
Photonic	strategies	for	the	study	of	synapse	form	and	function	
	

Nigel	EMPTAGE	

Department	of	Pharmacology	
University	of	Oxford,	UK	

	
	
The	 study	of	biology	has	become	near	 synonymous	with	microscopy	and	 for	good	 reason,	
huge	 advances	 in	 understanding	 biological	 process	 have	 been	 achieved	 by	 careful	
microscopic	characterisation	of	cells	and	their	structures.	In	recent	years	progress	has	been	
further	 accelerated	 by	 the	 ability	 to	 use	 optical	 reporters	 in	 living	 cells	 to	 reveal	 dynamic	
features	of	biological	processes.	Nonetheless,	there	remain	unanswered	questions	and	there	
are	 few	areas	 in	 biology	where	 this	 is	more	 true	 than	neuroscience.	 For	 neuroscientists	 a	
fundamental	challenge	is	that	it	is	desirable,	and	perhaps	even	essential,	to	study	the	brain	
in	 context.	 In	 other	 words	 in	 an	 awake,	 behaving	 animal.	 The	 experimental	 complexity	
created	by	these	desiderata	is	difficult	to	understate.	In	my	talk	I	will	highlight	some	of	my	
own	experimental	ambitions	and	I	will	use	these	as	a	platform	to	describe	photonic	devices	
that	my	 group	 and	 others	 have	 been	 developing	 in	 an	 attempt	 to	 better	 understand	 the	
workings	of	the	mammalian	brain.	
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A longstanding goal in Neuroscience is to unravel the neural basis of perception, memory formation 
and behaviors. To address this goal, it is useful to record and manipulate neuronal activity within specific 
brain regions of an animal (for example, a rodent) while it is performing various behavioral tasks. Thanks 
to the recent development of new fluorescent reporters and optogenetic actuators, recording and 
manipulation of neuronal activity can be performed with optical methods. Nevertheless, applying these 
methods in freely-behaving mice is challenging due to severe miniaturization constraints. Miniature 
conventional widefield microscopes and miniature 2-photon microscopes have allowed measuring neuronal 
activity of hundreds of cells simultaneously in freely-behaving mice, but are limited respectively by a strong 
out-of-focus background and by relatively low acquisition rates (<40Hz). In addition, none of these 
methods has been coupled with targeted photoactivation of optogenetic actuators. In this project, we have 
developed a new fiberscope that allows imaging neuronal activity with confocal fluorescence microscopy at 
100 Hz, on a field of view of 230 µm in unrestrained mice. Our device therefore provides optical recordings 
at high speed, with out-of-focus background rejection, and is compatible with targeted photoactivation to 
manipulate neuronal activity with cellular precision.  
 

The fiberscope is composed of a line-scanning confocal microscope coupled to the animal with an 
image guide and a micro-objective. Because the signal-to-noise ratio of activity recordings is a critical 
parameter, we have optimized the fluorescence detection efficiency in two ways: 

- Illumination lines are created by a digital micromirror device (DMD), while detection lines 
(“pinholes”) are created directly on an sCMOS camera operating in “light sheet” mode, thus minimizing the 
number of optical elements on the detection path. Illumination and detection lines are scanned 
simultaneously. 

- We have developed a new micro-objective with high numerical aperture (0.7) allowing to increase 
the signal by a factor of 2 to 3 compared with commercial micro-objectives made of GRIN lenses. 
The fiberscope embarks 2 lasers to perform simultaneous 2-color imaging (red and green fluorescence). 
Alternatively, one of these lasers can be used to perform fast targeted photoactivation of an optogenetic 
actuator, using intensity modulation with the same DMD.  
 

We have applied this novel fiberscope to image neuronal activity in the hippocampus of 
unrestrained mice. The hippocampus is a brain region involved in space coding. In particular, it contains 
place cells, which are active in specific positions of the animal in its environment. Interestingly, it has been 
demonstrated that sequential activity of these cells in short time scales is involved in memory formation and 
consolidation. We recorded neuronal activity in the hippocampus at 100Hz for 1.5h, while the mouse 
alternated between periods of rest and navigation in a linear track. These sessions are reproduced every 
week for one to two months. The first analyzes showed that the fiberscope was able to follow the activity 
of 50 to 100 place cells in each mouse. Therefore, it should be a useful tool to study dynamical coding in 
the hippocampus, and in particular memory formation and consolidation. 
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The	 syntax	 of	 brain	 cognitive	 functions	 and	 behavior	 emerge	 from	 complex	 networks	 of	
individual	 bio-elements	 that	 process	 the	 operational	 rules	 of	 brain	 neural	 circuits	 across	
temporal	and	spatial	scales	from	micro-mesoscale	cellular	associations	to	macroscale	global	
features.	 The	 dynamics	 of	 these	 complex	 patterns	 render	 the	 brain	 adaptability	 to	 daily	
environmental	 changes	 and	 perform	 specific	 tasks,	 which	 can	 be	 altered	 by	 brain	
dysfunctions.	However,	despite	advancements	 in	biotechnologies	and	computational	 tools,	
the	 principle	 of	multiscale	 processes	 for	 regulating	 and	 disbanding	 the	 network	 dynamics	
and	their	constellation	in	health	and	disease	has	remained	elusive.	In	this	talk,	I	will	discuss	
some	of	our	ongoing	efforts	in	developing	experimental-theoretical	synergy	for	mapping	the	
dynamic	 coordination	 of	 brain	 complexity.	 Aiming	 to	 probe	 the	 complexity	 of	 the	 brain	
function	in	healthy	physiological	mechanisms	and	uncover	the	dysfunctional	machinery	and	
its	hodology	that	come	along	with	neurodegeneration.	The	scope	of	the	talk	may	range	from	
large-scale	 bioelectrical	 representations	 of	 brain	 activity	 to	 computational	 and	
bioinformatics	solutions.	
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Vascular	 networks	 constantly	 reorganize	 to	 optimize	 function.	 Some	 veins	 grow,	 others	
shrink	 and	 disappear.	How	 can	 a	 local	 adaptation	mechanism	 account	 for	 the	 plethora	 of	
vein	dynamics	observed?	Here,	we	quantify	network-wide	vein	dynamics	in	the	slime	mold	
Physarum	polycephalum.	We	identify	that	flow	shear	stress	is	driving	adaptation	yet	with	a	
time	delay.	Vein	fate,	however,	depends,	beyond	shear	stress,	on	the	vein's	connections	to	
the	network	and	relative	position.		Finally,	as	network	architecture	constantly	changes	vein	
fate	 is	 dynamic	 driving	 overall	 network	 reorganization	 including	 avalanches	 of	 vein	
disappearance.	 Addition	 of	 external	 stimuli	 on	 top	 drives	 vein	 adaptation	 dynamics	 –	
imprinting	 the	 stimuli	 location	 into	 the	network	architecture.	The	memory	of	 the	 stimulus	
location	 within	 the	 network	 architecture	 is	 retained	 during	 network	 reorganization	 and	
impacts	overall	network	function.	
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Fractals	 forms	 are	 ubiquitous	 in	 nature,	 clouds,	 lightenings,	 coastlines,	 snowflakes	 in	 the	
inorganic	world,	but	also	trees,	ferns,	lungs,	and	corals	in	the	living	world.	One	of	the	most	
iconic	examples	of	a	biological	fractal	is	certainly	the	cauliflower,	whose	fractal	appearance	
culminates	in	the	Romanesco	variety.	A	bit	more	than	10	years	ago,	I	met	François	Parcy,	a	
specialist	 of	 the	 genetic	 regulation	 of	 the	 passage	 from	 inflorescences	 to	 flowers	 during	
plant	growth.	We	both	were	very	 intrigued	by	this	ability	of	plants	to	make	so	remarkable	
fractals.	François	knew	already	that	the	cauliflower	was	the	result	of	the	failure	of	a	plant	to	
make	flowers,	due	to	a	couple	of	mutations.	However,	why	and	how	the	change	in	the	gene	
activity	would	 produce	 a	 fractal-like	 shape	 remained	 a	mystery.	 In	 this	 talk,	 I	 will	 explain	
what	 we	 understood,	 i.e.	 basically	 that	 such	 fractal	 forms	 are	 produced	 because,	 despite	
their	failure	to	make	flowers,	the	growing	tissues	keep	memory	of	their	transient	passage	in	
a	 floral	 state.	 Additional	mutations	 affecting	 growth	 can	 induce	 the	 production	 of	 conical	
structures	 reminiscent	of	 the	conspicuous	 fractal	Romanesco	shape.	 Interestingly,	 the	way	
plants	 produce	 fractals	 has	 commonalities	 with	 the	 way	 mathematical	 fractals	 are	
constructed,	but	they	are	not	exactly	similar.	This	study	reveals	how	fractal-like	forms	may	
emerge	 from	 the	 combination	 of	 specific	 perturbations	 of	 floral	 developmental	 programs	
and	growth	dynamics.	



How rod and cone photoreceptors in the retina sustain vision:

insights from biophysical modeling
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The eyes of humans and most vertebrates contain two kinds of photoreceptors: rods for dim-
light vision, and cones for daylight and color vision. Together they are the fundamental sensory
neurons underlying vision. Rods are highly sensitive to light and can even respond to single photon
absorptions. Cones signal only in brighter light but are more sensitive to change and motion. Whereas
rods have a limited ability to adapt and are nearly saturated in daylight, cones remain functional even
under brightest illumination. Rods and cones use a complex signal transduction pathway consisting of
a series of biochemical processes to convert the absorption of light into an electrical current response.
A fundamental question in sensory transduction is how these biophysical processes synergize to
generate the electrical response. It is known that rods evolved from cone-like precursors through the
expression of different transduction genes or the same genes at different levels, but it is now well
known which molecular differences are most important to generate the difference in sensitivity and
response kinetics between rods and cones.

We approached this problem experimentally using rod and cone responses in the mouse retina
to brief flashes of light, and analytically with a model that incorporates the principal processes of
the photoreceptor signal transduction pathway. We perform asymptotic analysis to derive analytical
solutions that describe the current response to flashes of dim light. We then use these solutions to
dissect and quantify the contribution of each biophysical process to the light response. We identify
the kinetic parameters that are principally responsible for the differences in the flash responses
between the two kinds of photoreceptors. We define the waveform that is independent of the light
intensity and characterizes the invariant shape of a dim-flash response. We show that the waveform
is exclusively determined by deactivation rates; activation rates only affect the response amplitude.
This corrects previous assumptions that the rising phase is determined by activation rates. Finally,
because several of the transduction processes are modulated by Ca2+ feedback, we study the impact
of changing the calcium dynamics. In agreement with experimental observations, we find damped
oscillations if the Ca2+ dynamics is sufficiently slowed down, for example through buffering. We
show that the emergence of oscillations does not require the presence of slow buffers, and we explore
the phase-space for oscillations.
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Helitrons are eukaryotic Mobile Genetic Elements that have had a huge impact on 
the evolution of many organisms. Using a reconstituted Helitron called Helraiser from 
the genome of the little brown bat, Myotis lucifugus, we have been able to decipher 
the key elements of its unusual transposition cycle which is coupled to DNA synthesis 
in cells. Helraiser encodes the largest known DNA transposase and is assembled as 
a collection of domains, some with well-known architectures and others that have 
never been seen before. The cryo-EM structure of the transposase bound to single-
stranded DNA shows how such an assembly sequesters one end of Helraiser and 
explains why it can work as a monomer, in contrast to all other structurally 
characterized transposases. It also shows surprising organizational similarity to a 
system involved in the initiation of conjugative DNA transfer in bacteria despite the 
lack of sequence similarities. The comparison of the experimental cryo-EM structure 
with the prediction provided by AlphaFold2 speaks clearly about the strengths and 
weaknesses of these two tools. Importantly, when used together, they are cross-
catalytic and further insights are gained that were not possible by either of them 
alone.	
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In	recent	years,	a	new	quantitative	microscopy	based	on	Brillouin	 light	scattering	(BLS)	has	
been	proposed	 that	uses	 the	 interaction	of	a	 laser	 light	with	picosecond-timescale	density	
fluctuations	in	the	sample.	BLS	has	been	successfully	used	for	mechanical	phenotyping	and	
imaging	with	a	contrast	based	on	the	stiffness	 in	cells	and	tissues,	but	 its	relevance	from	a	
physiological	 standpoint	 remains	 debated	 due	 to	 the	 ultrashort	 timescales	 involved.	 Since	
the	probing	mechanism	involves	coupling	of	photons	to	 longitudinal	phonons,	variations	 in	
the	scattering	spectra	can	be	 interpreted	as	the	response	of	the	sample	to	an	 infinitesimal	
uniaxial	compression.	With	a	few	examples	and	some	fundamental	concepts,	I	will	give	some	
insights	on	how	to	interpret	such	data	in	biological	samples,	and	offer	new	perspectives.	
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Physical	forces	are	essential	for	biological	function,	but	their	 influence	at	the	tissue	level	 is	
not	 yet	 understood	 especially	 during	 infectious	 processes.	 The	 colon,	 organized	 in	 3-
dimension	(3D),	is	constantly	subjected	to	two	main	forces	induced	by	the	fluid-flow	and	the	
peristaltic	motion,	both	being	important	for	the	tissue	function	and	renewal.	This	epithelial	
monolayer	 forms	 a	 protective	 barrier	 facing	 the	 external	 side	 that	 provides	 a	 wealth	 of	
“ecological	 niches”	 permanently	 exposed	 to	 microorganisms	 that	 can	 be	 beneficial	
(microbiota)	 or	 damageable	 (pathogens).	 We	 have	 shown	 using	 organ-on-chip	 (OOC)	
technology	recapitulating	the	intestinal	3D	architecture	and	its	physical	forces,	that	this	gut	
surrogate	allows	the	highly	efficient	invasion	of	the	human	pathogen	Shigella,	directly	from	
the	 apical	 side	 of	 the	 monolayer,	 thereby	 shifting	 the	 paradigm	 on	 the	 early	 stages	 of	
invasion.	 Furthermore,	 by	modulating	 the	 flow	 rate	 and	 peristalsis,	 and	 by	 reconstructing	
dynamic	OOC	 imaging	 in	4D	 live,	we	observed	that	 the	3D	topology	of	 the	monolayer	and	
the	peristaltic	motion	greatly	enhance	the	colonization	rate,	the	bacterial	virulence,	and	cell-
to-cell	spreading	throughout	the	barrier.	Our	results	reveal	that	Shigella	takes	advantage	of	
the	gut	morphology	and	physical	forces	to	disrupt	the	colonic	barrier.	More	recently,	we	also	
used	OOC	to	investigate	enteric	infections	by	two	other	pathogens,	the	parasite	Entamoeba	
histolytica	 and	 the	 virus	 SARS-CoV-2.	 Once	 again,	 the	 3D	 topology	 and	 mechanical	
stimulation	of	the	gut	enhance	the	infection,	but	each	pathogen	adapted	differently	to	gut	
physical	 cues,	 highlighting	 the	 essential	 role	 of	 mechanical	 forces	 in	 host-pathogen	
interactions.	
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During	growth	and	development,	tissue	dynamics,	such	as	tissue	folding,	cell	 intercalations	
and	oriented	cell	divisions,	are	critical	for	shaping	tissues	and	organs.	However,	less	is	known	
about	how	tissues	regulate	their	dynamics	during	tissue	homeostasis	and	repair,	to	maintain	
their	shape	after	development.	In	this	talk,	we	will	discuss	how	differential	growth	rates	can	
generate	 precise	 folds	 in	 tissues.	We	will	 also	 discuss	 how	 tissues	 respond	 to	mechanical	
perturbations,	 such	 as	 stretching	 or	 wounding,	 by	 altering	 their	 actomyosin	 contractile	
structures,	 to	 change	 tissue	dynamics,	 and	 thus	preserve	 tissue	 shape	and	patterning.	We	
combine	genetics,	biophysics	and	computational	modelling	to	study	these	processes.	
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Mechanical	stability	and	shape	changes	of	cells	are	determined	by	the	dynamic	interplay	of	
four	 distinct	 cytoskeletal	 networks,	 made	 of	 actin	 filaments,	 microtubules,	 intermediate	
filaments	 and	 septins.	 These	 four	 filamentous	 systems	 contribute	 different	 structural	 and	
dynamical	 properties,	 enabling	 specific	 cellular	 functions.	 However,	 there	 is	 growing	
evidence	 that	 they	 also	 exhibit	 strongly	 coupled	 functions	 necessary	 to	 polarize	 cells	 and	
orchestrate	 the	 shape	 changes	 required	 for	 cells	 to	 divide	 or	 migrate.	 Our	 aim	 is	 to	
understand	the	role	of	cytoskeletal	interactions	in	cell	mechanics	and	cell	migration	from	a	
biophysical	perspective.	 I	will	highlight	our	 recent	efforts	 to	biochemically	 reconstitute	 the	
interplay	 of	 the	 different	 cytoskeletal	 networks	 using	 a	 bottom-up	 synthetic	 biology	
approach.	 This	 approach	 allows	 us	 to	 connect	 the	 collective	 mechanical	 properties	 of	
cytoskeletal	 networks	 to	 the	 underlying	molecular	 interactions,	which	 involve	 cytoskeletal	
crosslinkers,	motor	proteins,	and	the	lipid	bilayer	membrane.		
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Tissues	 acquire	 function	and	 shape	 via	differentiation	and	morphogenesis.	 Both	processes	
are	 driven	 by	 coordinating	cellular	 forces	 and	 shapes	 at	 the	 tissue	 scale,	 but	 general	
principles	 governing	 this	 interplay	 remain	 to	 be	 discovered.	Here,	 we	 report	 that	 self-
organization	 of	 myoblasts	 around	 integer	 topological	 defects,	 namely	 spirals	 and	
asters,	suffices	 to	 establish	 complex	 multicellular	 architectures.	 In	 particular,	 these	
arrangements	can	trigger	localized	cell	differentiation	or,	alternatively,	when	differentiation	
is	inhibited,	they	can	drive	the	growth	of	swirling	protrusions.	Both	localized	differentiation	
and	 growth	 of	 cellular	 vortices	 require	 specific	 stress	 patterns.	 By	 analyzing	 the	
experimental	velocity	 and	 orientational	 fields	 through	 active	 gel	 theory,	 we	 show	 that	
integer	 topological	 defects	 can	 generate	 force	gradients	 that	 concentrate	 compressive	
stresses.	We	 reveal	 these	 gradients	 by	 assessing	 spatial	 changes	 in	 nuclear	volume	 and	
deformations	 of	 elastic	 pillars.	 Altogether,	 we	 propose	 integer	 topological	 defects	 as	
mechanical	organizing	centers	controlling	differentiation	and	morphogenesis.	
	 	



Quantifying	the	uptake	of	antibiotics	into	Gram-negative	bacteria.		
	

Mathias	WINTERHALTER	
Jacobs	University	Bremen	

	
	

Gram-negative	 bacteria	 are	 surrounded	 by	 a	 cellular	 envelope	 that	 comprises	 outer	
and	 inner	 membranes	 with	 distinct	 properties	 and	 provides	 a	 potent	 physical	 barrier	 to	
antibacterial	 agents.	 The	 discovery	 of	 new	 agents	 to	 treat	 drug-resistant	 Gram-negative	
infections	 generally	 relies	 on	 the	 agent’s	 ability	 to	 penetrate	 at	 one	 or	 both	 envelope	
membranes.	At	present,	there	are	no	reliable	methods	for	quantification	of	the	flux	across	
porins.	Here	I	will	present	the	outcome	of	a	large	interdisciplinary	project	to	understand	the	
permeability	issue	in	Gram-negatives.		

	
Stavenger	RA,	Winterhalter	M.	TRANSLOCATION	Project:	How	to	Get	Good	Drugs	into	Bad	Bugs.	Science		
	 Transl	Med.	6	(2014):228ed7.	
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Chemistry	5	(2021)	726-749.	
Prajapati	JD,	Kleinekathöfer	U,	Winterhalter	M.	How	to	enter	a	bacterium:	bacterial	porins	and	the	permeation		
	 of	antibiotics.	Chemical	Reviews	121	(2021),	5158-5192.	
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Amyloid-like	 protein	 aggregation	 is	 associated	 with	 neurodegeneration	 and	 many	 other	
pathologies.	 However,	 even	 though	 the	 presence	 of	 protein	 aggregates	 in	 patients	 of	
degenerative	diseases	is	known	for	over	100	years,	the	nature	of	the	toxic	aggregate	species	
and	their	mechanism	of	action	remain	elusive.	
Cells	have	evolved	complex	quality	control	mechanisms	that	operate	under	normal	growth	
conditions	and	during	stress	to	maintain	protein	homeostasis	and	prevent	the	formation	of	
potentially	toxic	aggregates.	Subcellular	compartments	are	equipped	with	specialized	stress	
response	 pathways	 and	 vary	 in	 stress	 vulnerability.	 The	 nuclear	 proteome	 is	 enriched	 in	
proteins	containing	intrinsically	disordered	or	low-complexity	sequences.	These	metastable	
proteins	 do	 not	 populate	 a	 thermodynamically	 stable	 folded	 state	 and	 tend	 to	 aggregate	
upon	conformational	stress.	Here	I	will	describe	that	during	stress,	misfolded	proteins	enter	
the	 liquid-like	environment	of	 the	nucleolus,	where	 irreversible	coaggregation	of	different	
misfolded	protein	 species	 is	prevented,	allowing	Hsp70-mediated	extraction	and	 refolding	
upon	 recovery	 from	 stress.	 Prolonged	 stress	 or	 the	 presence	 of	 proteins	 and	mRNA	with	
extended	repeat	domains	can	result	in	a	transition	of	the	nucleolar	matrix	from	liquid-like	to	
solid	 and	 prevents	 quality	 control.	 This	 disruption	 of	 the	 liquid	 like	 properties	 of	 the	
nucleolus	 causes	 the	 formation	 of	 stable	 protein	 aggregates	 and	 prevents	 the	 temporary	
storage	of	misfolded	proteins	in	this	compartment.	
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Magnetic	Resonance	Elastography	(MRE)	produces	maps	of	the	viscoelastic	properties	of	
tissue	[1].	A	vibrating	transducer,	in	contact	with	the	outside	surface	of	the	body,	produces	shear	
waves	that	travel	internally	in	the	body.	Using	MRI,	the	amplitude	and	time-dependence	of	these	
waves	are	detected	by	using	synchronized	magnetic	field	gradient	pulses.	This	data	is	then	used	to	
solve	the	Helmholtz	equation	to	compute	maps	of	the	tissue	shear	modulus.	
	 Recent	studies	have	demonstrated	functional	elastography	(fMRE)	as	a	novel	approach	to	
map	the	brain’s	response	to	functional	stimulation.	Our	initial	work	was	performed	in	anesthetized	
mice	using	electrical	stimulation	to	the	hind	paw	[2].	The	block	time	for	the	electrical	stimulation	was	
varied	from	~10	seconds	to	100	milliseconds.	Significant	differences	in	the	location	of	the	observed	
functionally	mediated	changes	in	stiffness	were	observed	as	a	function	of	stimulation	time.	A	
reduction	of	~10%	in	the	real	part	of	the	shear	modulus	was	reported.	The	fact	that	such	large	
changes	were	observed	and	at	such	high	stimulus	switching	rates	is	important	as	it	demonstrates	
these	effects	cannot	be	explained	by	traditional	fMRI,	known	as	the	Blood	Oxygenation	Level	
Dependent	(BOLD)	imaging.	The	fMRE	responses	are	much	faster	than	the	hemodynamic	response,	
which	has	a	time	constant	greater	than	several	seconds.	
	 Another	group	subsequently	reported	an	fMRE	study	in	humans	using	a	visual	stimulus	[3].	
These	studies	used	relatively	long	block	times	of	18-24	seconds,	much	longer	than	the	hemodynamic	
response	function	(HRF)	and	showed	6-11%	increases	in	stiffness	during	visual	presentation,	the	
opposite	sign	change	of	stiffness	compared	to	fast	time	scales	in	mice.	We	suspect	this	is	due	to	at	
least	two	different	physiologic	mechanisms	affecting	viscoelastic	properties,	each	operating	at	a	
different	time	scale.	

Last	month,	we	reported	new	human	studies	to	evaluate	this	hypothesis	[4].	Four	healthy	
adult	subjects	underwent	a	self-paced	right-hand	finger-tapping	task	every	2	seconds	(fast	stimulus	
switching)	and,	in	a	different	scan,	every	20	seconds	(slow	stimulus	switching).	Areas	of	greatest	
significance	between	the	stimulus	states	were	localized	to	the	left	primary	motor	cortex.	For	fast	
stimulus	switching,	a	decreased	stiffness	was	observed	during	task	performance	compared	to	rest	
whereas	the	opposite	effect	was	observed	for	slow	stimulus	switching.	Compared	to	traditional	BOLD	

fMRI	
with	a	
20-
second	

stimulus	switching,	functional	MRE	areas	of	greatest	statistical	difference	demonstrated	greater	
percentage	change	and	more	localized	activation.	The	figure	shows	an	example	of	results	from	one	
subject	for	the	2-second	finger	tapping	experiment	as	a	function	of	progressively	higher	z-score	
thresholds	from	3	to	6.	At	the	lowest	z-score	threshold,	areas	of	activation	are	seen	in	the	expected	
location	of	the	left	primary	motor	cortex,	premotor	area,	somatosensory	cortex	as	well	as	smaller	
clustered	areas	of	activation	in	the	contralateral	right	primary	motor	and	somatosensory	cortices.	
Utilization	of	higher	z-score	thresholds	demonstrates	that	the	most	significant	voxels	localize	to	the	
left	primary	motor	cortex.		

The	mechanism	behind	the	observed	changes	elastography	changes	have	yet	to	be	
established.	Our	conjecture,	however,	is	that	water	transport	between	intra-	and	extra-cellular	
environments	is	responsible	for	the	reduction	in	stiffness	for	fast	stimulus	block	times	and	that	



changes	in	vascular	tone	associated	with	the	HRF	are	responsible	for	the	opposite	sign	changes	of	the	
stiffness	at	long	time	scales.	
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Metal complexes are widely used as imaging probes in various imaging modalities. Emerging 
applications in molecular imaging seek a real-time, repeatable, in vivo visualization of 
molecules or molecular events at the cellular and tissue level. One important field in 
molecular imaging involves the detection of physico-chemical parameters of tissues, 
concentration of ions, metabolites, etc. by applying smart, activatable imaging probes that are 
responsive to the specific parameter to detect. Magnetic Resonance Imaging is particularly 
well adapted to the design of responsive probes, involving Gd3+-based or PARACEST 
(Paramagnetic Chemical Exchange Saturation Transfer) agents.1 The efficacy (relaxivity or 
CEST properties) of the probe has to be selectively influenced, based on coordination 
chemistry concepts, by the particular biomarker that we wish to detect. We have been 
developing potential smart contrast agents to detect cation or neurotransmitter concentration 
changes in the extracellular space or to monitor enzyme activity.2  
 
Following recent toxicity concerns related to the use of Gd3+ complexes in MRI, there is an 
active research for more biocompatible alternatives. Among these, Mn2+ chelates have great 
promise. However, the lower charge and the lack of ligand-field stabilization energy for Mn2+ 
are not favorable to achieve high thermodynamic stability, and the highly labile nature of 
Mn2+ sets an even more difficult challenge to meet. We have been exploring rigid and pre-
organized ligand structures which are particularly interesting in this respect.3   
 
In this talk, some representative examples from these fields will be discussed. 
 
[1] The Chemistry of Contrast Agents in Medical Magnetic Resonance Imaging", 2nd edition, Eds. A. 
E. Merbach, L. Helm and É. Tóth, John Wiley & Sons, 2013 
[2] (a) F. Oukhatar, S. Même, W. Même, F. Szeremeta, N. K. Logothetis, G. Angelovski, and É. Tóth, 
ACS Chem. Neuroscience, 2015, 6, 219–225. (b) F. Oukhatar, H. Meudal, C. Landon, C. Platas-
Iglesias, N. K. Logothetis, G. Angelovski, and É. Tóth, Chem. Eur. J. 2015, 21, 11226 – 11237. (c) F. 
Oukhatar, S. V. Eliseeva, C. S. Bonnet, M. Placidi, N. K. Logothetis, S. Petoud, G. Angelovski and É. 
Tóth, Inorg. Chem. 2019, 58, 13619−13630. (d) J. He, C. S. Bonnet, S. V. Eliseeva, S. Lacerda, T. 
Chauvin, P. Retailleau, F. Szeremeta, B. Badet, S. Petoud, É. Tóth and P. Durand, J. Am. Chem. Soc. 
2016, 138, 2913−2916. 
[3] (a) D. Ndiaye, M. Sy, A. Pallier, S. Même, I. de Silva, S. Lacerda, A. M. Nonat, L. J. Charbonnière 
and É. Tóth, Angew. Chem. Int. Ed. 2020, 59, 11958-11963. (b) P. Cieslik, P. Comba, B. Dittmar, D. 
Ndiaye, É. Tóth, G. Velmurugan, H. Wadepohl, Angew. Chem. Int. Ed. 2022, 
doi.org/10.1002/anie.202115580, (c) F. K. Kálmán, V. Nagy, B. Váradi, Z. Garda, E, Tóth-Molnár, G. 
Trencsényi, J. Kiss, S. Même, W. Même, É. Tóth and Gy. Tircsó,  J. Med. Chem. 2020, 63, 
6057-6065. 
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Abstract 
Freezing is ubiquitous in nature. In oceans, rivers, soils, and in the atmosphere, ice is formed 
under radically different environmental conditions that depend on hydration, temperature and 
pressure. In most of these conditions freezing threatens the integrity and the viability of 
biological entities. Paradoxically, cryopreservation (i.e. freezing biological entities under 
strictly controlled conditions) is the only solution to extend the lifespan of living cells, and to 
preserve biomolecules. In this lecture we will focus on the interaction between biological 
matter (from biopolymers up to living mammalian cells) with a controlled freezing front1. 

 
Figure 1. Studying the physicochemical conditions formed during directional freezing of model S. cerevisiae 
cells. a) Cryoconfocal microscopy system setup. b) 3D reconstruction of the freezing front interacting with 
suspended cells. c) Time-series of the interaction of the freezing front with suspended cells. White arrows point 
to cells encapsulated in the biopolymer fraction and yellow arrows point to cells directly embedded in ice. d) S. 
cerevisiae cell encapsulated in polysaccharide matrix.  
During freezing, ice growth induces a phase separation between pure ice crystals, and the 
remaining solutes and suspended particles. These freezing events impose compositional, 
thermal and osmotic gradients that can be potentially deleterious to the integrity of the 
constitutive biological entities. Despite their apparent simplicity, these gradients have 
remained elusive for decades. We will discuss some of our recent results in decrypting the 
evolving physicochemical environment of cells during freezing. Using an original coupling of 
techniques—spanning from calorimetry, in situ cryoconfocal microscopy and SAXS 
diffraction—we will explore the relevance of directional freezing in the elaboration of living 
materials from model organisms like yeast2 and bacteria, as well as in the cryopreservation of 
mammalian in the absence of toxic cryoprotectants.  
References 
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Simple	RNA	viruses	self-assemble	spontaneously	and	encapsulate	their	genome	into	a	shell	
called	 the	 capsid.	 This	 process	 is	 mainly	 driven	 by	 the	 attractive	 electrostatic	 interaction	
between	the	positive	charges	on	capsid	proteins	and	the	negative	charges	on	the	genome.	
Despite	 its	 importance	 and	many	 decades	 of	 intense	 research,	 the	mechanisms	 by	which	
hundreds	or	thousands	of	proteins	assemble	to	form	structures	with	icosahedral	order	(IO)	
and	 select	 and	 package	 their	 native	 RNA	 inside	 the	 crowded	 environment	 of	 a	 host	 cell	
cytoplasm	in	the	presence	of	an	abundance	of	nonviral	RNA	and	other	anionic	polymers	has	
remained	a	mystery.	In	this	talk,	first	I	will	discuss	the	results	of	our	simulations	of	a	minimal	
model	and	show	that	the	mechanical	properties	of	building	blocks	including	the	spontaneous	
curvature,	 flexibility	and	bending	 rigidity	of	coat	proteins	are	sufficient	 to	predict	 the	size,	
symmetry	 and	 shape	 selectivity	 of	 the	 assembly	 products.	 Further,	using	 continuum	
elasticity	theory,	I	prove	that	as	a	spherical	cap	grows,	there	is	a	deep	potential	well	at	the	
locations	of	disclinations	 that	 later	 in	 the	assembly	process	will	become	the	vertices	of	an	
icosahedron,	 explaining	 at	 least	 in	 part,	the	 error-free	 assembly	 of	 protein	 subunits	 into	
capsids	with	universal	IO.		
I	also	present	the	results	of	our	simulations	showing	that	coat	protein	subunits	can	assemble	
around	 a	 globular	 nucleic	 acid	 core	 by	 forming	 nonicosahedral	 cages,	 which	 have	 been	
recently	observed	 in	 assembly	experiments	 involving	 small	 pieces	of	RNA.	 I	 show	 that	 the	
resulting	protein	cages	are	strained	and	can	easily	be	split	into	fragments	along	stress	lines.	
This	 suggests	 that	 such	 metastable	 nonicosahedral	 intermediates	 could	 be	 easily	
reassembled	 into	 the	 stable	 native	 icosahedral	 shells	 if	 the	 larger	 wild-type	 genome	
becomes	available,	despite	the	presence	of	a	myriad	of	nonviral	RNAs.		
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Diffraction has long been considered as a fundamental limitation to the spatial resolution of 
optical imaging. But with super-resolution systems microscopy, in particular Single Molecule 
Localization Microscopy (SMLM), it is now possible to achieve a lateral positioning accuracy 
of around 5-10 nm. Thanks to chemistry, it is possible to acquire at different times the 
emission of fluorophores. The emitter’s position is then found using the spatial parameters 
of a fitted Point Spread Function (PSF), but complementary strategies are needed to retrieve 
the axial information with the same precision. When the uniform excitation is replaced by a 
time varying structured illumination, the illuminated fluorophores will then have a 
modulated emission where the phase shift encodes their position. This technique, called 
ModLoc, can be implemented in all spatial directions. We will focus on the benefits when 
applied to improve the axial precision localization, thus creating a 3D localization technique 
with a unique axial and uniform precision down to 7 nm and a penetration depth up to 50 
µm.[1] Various implementations of ModLoc and their performances will be discussed. The 
results will also be illustrated with biological samples.  
 
[1] Jouchet, P. et al.. Nanometric axial localization of single fluorescent molecules with 
modulated excitation. Nat. Photonics 15, 297–304 (2021). https://doi.org/10.1038/s41566-
020-00749-9 
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Optical microscopy has emerged as a major tool in neuroscience as it allows to perform 
structural imaging and functional activity recordings within large volume of tissues with 
subcellular resolution. In particular, non-linear microscopy allows the interrogation of 
neuronal activity in mammalian brains but remains limited in depth as scattering and optical 
aberrations, due to refractive index inhomogeneity, limit resolution and deteriorate signal 
intensity. Indeed, aberrations encountered on the excitation path significantly affect imaging 
quality as depth increases.  To overcome these issues, Adaptive Optics (AO) strategies have 
been implemented to retrieve the microscope imaging quality while addressing important 
imaging depths, enabling e.g. high resolution two-photon functional imaging in the 
infragranular mouse cortical layers. 

 
While one AO strategy implemented in non-linear microscopy relies on a sensorless 
configuration, and thus on a time-consuming iterative process hardly compatible with 
photobleaching issues, a second approach, based on direct wavefront sensing using 
centroid-based Shack-Hartmann wavefront sensors, proved its efficiency on in vivo 
experiments. However, this method fails at large depths because of the strong scattering of 
the emitted fluorescence that reduces significantly the Signal to Background Ratio (SBR) of 
the scattered wavefront measurement. A method for direct wavefront sensing more 
resilient to scattering of the fluorescence emission would therefore improve the use of AO in 
optical microscopy. 
 
This work proposes an alternative method of direct wavefront measurement that takes 
advantage of existing labelling methods of biological samples and that relies on the cross-
correlation of images of an extended source obtained through a microlens array.  This 
extended-source Shack-Hartmann wavefront sensor (ESSH) requires to be coupled to an 
optical sectioning method in order to provide a guide plane. Its efficiency has already been 
proven when coupled to Light Sheet Fluorescence Microscopy for neuroimaging in the adult 
drosophila brain in weekly scattering conditions. We present its implementation on a two-
photon microscope within a closed–loop configuration for in-depth neuroimaging in mouse 
brain and compare its performances in scattering media to the classical centroid approach. 
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During development and disease, cells move in a directed manner from one location to 
another. This has been mainly attributed to chemotaxis, in which cells are guided by 
chemical gradients. Cells can also be guided by mechanical cues, a process called durotaxis; 
although evidence for durotaxis in vivo is scarce. We found that the migratory embryonic cell 
population, the neural crest, modify the mechanical properties of their substrate to self-
generate a stiffness gradient, which they follow by durotaxis in vivo. Our results reveal that 
durotaxis is a relevant guidance cue in vivo and that cells can form their own stiffness 
gradients through tissue interactions. 
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Taking advantage of a two-chamber excised preparation of the frog saccule, we study the 
effects of imposing a static transepithelial current, and in turn a transepithelial potential, on 
the force-displacement relation of single hair-cell bundles. Our observations suggest that the 
transepithelial potential may serve as a control parameter of gating forces of the 
transduction channels and in turn of hair-bundle mechanosensitivity. 
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Plant morphogenesis is a complex mechanism depending both on biochemistry and on 
hydromechanics of the plant cell. We developed a microfluidic system capable of following 
several individuals in parallel under the same controllable experimental conditions. This 
allows for several axes of investigation on plant growth.  
Our plant model is Marchantia polymorpha, a bryophyte capable of growing in aqueous 
media and whose asexual reproductive cycle produces numerous, genetically identical 
gemmae. They are close to flat, and during the first few days of growth, they are millimetric 
in size. This makes them ideally suited for observation in a microfluidic chip.  
 
This chip has gemma-sized traps to isolate individuals and maintain them in place for 
observation over a few days. The choice of the chemical composition of the medium flown in 
the chip allows for observation of growth in   different environmental conditions. 
Additionally, with several inputs for flow and computer-controlled syringe pumps, the 
environment inside the chip can be tightly controlled (time variation of concentration) and 
rapid changes ( 30s) can be applied to perform osmotic chocks. This allows for quantification 
of the robustness of growth in a variable environment, as well as measurements of 
hydromechanics properties by analyzing the deformation response to osmotic stress.  
 
In our current experiments, we are combining growth observation and hydromechanical 
measurement on the same samples to draw correlations between growth characteristic time 
and mechanics at the organism level. 
 
The combination of M. polymorpha clonal reproduction and of a microfluidic chip that allows 
to observe many individuals in parallel offer a high throughput and significant statistical 
power. Hopefully the results obtained with this system will help us better understand how 
plants grow robustly, and to uncover the mechanisms involved in morphogenesis. 
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During development, gene expression must be precisely controlled in space and time. 
Precision ensures the correct establishment of a variety of cell fates. This spatio-temporal 
regulation can be achieved at two key stages of the central dogma of molecular biology: (i) 
transcription, passage of information from DNA to RNA, and (ii) translation, passage of 
information from RNA to the protein, final effector of cellular functions. Live imaging 
methods (e.g. MS2/MCP system) have been a real breakthrough for the deepness of our 
knowledge concerning dynamics of transcription. Yet, little is known about the dynamics of 
translation, and this is particularly true in the context of a developing organism. This is even 
more important to study translation when we know that the level of an mRNA produced and 
the amount of protein it encodes are not directly correlated. We deployed the SunTag 
method to visualize and quantify the timing, location, and kinetics of the translation of single 
mRNAs in living Drosophila embryos. By focusing on the translation of the conserved major 
epithelial-mesenchymal transition–inducing transcription factor Twist, we identify spatial 
heterogeneity in mRNA translation efficiency. Observing the location and dynamics of mRNA 
translation in a living multicellular organism opens avenues for understanding gene 
regulation during development. We now developed new tools to optimise the visualisation 
of translation in space and time in a multicellular organism. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 






