmitters in the cleft

Neurotransmitters are captured by receptors

Excitation or inhibition




SYNapses

The synaptic potential is

- Wea
- prog

- Passi

K (0.1-10 mV)
essive (~analogic
ve propagation (di

- hype

fusion driven)

polarisation, or de

holarisation

The Action potential is

- High

(10-110 mV)

- « all or nothing» (~digital)
- Active propagation

- depo

larisation
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Tubulin dimer

Axonal transport [, o

Neurotransmitters are synthesised in the cell body
Diffusion is too long
Some axons can extend up to 1 meter

How NT are sent from the cell body down to the synapses? e O Microtubule

« Vesicular transport
— Kinesin
» Toward +
« Away from nucleus
— Dynein (
» Toward — '
« Toward Nuc
-0.1-1 um/s

+ and
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Axonal transport

Cell body
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Axonal transport

’
MMoutaux §1.Cazoria, GIN




Neuronal Network

Cortical layers

Cottical ~
surface _ |

LayEr 1

LayErz

Layer 3

Layer 4

Layer 5

Layer 6




Neuronal Network
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Neuronal Network

Loops, positive Feedback , excitation and inhibition

A Feed-forward inhibition

Afferent neurons

innervating Extensor
extensor muscles motor neuron

b V)
e <\ @
Extensors
+
—) Inhibitory
interneuron
Afferent neurons
innervating
flexor muscles -
+5: : +
<) <]
ﬁ — ° B
Flexor motor neuron
Flexors

B Feedback inhibition

Afferent neuron

innervating Ext
ensor
extensor muscles motor neuron

|

Inhibitory Extensors
interneuron +
D——
+
P.Fromherz

Neuroelectronic interfacing: Semiconductor chips with ion

schannels, nerve cells, and brain

Nanoelectronics and Information technology. Wiley-VCH 7812—??10



Cell Membrane

Hydrophilic heads

Th | CknBSS 7nm O e Extracellular Fluid Carbohydrate
[transport protein) ; ;
.. Globular protein B Glycoprotein -
Phospholipids . /" A

Lipid bilayer ‘

\‘ U/)mh sﬂ\ nmmnnnm- b s So) mnnn
SR (0 dum VSIS it J,- ?\ it [t f%& (1& ;},ﬁ‘;
[/

J’(/ Phospholipid
molecule

Cholesterol Integral protein

(Globular protein) Surface protein

Glycolipid

Filaments of / Alpha-Helix protein Hydrophobic tails

Peripherial pratein
cytoskeleton {Integral protein)

Cytoplasm

By LadyofHats Mariana Ruiz - Own work. Image renamed from File:Cell membrane
detailed diagram.svg, Public Domain, https://commons.wikimedia.org/w/index.php?
curid=6027169

Cellular membrane divide intra and extracellular compartments

lon concentrations in these compartments are different

24
This difference induce a voltage across the membrane



Phospholipids

Phospholipid ~ Amphiphilic molecule

Hydrophilic head
Water
Hydropaobic tail
Phospholipid

bilayer

Phosphatidylcholine:
a phospholipid

Water

25



Resting potential

outside omV

Membrane resting potential= 65mV
Electric field : TOMV.m-1

The membrane is an insulator
lons can pass through with membrane

proteins (with leaks)

Capacitance
of membrane : T pF/cm?

Inside

26



lon Con Stable

lon charges
outside

The electrochemical
potential can be computed
with Nernst equation 5&% @

150mM

R : Perfect gazes constant
T: Absolute temperature
[x:valence of ion ;

F : Faraday number

Ena= + 64 mV
Fx= -90 mV 150mM lon Con Changes

Inside

21
Organic lons : charged proteins



Forces on ions

Electrical forces
e

From-to +

Diffusion forces

EE RN >
From high to low C

_ Inside
How ions passes? 28



Membrane Proteins

Molecules encaged in the membrane, several functions

-~ ™ ~
m . "
\. / - l
Intercellular Enzymatic Transport Cell-Cell Anchorage / Signal
Joinings Activity (Active / Passive) Recognition Attachment Transduction

These ones are interesting for Action Potential

29



lon Channels

lon Channels are membrane proteins gating the flow of
ions across the cell membrane

Selective valves permeable to unique ion species
The rate of ion transport : 106 jons/s

There are over 300 types of ion channels in a living
cell

Passive |lon Channels
Found on dendrites, cell body, and axon.

Chemically-gated lon Channels
Found on dendrites & cell body

Voltage-gated lon Channels
Found on axon hillock, unmyelinated axons ’I‘ ’I‘ ’I‘ 30

and at nodes of Ranvier on myelinated axons.



lon Channels

lon channels are passive valves (driven by electrochemical gradient)
# membrane pumps

No use of metabolic energy

-Voltage dependants Membrane

Na+, Sodium
Ca2+, Calcium
K+, Potassium
Cl-, Chloride
H+, protons

The opening and closing of the channels are triggered by changing

i i By Andrei Lomize - Own work, CC BY-SA 3.0, https://
lon Concentratlon commons.wikimedia.org/w/index.php?curid=34168784



lon Channels

Other type of lon channels

-Ligand-gated ion channel : opens with the binding of neurotransmitters : GABA, Glutamate,
serotonin, ATP, nicotin...

-Inwardly rectifying potassium channels (CI, K, Na, Ca, H)

-Calcium-activated potassium channel Optogenetics !!
-Light-gated ion channel : Ghannelrhodopsin /

-Mechanosensitive channels (Piezo, TREK) Thermal stimulation
-Temperature-gated channels (TRPV) /

We can observe them at work !! 3



Calcium imaging

fluorescent molecules that can respond to the binding of Ca2*ions by changing their fluorescence properties.

Chemical indicators (FURA, FLUO 3,...)
Genetically encoded calcium indicator (GCaMP)

N2

N

|

ZIN\N

Fluorescence

& &

T

L 2
St St

33



Calcium imaging

P.Duc, F.Rage IGMM

GCaMP 6F calcium indicat
a calcium indicator 8 Charlot [ES




Calcium imaging

WT o . HD , 0 sec

GCaMP 6F calcium indicator F.Saudou GIN




Calcium imaging
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GCaMP 6F calcium indicator M.Cazorla, E.Moutaux GIN




lon pumps

Na+/K+ -ATPase

lon pumps are enzymes that pumps sodium out of cells while
pumping potassium into cells, both against their concentration
gradients.

Active process (consumes ATP)

Responsible for the generation of the resting membrane potential

By Andrei Lomize - Own work, 3¢ BY-SA
3.0, https://commons.wikimedia.org/w/
index.php?curid=34170807



Action potential
What it looks like?

V(mV)

+ 40
+ 30
+ 20
+10

0
-10
- 20
- 30
- 40
-~ 50
- 60

-70 | | | |
0 1,0 2.0 3,0
temns (ms)

R

|

Intracellular recording of a giant squid axon under current Stimulation 3



Action potential -

Q X
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-40
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1

Transmembrane Potential (mV)

Only positive ions !! Time (ms]) s



Action potential

Depolarisation

40



Action potential

Repolarisation

41



Action potential

3 Maximum : All Na+ channels are open, 4 |Repolarisation : return to
maximum concentration, minimum oradient -10mV opening of voltage gated
5 . rectification channels. K+ ions
o leave the cell, Closing of Sodium
Depolarisation : channels
rise up to +30mV

opening of voltage
gated sodium
channels, Na+ ions

Hyper polarisation :
below-/0mV, refractive
period , no AP firing PA, exit

enter the cell of more K+ than Na+
_60-
T | T ]| T >
1 0 1 2 3 /4 5 -
Rest : transmemb.
potential = -6omV 6 |Restauration of initial concentrations with lonic

pumps ATP dependant : K+ enters, Na+ exift




K channel

i G G G

® — [iffusion

Action potential
propagation

{1

e

i O o W N MRy
g ) Qi) (W) (oo Quiy) i) Qg @
100 m/s linated

25 m/s for non myelinated axons

With myelin : 2
Saltatory conduction

Typical pulse length of about 10 em. :
t



Action potential propagation

Electrical stimulation

Calcium imaging

50 pm E.Moutaux, M.Cazorla, GIN




After the synapse

Neurotransmitter
Neurotransmitter attached to receptor
released into synapse

_° % ™ EPSP Excitatory Post Synaptic Potential
™ '°f°/°°i' 4 IPSP Inhibitory Post Synaptic Potential

Neurotransmitter Enzyme that destroys
stored in vesicles neurotransmitter

pre-synaps:

OmV__ | OmV __ |
-90mV | -90 mYV |
ost-synaps: |
post-synaps: !
1 ]
.

0mv \ 0mV
h— \}

" summation at Axon Hillock .

30m
_________________________________ hreshold
/~EPSP /
-90mV _| -90mV _| -10mv

-70mv \_
| | I | | I |

1 1T T 1 ! 45

Ims 2ms 3ms 4ms 5ms 6ms 7ms




summary

Action potential is movements of ions trough channels
Mainly positive ions

lons are going down concentration gradients

Only ion pumps consume ATP

Summation of excitation and inhibition after the synapse

46



Part.ll lono-electronic interface
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Hodgkin-Huxley Model

o ly(

i m

CX ,.T

+- dv_
] =].+]. +]. +C =—m
e x tly,+1, +C, t



Hodgkin-Huxley Model

lonic Currents V o
m
V=RI LoidOhm I

I =gV conductance

Tl
l.=g.(V.—E;) ) Sk
E
Battery / resistance model —1 K
Electrochemical potential can be computed with Nernst T
equation
e _ = 4
EK = —Elog K B .
- ew Erna = Ena h

EnNa=+ 64 mV Ek=-90 mV o
N, m, h : activation gates

49



Hodgkin-Huxley Model

8k = gKn4

ENa = gNam3h

n,m, h =f(V,,t)

T (MS)

05F

me

1.0

T, (ms) h..

105

=50 0 50
Membrane potential (mV)

d_m_mm(Vm —~m
a 1,V
dh_h.(V,)-h
a  1,(V,)
d_n_nm(Vm)—n
a 1,V

50



Hodgkin-Huxley Model

dm ,V-V,) (V-Vau VK
— =AV1-m]-B,")m  A,V)=—"Gz i  Bu)=B,e" "
m.=AJ(A,+B,) and T,=1/(A,+B,, g o 5

o A, (V)[1-h]-B,(V)h A,WV)y=aq,e" ™" B (V)= e e

dn an (V e V ) - . ) |

E £ A"(V)[l—n]_Bn(V)n A= P v,.,?x,,, B.(V)= ﬁn T
G, 03 0.75  mS/cm’ o, 007 00081 ms’
Gy 36 216  mS/cm® B, 1 438 ms”
Gy, 120 150 mS/cmz2 V.  -60 45  mV
g ;7 : “li,dlcm Ve 30 45 mv

L o m
E. 0953 9 mV K 20 147 mV
Ex. 36.7 55  mV Ky, 10 9 mV
' A 0.1 0288  ms” o, 001 00131 ms’
B.. 4 138  ms” B. 0.125 0067 ms’
Vi -36 46 mV Vi -50 40  mV
Vi -60 46 mV Vi, -60 40 mV
Kom 10 10 mVv Ko 10 7 mV
K 18 18 mV Ky, 80 40 mV

o1



Hodgkin-Huxley Model

404

204

- 20-
- 40-
. 60-

- 80 -

Voltage (mV)

2 msec

-'\:\

Stop

Start

St:.’"ﬂulaié

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Right axis:
Parameters (0 to 1)

™ Voltage (mV)

N

M

H

K cond (nA4)

Na cond (mA3~h)

Na current

K current

Options...

4a»

52




Hodgkin-Huxley Model

TRIIEETLEEY

T T T

a 0°U oU

= Cp | U—FE U — E
2Ri dtz dt gK( K) + gNa( Na)

Cable equation

53



lono-Electronic interface

Let's put an electrically active cell on top of an electrode

Medium Membrane
intracellular potential

Cleft : contact
zone (proteins,..)

Cleft




lono-Electronic interface

Let's put an electrically active cell on top of an electrode

_ "4
Medium E-—| Ref electrode

Membrane
Channels capacitance

conductance

Cleft zone

- conductance :

leak currents

Electrode model



lono-Electronic interface

Let's put an electrically active cell on top of an electrode

_ "4
Medium E-—| Ref electrode

1, =2,ng (VM -V, _Voi)

av,, dv
+C M _ ’)
| M( dt  dt

/ ICleﬁ =& (VJ o VE)




lono-Electronic interface

Intracellular signal

bty ———

100 mV

1

INa

¥
e

LT T T S ——

100 pV

——
1 ms

Extracellular signal

More importantly, the
intracell recording signal
is always positive
whereas the extracell
recording shows different
polarities according to the
electrode position. If the
electrode 'looks' at where
current enters, the signal
is negative, whereas if it
looks at where the current
leaves, the signal is
positive.



lono-Electronic interface

V)Jki’

20 0
o 20
Intracellular | .
Potential Vy, = ol ®
-80
2-

Extracellular

Potential V, 3 U ot
Al 25 0,2}

04}

[

-2

0 5§ 10 15 20 0 &§ 10 15 20 0 5§ 10 15 20
t [ms] t[ms] t[ms]

- Dérivative of V,, Vi

Capacitive junction Ohmique junction

58



Local field potential

=
5L

oms Insulator

Intracell recording signal is always positive whereas

Extracell recording shows different polarities according to the electrode position.
59



summary

Extracell electrodes record changes in lon concertration around
a cell

HH models using K and Na channels allows to model the
electrical activity of neurons

It is possible to record APs with extracellular electrode
- weak signal (50pV)
- (epends on position to neuron

We can evoke APs with voltage steps .
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How to measure electrical activity of the network?

Patch clamp
One cell at a time

Intracellular recording




atch Clamp

" VR | 9 _ w .
\\| Wt pipette A~ B Strogg —%
\ — g Mild % | I. pulseof

( suction ! suction

D’ W \ Tight contact between Cytoplasm is continuous
ey & | \‘— pipette and membrane with pipette interior

Feedback resistor V(mV)

—A NN/ T T T
Electrode + 40+

+30
+20
+10

0
Operating 10

Patch
pipette

Earth  @mplifier _20

-30
Pipette - 40
solution ~50
- 60
-70+

X X

] | |
0 1,0 2,0 3,0
temps (ms)

Cytosol



Patch Clamp

Dr. Ainhara Aguado, Ruhr University Bochum, German




How to measure electrical activity of the network?

Micro Electrode array

Array of fixed electrodes
Extracellular potential

ms

How to organise the network?

H0pV




Micro Electrode array

v .

J

<

~

————

//%

66




Micro Electrode array

Tissue slice Neurons Culture medium

MEA

Glass substrate /

N 118
/Microelectrode ?

\Reference
electrode

Stimulation Recording

TiN, IrOx / ' . RLOT-C S ‘o Transparent TiN




Nanowires

68

Micha E. Spira, NATURE
NANOTECHNOLOGY | VOL
8 [ FEBRUARY 2013

Ren Liu et al, High Density Individually Addressable
Nanowire Arrays Record Intracellular Activity from Primary
Rodent and Human Stem Cell Derived Neurons,

Nano Letters (2017)



Stimulation and ording

Microelectrode: extracellular

—, | 40 pVv 10 ms
W 10's 2
|40 ny, 1 ms
200 ms 69

Derivative of the intracellular AP



Part.lll Neurofluidics

10



How to organise the network?




p—

—

<ot~ Neurofluidics

Neuron

Dendrites

Spatial organisation
Reconstructed neuronal junctions

12



Campenot Chambers, 1977

Robert. B. Campenot,

PNAS 1977 Oct; 74(10): 4516-45109.
A rake made by cementing together

twenty insect pins was used to make 20 parallel scratches about
200 um apart on the collagen-coated coverslip.

Distal
compartments

Proximal
compartment

13



Compartimentalized Microfluidics

Two large chambers
A set of Microchannels ]

A.M.Taylor et al. Langmuir 19, 2003

Dual thickness SU8 / PDMS AN Taylor et ol Nat Methods 2,2005 1,



Compartimentalized Microfluidics

PDL/Laminin coating
Cell seeding
Incubator

Neurites and Axons
(if L>500pm) o

15



Compartimentalized Microfluidics

Long micro channels : 1,5 mm
Analysis of growth rate analysis
under different stimulations

- Chimioatractant

- Mechanotransduction

- Electric fields

- Light

Control

Optical
stimulation

16



Compartimentalized M2sofluidics

in-vitro reconstitution of functional
connections between two cell populations

cortico-cortical
cortico-Striatal
cortico-hippocampal,
hippocampo-hippocampal,

Xona, Millipore, Ananda, Micro Brain Biotech

+gradient of laminin/poly-d-lysin coating



Compartimentalized Microfluidics

Timeframe

Days in vitro (DIV)
0 4 7 10 14 18 21

Neurite outgrowth [

Synaptic connections

Synaptic transmission

Network connectivity

1 1 1 1
1 Early > - Mid B Late >
1 immature 1 maturation ! mature !
1 1 ] 1
1 Axonal 1 Synapse [ Functional I
1 growth 1 formation 1 transmission 1
1 and ! and ! and !
' branching ' maturation ! synchrony '
1 1 1 1



Compartimentalized Microfluidics

Arches

C.Villard, [PGG



Compartimentalized Microfluidics

Co-Cultures

Neuron-skin
Neuron-bone
Motoneuron-muscle

G.Carnac, Phymedexp
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Synaptic chamber

Design with 3 chambers
Perfusion of drugs

A.M. Taylor et al. Neuron 66, 57-68, 2015

A g NI
W=

HD Brain
Cortex

Striatum

100pm

- Post-Synaptic
*i -4

Synaptic

Pre-Synaptic

HD on-a-chip

A.Virlogeux et al. Cell Reports 22-1 (2018)

Synaptophysin

81



Axotomy chamber

Culture chambers
Synaptic chamber
Axotomy chamber




Explant in chamber

Eran Perlson, U.Tel Aviv



Microfluidics + Micro Electrode Array (MEA)

Organisation ~ + Stimulation & Recording  +(

bservation

Axons along microchannels On cell bodies or AIS transport of BDNF or MT
Calcium Imaging

E.Moutaux et al. Lab Chip, to appear (2018)
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- Reconstruction of neuronal junctions = Microfluidics
- Stimulation and monitoring neuronal junctions = Micro Electrodes

- Observation of axonal transport = Spinning Disc Fluorescence Microscopy




Neurofluidics + Extracel. electrodes

Elec. Stimulation

& recording %
?

Vesicle and Mitoch. Trafficking
Calcium Imaging

e

!
|8

—
e ——

Electrical activities €= Intracellular dynamics

(Action potentials, depolarisations) (Axonal transport, trafficking, vesicles, RNA)

Neurodegenerative disease : HD Huntington disease, ALS, SMA



Electrode arrangement

Light transmission Pre-GFP / Post-mCh Pre-GFP / Post-mCh

axonal presynaptic chamber
; B/ electrode

N wr‘w mmr'ﬁtﬂf """"""""""""""""""
AERUPEEUREEINERURSEY. rcference
Bl clectrode

axonal channels

- omomomomm SEEREE S U LA — e e m W m mm

| postsynaptic
| ~ electrode
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MEA microfabrication

Thin glass substrate : 5xbcm 170pm

Mask1 Ti/Pt electrodes (Electron gun evap. + Lift Off)
SiNx PECVD

Mask2+ Alignment + RIE etching

Cleaning, PDMS alignment and Bonding

Simple and Stable process
For series > 100 samples

88



Impedance

Ti / Pt Microelectrode Impedance
PBS 1x

0SC 100mV

10:\
235k0\\
165kQ
10 \<
[ N
S —
100' 246810

Frequency (kHz)
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Impedance lowering Poros il

0SC 100mV
Ti/Pt 0.8V / 40s AuCl,

10
TiN |-
PEDOT:PSS \ |

Porous gold Electrodeposition \wt :
10 F \I\ |

B V
= - Porous gold
0

0 1 2 4 56 8 10
Frequency (kHz)

[ / - e \
PEDOT:PSS ( (

Ti/Pt

SiNx

iﬂu_m
‘ But

...... Platinum for stability and reproducibility 90



txtracellular Recording

DIV10

Spikes detection (SNR>5)

Spontaneous activity DIV10
DIV 14

axonal v
#21
electrodes W | | | DIV 18

a post ' ‘ ‘ l £10 | M’\/\w
electrodes | 20 uv

20 pV 10 uV —
_|20u _|10p i

10s 200 ms

Self-organization and synchrony of the network w
| 50 pv

1ms 91



PDMS

Extracellular Stimulation

Current stimulation Stim T
imulati v 0uA *
Axonal (AIS) stimulation 1001s -

Directly connected neuron

Neuronal

reSponse .
40ms Indirectly connected neuron




Stimulation+ GCaMP6f visualisation

Genetically Encoded Calcium Indicators

2 sec

1Hz

Electrical stimulation

10

Calcium imaging

LTD long term depression : Decrease in synaptic strength
induced by LF stimulation of presynaptic afferents




Stimulation+ GCaMP6f visualisation

Genetically Encoded Calcium Indicators

H0Hz

Electrical stimulation

J+10
-

12

Calcium imaging AffE ' Large amplitude, long signal
: 1 More neurons are recruted

LTP long term potentiation: Persistent increase in synaptic === L
efficacy produced by high-frequency stimulation

94




Manipulating activity-dependent transmission using local
application of drugs at the synapse

CNQX/APS presynaptic chamber
synaptic

{

Excess
waste

synaptic chamber

Synaptophysin
postsynaptic chamber

Stim. GCaMPé6f Basal +CNQX/APS  +CNQX/APS
synaptic synaptic and post

axonal

LA A

postsynaptic | 10 AP (50Hz) 10 AP (50Hz) 10 AP (50Hz)

95

. AMPA/Kainate and NMDA receptor antagonist
E.Moutaux et al. Lab on Chip 2018
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Axonal Transport under Stimulation

StilTIUlaJ[iOH BONF mCherry
Ref Electrode Vesicles
Synapse
| /
I '. il ST "
. ' b Lo

\u\

v Kymograph *Retrbgrade Anterograde)

How the neuronal activity will be decoded and translated into a regulation of axonal transport .



Axonal Transport

HD
¢

Defects in fast axonal transport

0 sec

(BDNF) in Huntington disease

Vesicular analysis

Mitochondrial analysis

Anterograde Static vesicle Anterograde Static mitochondria

8 dt | v=(dx)/(dlt

o dx

H

,.-::F/'

e -
Pausing \ |
Retrograde

Vesi

Mito

A.Virlogeux et al. Cell Reports 22-1 (2018)
E.Moutaux et al. Sci. Rep., to appear (2018)

Pausin
g Retrograde

-

cular motility increases with neuronal network maturation

chondrial dynamics decreases with network maturation
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Axonal Transport

3/14/2019 HV  det mag - spot vac mode WD
5:24:10 PM10.00 kKVLFD 70x 6.0 Low vacuum18.2 mm

3/14/2019 HV  det mag - spot vac mode WD
5:25:31 PM10.00 kVLFD 790 x 6.0 Low vacuum18.2 mm
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ectrical stimulation

nderstand the role of chronic neural oscillatory and synchronisation on neural networks

Malishev, E. et al.. J. Phys. Conf. Ser. 643, 012025, 100



On going : Chronic electrical stimulation

Stimulation Recording

apply 1000 - 10 000 stimuli per day during the culture development

101



On going : Chronic electrical stimulation ——

Neuronal Oscillator

)

Electrodes d’enregistrement

é Stimulation .
\\\\WM%// e

1900 -FESSTSY AR S

ZITS

Electrodes de stimulation Signal GCaMP

Chambre de culture torique
Evocation de vagues d’activité « tournantes »
Etude des evenements synchrones

Etude de la stimulation sur le développement du réseau



Relative synaptic change

18 -
16 -
14 1
12 1
1.0 9.q 5

0.8 - o
0.6 -
0.4

80 40 0 40 80
Spike timing (ms)

PAUL C. BRESSLOFF, LECTURES IN MATHEMATICAL NEUROSCIENCE

presynaptic action potentials prece

Depression Potentiation
Synaptic G S
Potential
Postsynaptic —‘A/‘ ‘/A/_-
Spike
<> PR
St<0 5t>0
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On going : Spike-timing-dependent plasticity

IMicro Electrodes

IpeN="

Pre Synaptic Micro channels
chamber

Synaptic chamber

Observation of synaptic strengthening

|

Post Synaptic
chamber

104



On going : Spike-timing-dependent plasticity

» - D emny




Synaptic plasticity on chip .

Reconstruction of neuronal junctions within hippocamp zones
(spatial navigation, episodic memory)

Conjonction of stimulations by cortical oscillations
Gamma and Theta waves

cortex entorhinal

Layer lll perforant path
. A Layer Il perf. path ‘

y

Schaffer [

D G Mossy fibers C A3 collaterals+ C A1

A
Recurrent

collaterals Champs Ammoniens

B TRUTRUTE "
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Neuro Muscular Junctions

iPS cells -> motoneurons / myocytes -> myofibrils

All human model

IPS Chamber

Jonctions Neuro Musculaires

“ Motoneurone

TS O useulaires

ALS model : Amyotrophic lateral sclerosis '
SMA model : Spinal Muscular Atrophy Wi

MONTPELLIER UNIVERSITE D' EXCELLENCE

Fibres

Myofibrilles

§f£{&‘r‘(‘$ ieon Myotube Chamber
RNA trafficking
« —»
N
Microchannel

Recording electrode

WOMUSE . :
A r-miNeuro Muscular Junctions ona Chip
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Neuro Muscular Junctions

—— T
7
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Neuro Muscular Junctions

Micro pillars for cell alignment/fusion

&N
M
M
ﬁ
2
a
/‘1\
A

J:JUDDDDDDDDU

HV mag WD spot det 1/18/2019  pressure
10.00 kV4 540 x 13.9 mm 5.0 LFD 5:24:04 PM 8.00e-1 mbar




Neuro Muscular Junctions

Neuron stimulation







summary

Integration of Microfluidic and Micro Electrode Arrays

Elec. Stimulation

& recording Vesicle and Mitoch. Trafficking

2 Calcium Imaging

L] 4 g > :
A ~ A i g L £}

Neuronal Plasticity Axonal transport
activity



Cell adhesion

Cell membrane
~10 nm

©

Glycocalyx
10s of nm P um (?)
& ®
Bulk o
electrolyte / solution

) Adhesion protein
& = (e.g., laminin)
S <100 nm

Polycationic film
<30 nm

Gouy-Chapman layer
<10 nm

Outer Helmholtz @ -="-
plane (OHP)
~1nm

Integrins are transmembrane receptors that facilitate cell-extracellular matrix (ECM)
adhesion.



Micro contact printing

PDMS can be used for deposition by contact prining

Surface activation 0, Plasma

PDMS
Wetting on PDMS 20mn  MRLRAR FLRL
Rinse, blow drying N, PDMS
Stamping

1 LR e

Passivation (PLL-PEG)

Glass




Micro contact prmtlng

Proteins used for cellular culture
Poly-L-Lysine
Polyornithine
Laminine
Fibronectine

PLL-FITC

Image : (actin cytoskeleton shown in green; nucleus in blue)
initially was plated on a single square (50 x 50 um)
extracellular matrix adhesive island (red) that was created
with a microcontact printing technique.

Cliff Brangwynne in the Ingber Lab



Micro contact printing

F.Cohen, C.Villard, IPGG
Neuronal branching on patterned structures




Micro contact printing PEG-DMA

PEG-DMA Spin coating

\lon'|mmun0g8n|0|ty 1|Glass + silanization

\IO N-4 ﬂtlgeﬂ | C|ty UV photopolymerization
Protein rejection PDMS

2,5 D cell culture pattern 2| Glass

Conflnement Peeling + RIE clean

Cell adhesion selectivity J| |




Toward In Vivo

L
Braindage project (FRM, GIN, IES) E-}%@%}m
Optical stimulation + topography growth guidance MEDICALE

Optic fiber
+LED 645nm C—

» .

s

l‘ .
. 23]
L

Silk implant
Microstructured )
Biodegradable d

Spine stimulation with deformable electrodes
Collaboration D.Guiraud, C.Azevedo LIRMM INRIA

i —e | in vivo
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