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SECONDMENT	REPORT		

	

Name/	ESR	Number:		 Marie	Didier/	ESR	4-1	
Beneficiary	Institution:	 EPFL	
Secondment	location:	 Institut	Fresnel,	Marseille,	France	
Duration	of	secondment:	 3.5	weeks	(13	March	2017	–	6	April	2017)	
	

I. Obectives	

My	 main	 objective	 at	 Institut	 Fresnel	 was	 to	 develop	 my	 knowledge	 on	 the	

biological	aspect	of	my	research	conducted	at	EPFL.	For	this	reason,	I	 interacted	

with	experts	of	the	neuronal	cytoskeleton	and	bioimaging	scientists	in	Marseille.	

With	 those	 interactions,	 I	 furthered	 my	 understanding	 on	 the	 microtubules	

dynamics,	 and	 how	 to	 used	 the	 innovative	 microscope	 developed	 in	 my	

laboratory	 at	 EPFL	 for	 biology-related	 problems.	We	 finally	 discussed	 on	which	

experiments	 to	 do	 to	 assess	 the	 liability	 of	 our	 SHG	 microscope	 for	 neuronal	

imaging.	 Out	 of	 those	 multiple	 interactions,	 came	 series	 of	 experiments,	 still	

being	 conducted,	 to	 map	 the	 spatiotemporal	 kinetics	 of	 nocodazole-induced	

damages	in	axonal	microtubules.	

Microtubules	 (MTs)	 are	 highly	 dynamic	 polymers	 that	 constitute	 one	 of	 the	

principal	components	of	the	cytoskeletal	network	of	neuronal	cells.	They	form	a	

versatile	 polarized	 structure	 and	 play	 an	 essential	 role	 during	 cell	 motility,	

morphogenesis	and	the	construction	of	cytoplasmic	structures.	

Thus,	to	understand	a	variety	of	cellular	processes,	knowledge	of	the	regulation	

of	MT	dynamics	is	important.	A	variety	of	drugs	are	available	that	can	assist	with	

this	 by	 interrupting	 the	MT	 growth	 process.	Nocodazole	 is	 used	 as	 an	 anti-MT	

polymerizing	 reversible	 drug.	 When	 applied	 at	 micromolar	 concentrations,	 it	

reduces	MT	growth	and	creates	MT	instability	in	a	reversible	way.	

	

II. Experiments:	 Second	 harmonic	 generation	 imaging	 on	 neuronal	 axonal	
cytoskeleton	



Sample	preparation:	

	

Cell	culture	(provided	by	the	Laboratory	de	neuroénergétique	et	dynamique	

cellulaire,	EPFL)	

Primary	cultures	of	cortical	neurons	were	prepared	from	E17	OF1	mice	embryos	

of	either	sex.	Embryos	were	decapitated,	and	brains	removed	and	placed	in	PBS-

glucose.	Cortices	were	removed	under	a	dissecting	microscope	and	collected	in	a	

small	Petri	dish	 in	PBS-glucose.	A	single-cell	suspension	was	obtained	by	gentle	

trituration	 with	 a	 fire-polished	 Pasteur	 pipette	 in	 Neurobasal	 medium	

supplemented	with	B27	and	GlutaMAX	(Invitrogen,	phenyl	red	free).	Cells	were	

plated	 at	 an	 average	 density	 of	 15,000	 cells/cm2	 in	 supplemented	 Neurobasal	

medium	on	polyornithine-coated	glass	coverslips	(20	mm	diameter).	After	3–4	h,	

coverslips	 were	 transferred	 to	 dishes	 containing	 glial	 cell	 monolayers	 in	

supplemented	 Neurobasal	 medium.	 Neurons	 were	 maintained	 at	 37°C	 in	 a	

humidified	atmosphere	of	95%	air/	5%	CO2	and	were	used	between	5	to	25	days	

in-vitro.		

Nocodazole	treatment	

Nocodazole	was	purchased	from	Sigma	Aldrich	(Buchs,	Switzerland).	As	discussed	

with	the	biology	experts	in	Institut	Fresnel	and	based	on	the	existing	literature,	a	

10	µg/mL	 nocodazole	 contained	 solution	 in	 tissue	 culture	medium	was	 diluted	

from	a	5	mg/mL	DMSO	stock	solution.	The	tissue	culture	medium	was	prepared	

fresh	 prior	 to	 the	 experiment	 and	 contained	 the	 following	 concentrations	 (in	

mM)	140	NaCl,	3	KCl,	3	CaCl2*2H2O,	2	MgCl2*6H2O,	5	Glucose	and	10	Hepes.	All	

chemicals	were	purchased	from	Sigma	Aldrich.	Recordings	of	SH	movies	started	a	

few	 seconds	 after	 the	 drug-containing	 medium	 was	 injected	 in	 the	 neurons-

containing	chamber	and	were	performed	at	room	temperature.	After	9	minutes,	

the	 drug-containing	 solution	was	 removed	 from	 the	 chamber	 by	 pipetting	 and	

replaced	with	a	drug-free	tissue	culture	medium.	This	tissue	culture	medium	was	

replaced	 three	 times	 following	 the	 same	 procedure	 with	 pipetting	 and	 re-

injection	of	medium	to	prevent	remaining	of	the	drug-containing	solution	during	

the	 recovery	 time.	 The	 recording	 of	 the	 recovery	 experiment	 started	 after	 the	

third	rinse	and	lasted	for	20	minutes.		



	

Cold	treatment	

Coverslips	 with	 plated	 neurons	 were	 mounted	 according	 to	 the	 procedure	

described	 in	 the	here	above	paragraph.	Prior	 to	 the	cold	exposure	experiment,	

culture	 dishes	 were	 retrieved	 from	 the	 incubator,	 mounted	 in	 the	 imaging	

microscope	 platform	 and	 imaged.	 During	 recordings,	 iced	 culture	medium	was	

inserted	 in	 the	chamber.	Recordings	were	performed	continuously	 till	 the	 iced-

cultured	medium	was	melted.		

	

SHG	Imaging	system	

The	 light	 source	 of	 the	 microscope	 (as	 sketched	 in	 Figure	 1a)	 is	 a	 Yb:KGW	

amplified	laser	(Pharos	Light	Conversion),	that	delivers	200	kHz,	1036	nm,	190	fs	

laser	pulses	 to	a	circular	 illumination	spot	size	with	a	diameter	of	150	µm.	The	

laser	beam	illuminates	a	Spatial	Light	Modulator	(SLM,	Phase	Only	Microdisplay	

650-	1100	nm,	with	a	fill	factor	of	93%,	a	1920	x	1080	pixel	resolution	and	a	8	μm	

pixel	pitch	from	HOLOEYE	Photonics)	with	a	normal	 incidence.	We	use	the	SLM	

as	a	reflective	diffraction	grating	and	generate	a	gray	scale	hologram	image	of	a	

step	function.	We	use	the	+1	and	-1	order	of	the	diffracted	beam,	focused	on	the	

back	 focal	 plane	of	 the	objective	 and	 recombined	with	 an	Olympus	 LUMPLFLN	

60x1NA	water	immersion	objective	at	the	sample	plane.	The	generated	SH	light,	

selectively	 filtered	 with	 a	 515	 nm	 band	 pass	 filter	 (Omega	 Optical,	 10	 nm	

bandwidth)	was	 collected	 in	 the	 forward	 direction	with	 a	 60x	 1.1NA	 objective	

(Olympus,	LUMFLN).	The	polarization	of	the	 incoming	beams	and	generated	SH	

signal	was	 controlled	by	 a	 zero-order	 half-wave	plate	 before	 the	 Fourier	 plane	

and	 analyzed	 with	 an	 analyzer	 placed	 in	 the	 collection	 path	 before	 a	 gated	

detection	 with	 a	 EM-ICCD	 camera	 (PiMax4,	 Princeton	 Instruments).	 The	

microscope	also	integrates	a	path	for	phase	contrast	imaging	with	white	light.		



	

Figure	 1:	 Imaging	 configuration.	 (a)	 Schematic	 of	 the	 second	 harmonic	 imaging	

microscope;	 with	 optical	 components	 spatial	 light	 modulator	 (SLM),	 polarizer	 (PL),	

beam	 splitter	 (BS),	 polarization	 state	 generator	 (PSG),	 achromatic	 lens	 (L),	 dichroic	

beam	 splitter	 (DB),	 numerical	 aperture	 (NA),	 half	 waveplate	 (HWP),	 polarizing	 BS	

(PBS).	(b)	Layout	of	the	sample	holder,	with	bottomed	culture	coverslips	inserted	in	a	

low	 profile	 open	 bath	 chamber	 from	Warner	 Instrument	 (Series	 40	 Quick	 Change	

Imaging	Chambers	RC-40LP).	

SHG	imaging	experiments	

Coverslips	 with	 plated	 neurons	 were	 inserted	 in	 a	 Quick	 Change	 Imaging	

Chamber	from	Warner	Instruments	(Series	40	RC-41LP).	As	sketched	in	Figure	1b,	

the	bottom	of	the	imaging	chamber	was	formed	by	the	glass	coverslip	with	the	

plated	neurons	 itself,	 on	 top	of	which	 a	 polycarbonate	 ring	was	 gently	 placed.	

This	 imaging	 chamber	 contains	 a	maximum	of	 3	mL	 liquid	with	 an	 open	 bath,	

allows	 for	 a	 rapid	 exchange	 of	 liquid	 and	 a	 short	 working	 distance.	 An	

extracellular	buffer	solution	containing	 	(in	mM)	140	NaCl,	3	KCl,	3	CaCl2*2H2O,	

MgCl2*6H2O,	5	Glucose	and	10	Hepes	was	constantly	flowing	with	a	velocity	of	1	

mL/mn	associated	with	a	suction	of	1.2	mL/mn	to	provide	the	neurons	with	fresh	

solution	and	laminar	flow	in	the	chamber.		

Results:	

We	 imaged	 morphologically	 polarized	 hippocampal	 neurons	 maintained	 in	

culture	 for	 7	 days	 (DIV7)	 with	 label-free	 SHG	 microscopy.	 Figure	 2a	 shows	 a	

phase	 contrast	 image	 focused	 on	 two	morphologically	 polarized	 neurons	 with	

SHG	signal	(in	red).	We	observe	that	one	of	the	structures	generates	a	bright	SHG	
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signal,	while	other	structures,	such	as	the	cell	body	emit	a	fainter	SH	radiation.		

Of	all	the	MTs	containing	structures	within	the	cell,	the	axons	are	the	only	ones	

who	 present	 a	 specific	 organized	 array	 of	 microtubules,	 they	 are	 uniformly	

oriented	and	arranged	 in	parallel	ordered	bundles.	Since	SHG	requires	spatially	

ordered	 polar	 structures,	 it	 is	 likely	 that	 the	 uniform	 polarity	 of	 these	

morphologically	polarized	axonal	MTs	leads	to	the	strongest	observed	SHG	signal	

in	Figure	2a.		

	

	

	

	

	

	

	

Figure	 2:	 Morphologically	 polarized	 neurons	 in-vitro	 DIV7	 and	 nocodazole	

application	(a)	Composite	image	of	phase	contrast	and	average	intensity	of	SH	image	

(acquisition	time	of	3	minutes).	The	brightest	process	in	the	SHG	image	overlaps	with	

the	 axon	 identified	 in	 the	 phase	 contrast	 image.	 The	 double	 head	 red	 arrow	

represents	the	orientation	of	the	polarization	along	the	vertical	direction	for	the	two	

incoming	 beams	 and	 the	 analyzer,	 (b)	 Time	 lapse	 protocol	 during	 the	 nocodazole	

application	 and	 the	 recovery	 time,	 (c)	 The	 overall	 SHG	 intensity	 averaged	 over	 the	

whole	image	is	decreasing	when	nocodazole	is	in	the	chamber	(***).	Recovery	after	

20	min	with	drug-free	containing	medium	shows	an	increase	in	the	SHG	signal	of	80%	

of	its	original	value	(*).	
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Figure	 3:	 SHG	 imaging	 of	 axonal	 cytoskeleton	 on	 cultured	 neurons	 (DIV19)	 after	

cold	treatment.	(a)	SHG	intensity	 is	plotted	as	a	function	of	time;	the	blue	shadows	

represent	the	addition	of	frozen	cultured	media	to	the	open	bath	where	the	coverslip	

with	plated	neurons	is	then	it	is	melting	in	the	chamber.	The	average	SHG	intensity	as	

shown	 in	 Img1	and	 Img2	 is	plotted	as	a	 function	of	 time.	The	corresponding	Phase	

Contrast	image	is	depicted	with	a	scale	bar	of	10	µm.	

To	 further	 verify	 the	 microtubule	 origin	 of	 our	 signal,	 we	 conducted	 a	 cold	

treatment	 experiment	 (Figure	 3).	 Microtubules	 depolymerize	 on	 the	 action	 of	

cold,	 and	 this	 experiment	 demonstrates	 that	 it	 affects	 not	 only	 single	

microtubules,	but	bundles	of	axonal	microtubules.	This	experiment	is	an	asset	of	

the	microtubule-origin	of	the	SHG	signal	detected.	

We	imaged	the	axon	with	time-resolved	SHG	while	we	applied	10µM	nocodazole	

for	9	minutes.	Then,	we	replaced	the	liquid	with	a	drug-free	buffer	solution	and	

imaged	for	20	minutes	during	the	application	and	the	recovery	time	(Figure	2b).	

Figure	 2c	 shows	 the	 histograms	 of	 the	 overall	 average	 SHG	 intensity	 (counts)	

from	 the	 axon	 before	 the	 application	 of	 the	 drug,	 after	 the	 application	 of	 the	

drug	and	at	the	end	of	the	recovery	time.	After	9	minutes	of	drug	application,	the	

SHG	signal	detected	from	the	axon	decreases	to	≈60%	of	its	original	value.	At	the	

end	of	the	recovery	time	(20	minutes)	the	SHG	signal	comes	back	to	≈80%	of	its	

original	value.	

	

	

	



	

	

	

	

	

	

	

	

Figure	4:	Nocodazole-induced	SHG	decrease	and	recovery	after	a	wash	out	

from	 axonal	 microtubules	 (MTs)	 for	 different	 regions	 of	 interest.	 (a)	 SHG	

intensity	 from	 axonal	 microtubules	 from	 different	 region	 of	 interest	 as	 a	

function	of	time	(ROI1,	ROI2,	ROI3	and	background	are	outlined	in	(b)).	At	10	

min,	the	drug-containing	solution	was	washed	out	and	replaced	with	a	drug-

free	buffer	solution.	(b)	Composite	phase	contrast	 image	with	SHG	depicting	

the	region	of	interest	from	which	the	mean	intensity	was	extracted	and	plot.	

III. Conclusions	

The	first	output	of	the	multiple	discussions	I	had	with	different	experts	in	the	field	

of	biology	at	Institute	Fresnel	was	to	find	a	way	to	assess	the	cytoskeleton-origin	

of	 our	 SHG	 signal	 with	 the	 label-free	 SHG	 imaging	 technique	 we	 developed	 at	

EPFL.	 From	 those	 remarks	 and	 based	 on	 the	 literature,	 I	 applied	 nocodazole	 to	

morphologically	 polarized	 neurons	 and	 recorded	 SHG	 signal.	 	 In	 this	 first	

experiment,	we	observed	 intensity	depletion	after	 the	application	of	nocodazole	

and	a	recovery	in	the	SHG	signal	when	the	drug	is	removed	from	the	bath.	Since	

SHG	signal	depends	on	the	density	and	orientation	of	dipoles	 from	which	SHG	 is	

generated,	 these	 observations	 together	 with	 the	 fact	 that	 nocodazole	 is	 a	

microtubule-selective	 drug,	 suggests	 either	 a	 progressive	 loss	 in	 the	 axonal	

microtubule	 density	 or	 a	 loss	 in	 the	 spatial	 arrangement	 of	 the	 polarized	

microtubule	 within	 the	 observed	 axon.	 However,	 former	 results	 from	 the	

a	 b	



literature	 indicate	 that	no	 inversion	of	microtubules	occurred	during	nocodazole	

treatment	 or	 recovery,	 which	 validates	 the	 loss	 of	 microtubules	 density	 as	 the	

origin	of	the	loss	of	SHG	signal.	We	can	then	associate	the	increase	of	SHG	signal	

during	the	recovery	time	with	the	increase	of	microtubules	density	in	the	axon.		

This	 experiment	 confirms	 that	 the	 SHG	 signal	 originates	 from	microtubules.	 The	

recovery	 of	 the	 SHG	 intensity	 observed	 from	 the	 axon	 shows	 that,	 since	

nocodazole	 is	 a	 microtubule-selective	 and	 reversible	 drug,	 microtubule	

polymerization	could	be	generated	immediately	after	the	drug	has	been	removed	

from	the	bath.	

The	second	point	outlined	from	our	discussions	was	to	put	forward	the	advantages	

of	our	new	and	 innovative	 label-free,	 time-resolved	and	non-scanning	 technique	

on	 neuronal	 imaging.	 For	 this	 matter,	 the	 nocodazole	 experiment	 was	 still	

appropriate	since	it	affects	the	overall	neuronal	cytoskeleton	and	our	microscope	

allows	 following	 the	 intensity	 fluctuations	of	 the	effects	of	 the	drug	on	different	

parts	of	the	neuron	in	a	simultaneous	way.	In	our	data	analysis	on	Figure	3,	we	can	

plot	 the	SHG	depletion	 from	different	 regions	of	 interest	along	 the	axon,	and	 fit	

the	SHG	decline	with	a	two-exponential	decay	model.	This	model,	previously	used	

with	 destructive	 or	 labeled	 methods	 describes	 the	 biphasic	 kinetics	 of	 the	

nocodazole-induced	depolymerization	of	microtubules.	This	model	contains	a	fast	

component,	associated	with	a	quick	loss	of	the	polymer	with	respect	to	the	time	

spent	 in	 the	 nocodazole,	 and	 a	 slow	 component	 associated	 with	 more	 stable	

microtubule	 polymers.	 In	 our	 measurements,	 since	 our	 experiment	 lasts	 for	 10	

minutes,	we	only	consider	the	first	exponential	term	corresponding	to	a	fast	decay	

in	 the	 fitting	 output.	We	 observed	 that	 the	 halftimes	 of	 the	 SHG	 loss	 increases	

with	 respect	 to	 the	 distance	 from	 the	 cell	 body.	 For	 the	 first	 exponential	 term	

corresponding	to	the	fast	exponential	decay,	we	extracted	halftimes	of	175.8	s	±	

35	s	(R2	=	0.93),	181.6	s	±	25	s	(R2	=	0.98)	and	232.2	s	±	76	s	(R2	=	0.95)	respectively	

for	the	proximal	region	closest	to	the	cell	body,	the	axon	shaft	and	the	shaft-distal	

region	of	the	axon.	The	characteristic	halftime	corresponding	to	a	rapid	declining	

component	describing	the	nocodazole-induced	depolymerization	of	MTs	 is	 found	

between	3	to	20	minutes.	These	observations,	along	with	the	extracted	kinetics	of	

the	SHG	loss	during	nocodazole	treatment	and	the	knowledge	of	the	mechanism	



of	action	of	nocodazole	on	MTs,	show	spatiotemporal	heterogeneities	in	the	MTs	

population	within	the	axon.		

Our	measurements	 suggest	 that	we	 can	 distinguish	 those	 kinds	 of	MTs	 and	 are	

consistent	 with	 the	 fact	 that	 stable	MTs,	 found	 in	 greater	 concentration	 in	 the	

proximal	 part,	 have	bigger	 halftimes	 values	 than	 labile	MTs,	with	 short	 halftime	

values	and	found	mainly	in	the	distal	part	as	it	was	previously	demonstrated	with	

fluorescent	studies.	In	this	case,	our	SHG	label-free	imaging	technique	provides	a	

new	way	to	probe	 label-free	spatiotemporal	MTs	 instabilities	 in	the	neurons	and	

could	 be	 use	 as	 a	 marker	 for	 neuronal	 survival	 when	 looking	 at	 MTs	 behavior	

during	excitotoxicity	or	neurodegenerative	processes.	

IV. Perspectives	
With	 this	 secondment,	 I	 improved	 a	 lot	 my	 knowledge	 on	 the	 microtubule	

dynamics	 by	 meeting	 and	 discussing	 with	 experts	 in	 the	 biology	 field.	 This	

dimension	of	my	project	was	 crucial	 since	 I	do	not	have	 this	opportunity	 in	my	

home-laboratory	 at	 EPFL.	Also,	 being	 at	 Institut	 Fresnel	 broadened	my	 view	on	

my	experiments,	especially	in	the	realm	of	polarization-resolved	imaging,	but	also	

on	data	processing,	and	biology.	

We	 also	 have	 some	 experimental	 perspectives,	 such	 as	 the	 characterization	 of	

our	SHG	imaging	technique	with	microtubules,	with	the	expertise	of	the	Institut	

Fresnel	in	the	domain	of	making	microtubules	from	polymerized	tubulin	in-vitro.	

This	 next	 experiment	 could	 open	 up	 possibilities	 for	 imaging	microtubules	 in	 a	

simple	 environment,	 and	 further	 our	 understanding	 of	 their	 dynamics	 and	

organization.	
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