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NEURONAL COMPUTATIONS

[Hubel and Wiesel, 1962]

The Bayesian brain hypothesis
What about the phototransduction at the retina or modulation of
neuronal activity by dopamine? What about unicellular
organisms?



A CLOSER LOOK
Transduction light/ionic currents in the retina [Houillon et al., 2010]

Chemotaxis of E. coli

Curiously, in one respect the

mathematical formalism of artificial

neural networks is a more accurate

approximation for networks of pro-

teins than for networks of real neu-

rons.

Dennis Bray (1995) in [Bray et al., 1995]

Example in DNA computing: Hopfield network

[Qian et al., 2011]



PHOTOTAXIS IS A WAY TO REGULATE INPUT LIGHT FOR MICROALGAE IT IS ALSO A COMMON MODEL FOR ROBOTICS.

[Braitenberg, 1986]

[Wakabayashi et al., 2011]

I Models and experiments towards an integrated model of phototaxis and photosynthesis.
I Minimal computational architecture achieving energy regulation and information processing.



Evolution of phototaxis [Jékely, 2009]

Many evolutionary paths to
phototaxis

...diverse morphologies.



EXAMPLE WITH EUGLENA

[Giometto et al., 2015]
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MECHANISM FOR ORIENTED BEHAVIOR

Local intensity

E.Coli chemotaxis

[Bray et al., 2007]

Direction to light source

Synechocystis sp. phototaxis

[Schuergers et al., 2016]



Chlamydomonas reinhardtii

Sensor
H+

K+

Ca2+

h⌫

104 to 105 rhodopsins

by eyespot, and 10 to

100 charges by channel

[Schneider and Hegemann, 2015].

Eyespot

Flagella

Chloroplast

10µm

Motor
flagellar beating (50Hz):

I from molecular
motors activity.

I modulated by
calcium signals
(among others).

I generates 2Hz
helical trajectory.

Energy Conversion
Photosynthetic elec-
tron transport chain.
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Chlamydomonas reinhardtii

Sensor

Population voltage
[Sineshchekov and Govorunova, 2001]

�� = 0

�� = ⇡

Motor

Calcium imaging

[Collingridge et al., 2013]

Energy Conversion
Photosynthetic elec-
tron transport chain.

Fluorescence recording [Ghysels et al., 2013]



COUPLING WITH SLOWER PHOTOSYNTHETIC
PROCESSES

Candidate signals to play the role of internal state?
I Membrane potential.
I Calcium (recent review on the role of

calcium).
I pH (Lumen pH is good indicator of the

PETC activity).
I ATP (needed to swim, produced by PETC).

[Sineshchekov and Govorunova, 2001]



WHAT ARE THE LESSONS FOR MICROROBOTICS?

Artificial microsystems:

I face similar constrains
as microorganisms

I take inspiration from
their living counterparts

[Kim and Steager, 2012]

[M3-Michigan Micro Mote]

http://www.eecs.umich.edu/eecs/about/articles/2015/Worlds-Smallest-Computer-Michigan-Micro-Mote.html


DIFFICULT TO BEAT BIOLOGY

Microoxen

[Weibel et al., 2005]

Light control of Euglena
[A. Itoh, W. Tamura 2008]

Molecular robotics? molbot.org



MICROFLUIDIC PLAYGROUNDS



MERCI
Pierre Bessière (ISIR-CNRS) Jacques Droulez (ISIR-CNRS)

Claude Yeprémian (MNHN)



REFERENCES I

Braitenberg, V. (1986).
Vehicles: Experiments in synthetic psychology.
MIT press.

Bray, D. et al. (1995).
Protein molecules as computational elements in living cells.

Nature, 376(6538):307–312.

Bray, D., Levin, M. D., and Lipkow, K. (2007).
The Chemotactic Behavior of Computer-Based Surrogate
Bacteria.
Current Biology, 17:12–19.



REFERENCES II
Collingridge, P., Brownlee, C., and Wheeler, G. L. (2013).
Compartmentalized calcium signaling in cilia regulates
intraflagellar transport.
Current Biology, 23(22):2311–2318.

Ghysels, B., Godaux, D., Matagne, R. F., Cardol, P., and
Franck, F. (2013).
Function of the chloroplast hydrogenase in the microalga
chlamydomonas: the role of hydrogenase and state
transitions during photosynthetic activation in anaerobiosis.

Giometto, A., Altermatt, F., Maritan, A., Stocker, R., and
Rinaldo, A. (2015).
Generalized receptor law governs phototaxis in the
phytoplankton euglena gracilis.
Proceedings of the National Academy of Sciences, page
201422922.



REFERENCES III

Houillon, A., Bessière, P., and Droulez, J. (2010).
The probabilistic cell: implementation of a probabilistic
inference by the biochemical mechanisms of
phototransduction.
Acta biotheoretica, 58(2-3):103–120.

Jékely, G. (2009).
Evolution of phototaxis.
Philosophical transactions of the Royal Society of London.

Series B, Biological sciences, 364(1531):2795–2808.

Kim, M. and Steager, E. (2012).
Microbiorobotics: biologically inspired microscale robotic

systems.
William Andrew.



REFERENCES IV

Qian, L., Winfree, E., and Bruck, J. (2011).
Neural network computation with dna strand displacement
cascades.
Nature, 475(7356):368–372.

Schneider, F. and Hegemann, P. (2015).
Biophysics of channelrhodopsin.
Annual Review of Biophysics, 44(1).

Schuergers, N., Lenn, T., Kampmann, R., Meissner, M. V.,
Esteves, T., Temerinac-Ott, M., Korvink, J. G., Lowe, A. R.,
Mullineaux, C. W., and Wilde, A. (2016).
Cyanobacteria use micro-optics to sense light direction.
eLife, 5:e12620.



REFERENCES V
Sineshchekov, O. A. and Govorunova, E. G. (2001).
Electrical events in photomovement of green flagellated
algae.
Comprehensive series in photosciences, 1:245–280.

Wakabayashi, K.-i., Misawa, Y., Mochiji, S., and Kamiya, R.
(2011).
Reduction-oxidation poise regulates the sign of phototaxis
in chlamydomonas reinhardtii.
Proceedings of the National Academy of Sciences,
108(27):11280–11284.

Weibel, D. B., Garstecki, P., Ryan, D., DiLuzio, W. R.,
Mayer, M., Seto, J. E., and Whitesides, G. M. (2005).
Microoxen: Microorganisms to move microscale loads.
Proceedings of the National Academy of Sciences of the

United States of America, 102(34):11963–11967.



REFERENCES VI


	wid@chlamy: 


