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Circuits optogenetics and wave-front shaping



Wave frontWave front

Planar wave
Spherical wave

Wave fronts:  parallel surfaces connecting similar or equivalent points on adjacent waves

Wave-front



Medium phase shift
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Light speed depends on the refractive index of the traveled medium



Wavefront Shaping

Wavefront Delay
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Wavefront Shaping

Interference

Gaussian Beam

Spherical Lens

A thin lens transforms a plane wave 
into a paroboloidal wave

Beams traveling different thicknesses of material will results in different outgoing  phases: the incoming wave front is deformed
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Phase pattern controlled by
spatially controlling medium
refractive index

Wavefront Shaping



Liquid Crystals Matrix
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Liquid Crystals as a Prism
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Liquid Crystals as a Lens
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Pattern Shaping by Liquid Crystals 
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Optogenetics: Key questions already solved by using 
visible light wide- field illumination methods 
combined with genetic targeting

Introduction: toward circuits optogenetics



Introduction: toward circuits optogenetics

• 3D, multiscale light patterning

• In depth

Visual cortex V1
(TW-Chen & GENIE prj Janelie)



• Light delivering approaches
• Opsin engineering
• Laser development
• Modeling

New phase, circuits optogenetics (precise optical manipulation of neuronal circuits)

Recent joint progresses

Introduction: toward circuits optogenetics



2P- optogenetics: single cell resolution

Two-photon excitation

TEMPORAL RESOLUTION: TR = ( ( t s +t well) x n) x N TR =  t well 

• Low conductance (~80 fS)
Feldbauer et al PNAS, 2009

• Low density of ChR2 channels
(~130 molecules/µm²)
Nagel et al, FEBS Lett.,1995

Within a 2P excitation volume, not enough channels to evoke an action potential By Brad Amos MRC, Cambridge

Credits

Webb Lab

The cell membrane is covered by 
rapid scanning the laser beam

The cell membrane is covered by 
generating shaped light



Dennis Gabor Prix Nobel en physique 1971

Parallel (holographic) illumination



SIGNAL WAVE REFERENCE WAVE

Parallel (holographic) illumination
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1) Writing the hologram



Dennis Gabor Prix Nobel en physique 1971

Dennis Gabor,  Nature , 161, 1948
Dennis Gabor,  Nature , 161, 1948

Parallel (holographic) illumination

object

Hologram
Holographic reconstruction
of the object



SIGNAL WAVE REFERENCE WAVE

Parallel (holographic) illumination

!

1) Writing the hologram

!!
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Parallel (holographic) illumination

!

Σ# = %& = %× & ()*+,

= 1 − / &0 + 20 + &2(*+,)*+3 + &2()*+,4*+3 ×&()*+,

		T =T0 −β(R*O+RO*)

& ()*+,

Σ# = %5& + /&02 + /&02∗

2) Reading the hologram



Parallel (holographic) illumination
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2) Reading the hologram

Zero order



Parallel (holographic) illumination
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2) Reading the hologram

+1 order



Parallel (holographic) illumination
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2) Reading the hologram

+1 order

Virtual image



Parallel (holographic) illumination

2) Reading the hologram
!"#$%&
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-1 order
Real image



Dennis Gabor Prix Nobel en physique 1971

Dennis Gabor,  Nature , 161, 1948
Dennis Gabor,  Nature , 161, 1948

Parallel (holographic) illumination

object

Interferogram
Holographic reconstruction
of the object



Gerchberg and Saxton algorithm 
Optik (1972)

Objective

Liquid crystal matrix

Hologram
Laser

Sample plane Target

Computer generated Holography

Parallel (holographic) illumination

Do we need the object?



Computer Generated Holography (CGH)

| G(x1,y1) | = |U(x1,y1) |

2. Inverse Fourier transform

Target illumination

FT-1

G(x1,y1)

g(x0,y0)= |U(x0,y0)|.eiF(x0,y0 )

g1(x0,y0) = |U(x0,y0)|.eiF’ (x1,y1 )

| U(x0,y0) |2 =

G’(x1,y1)=|U(x1,y1) | .eiF(x1,y1) 

FT

g'(x0,y0)

Evaluation step

Random phase
F(x0,y0)

1. Building starting function

3. Retain phase
Replace amplitude

F(x1,y1)

4. Fourier transform

4a. Retain phase,
Replace amplitude with target

F’(x1,y1)

4b. STOP

Output phase

F(x1,y1)

Oron et al., Two-Photon Optogenetics,, Elsevier, 2012



Gerchberg and Saxton algorithm 
Optik (1972)

Objective

Liquid crystal matrix

Hologram
Laser

Sample plane Target

Computer generated Holography

Parallel (holographic) illumination

Do we need to record the hologram?



Light Sculpting by CGH

Ronzitti et al., J.Optics, 2017



Light Shaping Software

T1~100-200 ms
Recording of fluorescence image

T2~50-100 it/s ->200ms 
Generation of phase hologram 

SLM addressing
T3~15ms

For sequential photoactivation,
->limiting factor SLM refreshing rate 
(60-200Hz)



Hologram 

Fluorescence Laser pattern

10 μm

The holographic illuminations: examples

10 μm

C. Lutz et al. Nature Methods (2008)

Hernandez et al. Nature communications (2016)
Haist et al. (1997)

3D-GS

Dal Maschio et al. Neuron (2017)

20 μm
Laser pattern

Fluorescence

Hologram 

M. Zahid et al. PlosOne (2010)
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Grating and Lens effect

Oron et al., Two-Photon Optogenetics, Elsevier, 2012

Prisms and Lenses
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Oron et al., Two-Photon Optogenetics, Elsevier, 2012

Prisms and Lenses

For improved uniformity:
weighted Gerchberg and Saxton algorithm

Di Leonardo et al. Optics Express 2006



Field of Excitation
• Field of excitation; FOV
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10 μm
x

y

z

y
C. Lutz et al. Nature Methods (2018)
E. Papagiakoumou et al., Optics Express (2008)

C. Lutz et al. Nature Methods (2008)

Focal plane

	
s = spot radious
		Δz(s) ∝λ /NA2 ∝ s2 /λ

x

y

Axial Resolution

Axial resolution scales linearly with lateral spot size

!"($)&' = 2!"*
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Photoactivation protocol repeated 
every 30s for 5min ( P = 50 mW / 
mm2, Pi = 0.28 mW / mm2)

ChR2-GCaMP5 (souris éveillés)

Tip diameter: 2.6mm
WD: 60µm
FOV: 240µm
NA: 0.8

Fiber bundle

Holographic illumination in freely moving mice

V. Szabo*, C. Ventalon* et al. Neuron (2014)

2014



10 μm
x

y

z

y
C. Lutz et al. Nature Methods (2018)
E. Papagiakoumou et al., Optics Express (2008)

C. Lutz et al. Nature Methods (2008)

Focal plane

	
s = spot radious
		Δz(s) ∝λ /NA2 ∝ s2 /λ

x

y

Axial Resolution

Axial resolution scales linearly with lateral spot size
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By Brad Amos MRC, Cambridge

Temporal focusing

Two-photon absorption, is the process that promotes an
atom or molecule from a ground (n) to an excited state (m)
through the “quasi” simultaneous absorption of two
photons, of frequency w, and w’ through an intermediate
very short-lived (Δt~10-16 s) “virtual” state .

∝ "# $%,'

∝ "# ∆) $',*
2P absorption ∝ "(,, -, ))#/∆) $%,*/

How do we get optical sectioning?



Spatial focusing
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Spatial focusing

y

 

z, t

S2P

z, t

t

Weakly confined beams -> weak optical sectioning

Spatial focusing
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Temporal focusing
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Temporal focusing

(D. Oron, et al, 2005; G. H. J. Zhu et al. 2005)

A dispersive grating placed at a plane conjugated with the objective
focal plane generates a position dependent pulse broadening

τ " ≈ 2 2%&2
Ω 1 + "*

"+*

,
*

|.*/ 0 ∝ /(3) 5
(67)

,
(687)

,

985 ,: ;
;<

5
(Durst et al, 2008)

Optical section of line scanning microscope
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Spatial focusing

Temporal focusing



vspeed =
c

sinα
M (5ps for 20μm)
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For a large excitation spot the axial resolution is the one of a line scanning microscope

Temporal focusing
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Light delivering approaches 



Temporal focusing and holographic illumination

10 μm
x

y

z

y

9-10 μm

E. Papagiakoumou et al.  Optics Express (2008)

Axial resolution independent on lateral spot size

Focal plane

10 μm
z

y

40μm



Take-home message

• Wave front shaping using liquid crystal spatial light modulators enables precise lateral control of light 
patterning 

• Existing algorithms, enable generation of 2D and 3D arbitrary light patterning

• Temporal focusing can be achieved using a dispersive grating conjugated with the sample plane, enables 
the control of axial resolution independently on lateral light shaping; axial resolution of a line scanning 
microscope



Opsin spreading deteriorates the spatial resolution

Baker et al. elife 2016

Shemesh, Tanese, Zampini et al. Nature Neuroscience, 2017

Mardinly et al. Nature Neuroscience, 2018

Forli et al. Cell Report, 2018

Need for molecular focusing: soma-targeted opsins

soCoChR-GFP
(N  of KA2(1–150) to C  GFP-CoChR)

Collaboration with Ed. Boyden, MIT

1s 20
 m

V

1 2 3 4 5 6 7 8

CoChR-GFP soCoChR-GFP

1s 20
 m

V

1 2 3 4 5 6 7 8

20
 m

V

20
 m

V

100 ms

Cellular resolution

Shemesh, Tanese, Zampini et al. Nature Neuroscience, 2017



10 ms; 50 Hz
130-180 μW/μm2

13 ± 7% 
71 ± 14 % 

Shemesh*, Tanese*, Zampini * et al. Nature Neuroscience, 2018

Cellular resolution



latency

jitter

2 ms

20
 m

V

Temporal resolution: time interval to get two subsequent spikes
Temporal precision: standard deviation of latency: jitter

ChrimsonR

τon

ACTIVATION      INACTIVATION          DEACTIVATION

τinac
τoff

Chronos CoChR ReaChR

τon (ms) 0.73 2.4 8
τinact (ms) 9.3 200 443
τoff (ms) 4.2 31 150

Papagiakoumou et al, Neuromethods 133, (2017)

ChR2
C1VI

Temporal resolution and precision

ChroMe

• Optimizing temporal resolution and precisions requires reducing the illumination time and knowing the opsin photocycle

Chrimsonf

!"# ≈
1

('() + 1
!"++)



Slow or fast opsins?

f-Chrimson (τoff ≈ 6 ms) ReaChR (τoff ≈ 150 ms)

Zampini*, Tanese* et al, in preparation



500 ms
50 pA

500 ms
50 pA

500 ms
50 pA

20 ms 20 ms20 ms

ReachR CochR f-Chrimson

@saturation ( I≥ 90% Imax  )

Slow or fast opsins?



50 µm 50 µm 50 µm

I Wen Chen*, E. Ronzitti *et al. 2019

Sub-millisecond jitter independently on opsin- ‘on-kinetics’

ReaChR (τoff ≈ 90 ms) CoChR (τoff ≈ 30 ms) ChrimsonR (τoff ≈ 19 ms)

Temporal resolution and on-kinetics

λ=1030nm; 500kHz; spot size 12μm; layer
2/3 visual cortex

τon ≈ 40 ms τon ≈ 15 ms τon ≈ 15 ms



Spontaneus

Light evoked

Temporal resolution and on-kinetics

50 µm

I Wen Chen*, E. Ronzitti *et al. 2019



ReaChR CoChR ChrimsonR

The opsin-’off-kinetics’ affects the maximum achievable spiking rate

Temporal resolution and off-kinetics

I Wen Chen*, E. Ronzitti *et al. 2019



Imaging power
44 mW

56 mW

80 mW

ReaChR

ChrimsonR

44 mW

79 mW

102 mW

148 mW

The opsin-’off-kinetics’ limits the imaging power threshold

I Wen Chen*, E. Ronzitti *et al. 2019

Slow or fast opsins?



• Light and molecular focusing enable neuronal control with single cell precision

• 2P-parallel illumination enables illumination time shorter than the current rise time thus millisecond 
temporal resolution and sub-millisecond temporal precision can be achieved independently on the opsin 
kinetics

• 2P-parallel illumination combined with fast opsins (Chronos, ChrimsonR, f Chrimson) enables sub-
millisecond temporal precision also at high spiking rate (up to 100 Hz)

• Fast opsins: enable reducing cross talk and optimize axial resolution

Take-home message



3D, multiscale light patterning

In depth

Visual cortex V1
(TW-Chen & GENIE prj Janelie)

ü Spatial resolution

ü Temporal resolution, precision resolution



Leach et al. (2006)

Prisms and lenses)

Daria et al. Appl. Phys. Lett (2009)
S. Yang, et al., J Neuronal Engineering, (2011)

Temporal resolution independent of target number, requires parallel illumination

Hernandez et al. Nature communications (2016)

Haist et al. (1997)

3D-GS

Dal Maschio et al. Neuron (2017)

3D manipulation on large volumes

Packer et al.  Nat. methods (2012)

Yang et al.  Elife (2018)

Mirror

SLM1



Leach et al. (2006)

Prisms and lenses)

Daria et al. Appl. Phys. Lett (2009)
S. Yang, et al., J Neuronal Engineering, (2011)

Temporal resolution independent of target number, requires parallel illumination

Hernandez et al. Nature communications (2016)

Haist et al. (1997)

3D-GS

Dal Maschio et al. Neuron (2017)

3D manipulation on large volumes

Packer et al.  Nat. methods (2012)

Yang et al.  Elife (2018)

SLM2

SLM1



3D manipulation on large volumes

N. Accanto*, C. Molinier* et al. Optica (2018)



Field of View :

300 x 300 x 500 µm
50 Spots of 15 µm

11 µm Average value

Axial Resolution :

3D manipulation on large volumes

Th: 750 x 750 x 950 µm

N. Accanto*, C. Molinier* et al. Optica (2018)



Replaced by
• Fixed phase mask 
• Generalized phase contrast
• Gaussian beam  (Pegard et al. 2017; Sun et al. 2017)
• Phase/Amplitude

3D manipulation on large volumes

N. Accanto*, C. Molinier* et al. Optica (2018)



3D manipulation on large volumes

N. Accanto*, C. Molinier* et al. Optica (2018)



3D manipulation on large volumes
Field of View :

300 x 300 x 400 µm
40 Spots of 15 µm

9,5 µm Average value
Axial Resolution :

-165 µm 88 µm

-29 µm 196 µm

(a)

(b)

(c) (d)

(e)
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N. Accanto*, C. Molinier* et al. Optica (2018)



3D manipulation on large volumes

N. Accanto*, C. Molinier* et al. Optica (2018)



• Multiplexing temporal focusing light shaping enables spot generation at multiple plane within 
~300x300x500µm3 Volume

• Compatible with multiple variants

Take-home message



Temporal focusing enables robust light propagation through scattering tissue

Begue et al. Biomedical optics express, 2014

Coronal cortical acute slices  of P21 rat

Hernandez et al. Nature communications, 2016

Zebrafish brain

No tissue

TF

TF

After 550 µm of tissue

No TF

No TF

No tissue

No TF

10 μm

10 μm

No TF TF

Papagiakoumou et al. Nature Photonics, 2013

After all brain

10 μm

300 400 500
0

4

8

12

16

20

A
xi

al
 F

W
H

M
 (μ

m
)

Slice thickness (μm)

How deep?



0,5 mm
NA = 0.5

Endoscopic 3D patterned illumination
SLM1

SLM2G
L1

X10

L2

  Obj 
0.3 NA

Sample

Grin Lens

1040 nm
Laser

L3

L4

S l

N. Accanto*, E. Ronzitti*, I Wen Chen* et al. Sci. Report (2019)



30 spots in a Volume of 100*150*300 µm3

Endoscopic 3D patterned illumination

N. Accanto*, E. Ronzitti*, I Wen Chen* et al. Sci. Report (2019)

No TF
TF

FWHM with TF < 30 µm, 
limited by NA & aberrations



Experiments: I-Wen Chen, Emiliano Ronzitti

Injected ReaChR-dTomato in GCaMP6s transgenic mice GP4.3

Stimulation: 0.4 mW/µm2, 10X 10-ms pulses at 11.24 Hz
Imaging: 920 nm, 90 mW, 5.92 Hz, 

Depth: 250µm

All-optical endoscopic neuronal control

N. Accanto*, E. Ronzitti*, I Wen Chen* et al. Sci. Report (2019)



• Tunable Ti:saff (~300mW @900-950 nm; 80 MHz), in vitro, 10 - 40 mW/cell 

10-20 cells

• Fiber lasers ( up to 30 W @ 1030nm, 100kHz - 80MHz), in vitro, 1-10 mW, in vivo 10-20 mW

hundreds of cells

S2PE ∝
(I /w)2

τ ⋅ f

How many targets?

Chaigneau et al. Frontiers in cell. Neuroscience (2016)
Ronzitti et al. J Neurosci (2017) 



Photo-damage

Average power= 10 – 20 mW/cell => Excitation density at the sample ~ 0.07 - 0.1 mW/μm2 ) => fluence mJ/cm2

Linear: Thermal NonlinearAverage power ∝ Peak power∝

How many targets?

Picot et al. Cell Report (2018)



		

∂T
∂t

=D∇2T + q
ρC

ΔT = S(x , y ,z ,t)∗G(x , y ,z ,t)

G(x , y ,z ,t)= 1
(4πΔt)3/2 e

− (x2+ y2+z2
4DT

Green’s function formalism 

Angular spectrum 
of waves

Fourier's heat diffusion equation

Light spreading Heat diffusion

E. Papagiakoumou, et al. Nat. Photonics (2013)

Light and heat spreading

Picot et al. Cell Report (2018)



Requirements :

• Few micrometers resolution
• Few milliseconds resolution
• For future : in vivo implementation

985nm 1030nm

T

31

Er-Yb co-doped glass particles
(M. Mortier group, Chimie Paris) 

Temperature dependent luminescence

Experimental validation



Single spot

1 holographic spot
12 µm diameter

0.1 mW/µm2 – 3ms
λ =1030 nm

100 Hz

Picot et al. Cell Report (2018)



35

Multi spot

100 Holographic spots 
300x300x300 µm

1) Building up the Source term taking into account the scattering

With graded phase mask for scattering compensation

0.1 mW/µm2

Picot et al. Cell Report (2018)



35

Multi spot

For multi-spot activation, 3D thermal diffusion length, gives an 
indication of the average inter-spot distance 

that minimize heat accumulation 

		 ℓ th = 6Dt ≅50µm

2) Calculation of the 3D spatiotemporal heat distribution

Picot et al. Cell Report (2018)



2ms < latency < 10ms 
3ms illumination

Scanning, holography

Picot et al. Cell Report (2018)



• Light sculpting technology (illumination approaches, opsin and reporters engineering, modeling and laser source
development) enables optical driving and reading of 3D neuronal microcircuits with cellular precision and
millisecond temporal resolution: toward circuit optogenetics

Conclusions
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Optogenetics school in Paris 
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