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RELAZIONE	
	
Exposure	 to	 stress	 has	 a	 critical	 role	 for	 the	 onset	 of	 psychiatric	 disorders,	 although	 the	 outcome	may	
depend	 upon	 a	 number	 of	 variables,	 including	 timing	 and	 duration	 of	 the	 adverse	 experience.	With	 this	
respect,	 early	 life	 is	 particularly	 challenging	 since	 stress	 during	 this	 time	 frame	 may	 alter	 the	 correct	
program	of	brain	maturation	and	lead	to	long-term	functional	changes	in	different	brain	structures.	Hence,	
it	 is	 important	 to	 increase	 our	 understanding	 of	 the	 complex	 processes	 that	 shape	 neurodevelopmental	
trajectories	and	how	perturbation	of	such	events	may	lead	to	persistent	dysfunction	of	brain	mechanisms.	
Epigenetic	 mechanisms,	 in	 particular	 DNA	 methylation	 and	 microRNA-mediated	 post-transcriptional	
regulation,	 seem	 to	 play	 a	 major	 role	 in	 shaping	 the	 effects	 of	 external/environmental	 stimuli	 on	
developmental	 trajectories	 (Bale,	 2014;	 Luoni	 and	 Riva,	 2016;	 Provencal	 and	 Binder,	 2015).	 Early	 life	
adversities	(ELA),	 including	maternal	 infection,	stress,	as	well	as	malnutrition	and	obstetric	complications,	
may	regulate	epigenetic	mechanisms,	leading	to	lasting	changes	in	gene	expression,	which	may	affect	adult	
behavior	(Bale,	2015;	Chen	and	Baram,	2015).	
Animal	models	may	 be	 particularly	 useful	 to	 address	 this	 issue,	 considering	 that	 timing	 and	 intensity	 of	
stress	 exposure	 may	 be	 easily	 controlled.	 A	 well-characterized	 paradigm	 of	 ELA	 is	 represented	 by	 the	
prenatal	stress	(PNS)	model	in	rodents,	which	relies	on	the	exposure	of	pregnant	dams	to	stress	during	the	
last	week	of	gestation.	PNS	exposure	determines	alterations	of	different	systems	known	to	be	affected	in	
psychiatric	 conditions,	 including	a	dysregulation	of	 the	hypothalamic-pituitary-adrenal	 (HPA)	axis,	 altered	
stress-responsiveness	(Maccari	et	al,	2014),	 the	emergence	of	anxiety-	and	depressive-like	phenotypes	as	
well	as	deficits	 in	neuronal	plasticity	(Fumagalli	et	al,	2007).	 Indeed,	we	have	recently	demonstrated	that	
the	expression	of	Brain-Derived	Neurotrophic	Factor	(BDNF)	is	significantly	reduced	in	the	prefrontal	cortex	
(PFC)	 of	 adult	 rats	 that	 were	 exposed	 to	 stress	 in	 utero,	 an	 effect	 that	 became	 fully	 manifest	 after	
adolescence	 (Luoni	 et	 al,	 2014).	 Moreover,	 PNS	 rats	 show	 an	 impaired	 ability	 to	 cope	 with	 challenging	
events	at	adulthood,	through	alterations	in	activity-dependent	epigenetic	mechanisms	(Luoni	et	al,	2015).	
	
As	already	described	 in	 the	half-period	 report,	 in	 the	 first	part	of	my	project,	we	used	 the	PNS	model	 to	
investigate	whole	genome	methylation	changes	that	persisted	into	adulthood.	In	particular,	we	focused	on	
the	 changes	 occurring	 in	 the	 PFC	 and	 hippocampus	 (HIP),	 two	 brain	 regions	 that	 play	 a	 relevant	 role	 in	
psychiatric	diseases	and	may	contribute	to	behavioral	dysfunctions	associated	with	these	disorders.		
Following	the	initial	whole-genome	analyses,	we	identified	a	large	set	of	genes	differentially	methylated	as	
a	consequence	of	stress	exposure	in	the	PFC	and	in	the	HIP	of	both	genders.	We	decided	to	consider	genes	
whose	methylation	changes	were	 located	 in	 the	promoter	 region	and	 that	were	affected	 in	both	 regions	
and	genders.	Among	few	genes,	we	specifically	focused	on	the	changes	of	miR-30a-5p,	a	microRNA	that	has	
been	previously	 associated	with	psychiatric	disorders	 and	 that	 regulates	 a	number	of	 genes	 that	play	an	
important	 role	 for	 mental	 illnesses	 (Mellios	 et	 al,	 2008;	 Perkins	 et	 al,	 2007;	Wan	 et	 al,	 2015).	We	 first	



																																																															 	
characterized	 the	 expression	 of	 miR-30a-5p,	 together	 with	 the	 expression	 of	 the	 other	 microRNA	 that	
originates	 from	 the	 transcription	 of	 mir-30a,	 miR-30a-3p,	 and	 we	 found	 that	 a	 specific	 locus	 in	 the	
promoter	region	of	miR-30a	is	responsible	for	the	transcriptional	regulation	of	this	gene	following	exposure	
to	PNS.	Interestingly,	we	found	that	miR-30a-5p	changes	are	specific	for	early	in	life	stress,	since	exposure	
to	chronic	stress	at	adulthood	was	not	able	 to	alter	 its	expression.	Subsequently,	using	 in	silico	tools,	we	
identified	 the	 validated	 mRNA	 targets	 of	 miR-30a-5p	 and	 we	 performed	 gene	 ontology	 analysis	 using	
Ingenuity	Pathway	Analysis	 software.	Moreover,	we	selected	some	of	 the	predicted	 target	genes	of	miR-
30a-5p	and	evaluated	their	modulation	both	at	mRNA	and	protein	 levels,	 in	order	to	establish	the	role	of	
mir-30a	as	a	master	regulator	of	systems	and	pathways	involved	in	psychiatric	disorders.		
	
In	 the	 second	part	 of	 the	project,	we	examined	 the	possible	 role	of	 a	pharmacological	 treatment	during	
adolescence	to	prevent	the	alterations	observed	in	adult	rats	exposed	to	prenatal	stress.	In	particular,	we	
exposed	a	group	of	PNS	animals	to	 lurasidone	administration	(a	second-generation	antipsychotic	drug)	 (3	
mg/kg/day,	by	oral	gavage)	 from	postnatal	day	 (PND)	35	 for	2	weeks,	and	we	sacrificed	 the	animals	 two	
weeks	later,	at	PND62,	in	order	to	evaluate	long-term	effects	of	the	pharmacological	intervention.	
As	shown	in	Fig.	1,	we	confirmed	that	PNS	exposure	produced	a	significant	increase	of	miR-30a-5p	levels	in	
the	PFC	of	male	 adult	 rats	 (+70%	vs.	 Ctrl,	p<0.01),	which	was	normalized	by	 sub-chronic	 treatment	with	
lurasidone	during	adolescence	(-22%	vs.	PNS,	p<0.05;	+33%	vs.	Ctrl,	p>0.05).		
	

	
Figure	1:	Modulation	of	miR-30a-5p	in	the	PFC	of	PNS	male	rats	treated	with	lurasidone	during	adolescence.	The	levels	
of	miR-30a-5p	were	analyzed	in	the	PFC	of	male	rats	exposed	to	PNS	and	treated	with	vehicle	or	lurasidone	for	2	weeks	
during	adolescence	(from	PND35	to	PND49),	as	compared	to	Ctrl	animals.	The	data,	expressed	as	percentage	changes	

vs.	Ctrl	rats,	are	the	mean	±	SEM	of	6	independent	determinations.		
**p<0.01	vs.	Ctrl	rats	(1-way	ANOVA	following	Fisher’s	LSD	post-hoc	comparison);	$p<0.05	vs.	PNS	rats	(1-way	ANOVA	

following	Fisher’s	LSD	post-hoc	comparison)	
.	

	
Next,	in	order	to	demonstrate	that	miR-30a-5p	changes	in	PNS	rats	do	affect	the	expression	of	downstream	
genes,	we	analyzed	 the	modulation	of	 two	 representative	 candidate	 targets	 regulated	by	miR-30a-5p.	 In	
particular,	 we	 analyzed	 Hdac1	 to	 investigate	 the	 possible	 cross-talk	 between	 different	 epigenetic	
mechanisms	 (Sato	 et	 al,	 2011)	 and	 Slc12a2,	 also	 named	 Nkcc1,	 which	 encodes	 the	 cation	 chloride	 co-
transporter	 responsible	 for	 the	conversion	of	GABA	 transmission	 from	excitatory	 to	 inhibitory	during	 the	
postnatal	development,	whose	expression	is	affected	in	schizophrenia	(Blaesse	et	al,	2009).	As	shown	in	Fig.	
2A	and	B,	the	mRNA	levels	of	both	Hdac1	and	Nkcc1	were	not	affected	by	PNS	alone	or	in	combination	with	
lurasidone	administration	(Hdac1:	p=0.968,	F2,29=0.033;	Nkcc1:	p=0.440,	F2,29=0.847).	On	the	contrary,	while	
we	did	not	observe	any	modulation	of	HDAC1	protein	levels	(p=0.577,	F2,28=0.562),	we	found	a	significant	
effect	on	NKCC1	protein	levels	(p=0.014,	F2,24=5.227).	 Indeed,	while	exposure	to	PNS	significantly	reduced	



																																																															 	
NKCC1	protein	expression	(-27%	vs.	Ctrl,	p<0.05),	sub-chronic	lurasidone	treatment	during	adolescence	was	
able	to	normalize	its	levels	(+55%	vs.	PNS,	p<0.01).		

	
Figure	2:	Modulation	of	Hdac1	and	Nkcc1	mRNA	and	protein	levels	in	the	PFC	of	PNS	male	rats	treated	with	lurasidone	
during	adolescence.	The	mRNA	levels	of	Hdac1	(A)	and	Nkcc1	(B),	as	well	as	the	protein	levels	of	HDAC1	(C)	and	NKCC1	
(D),	were	analyzed	in	the	PFC	of	male	rats	at	PND62	following	exposure	to	PNS	and	treated	with	vehicle	or	lurasidone	
during	adolescence	(from	PND35	to	PND49),	as	compared	to	Ctrl	animals.	The	data,	expressed	as	percentage	changes	

of	Ctrl	rats	set	at	100%,	are	the	mean	±	SEM	of	5-8	independent	determinations.		
*p<0.05	vs.	Ctrl	rats	(1-way	ANOVA	following	Fisher’s	LSD	post-hoc	comparison);	$$p<0.01	vs.	PNS	rats	(1-way	ANOVA	

following	Fisher’s	LSD	post-hoc	comparison)	
	
	
In	conclusion,	the	present	study	provides	further	evidence	that	the	long-term	consequences	of	ELA	on	adult	
pathological	 states	are	mediated	by	DNA	methylation	 changes.	Moreover,	our	 findings	 suggest	 that	DNA	
methylation	may	affect	relevant	genes,	such	as	microRNAs,	that	can	produce	stable	alterations	as	master	
regulators	of	gene	expression.	 Indeed,	miR-30a-5p	may	 in	 turn	regulate	hundreds	of	downstream	targets	
involved	in	psychiatric	disorders,	but	we	also	provided	data	that	support	the	reversibility	of	the	changes	set	
in	motion	by	PNS	exposure.	
Our	results	provide	evidence	that	microRNAs	can	undergo	epigenetic	changes	as	a	consequence	of	ELA	and	
may	be	 responsible	 for	broad	effects	on	genes	 that	may	 contribute	 to	 the	etiology	and	manifestation	of	
psychiatric	disorders.		
	
	
	
	
	



																																																															 	
We	 have	 almost	 finished	 to	 write	 the	 manuscript	 containing	 these	 data	 to	 submit	 to	 an	 international	
journal	peer-reviewed.	
Moreover,	thanks	to	the	fellowship	from	the	Società	Italiana	di	Farmacologia	-	Borsa	SIF	-	MSD	2015,	I	have	
been	also	able	to	publish	one	other	manuscript	and	one	review	as	first	author	during	this	year:	
	
1. A.	Luoni*,	J.	Richetto*,	L.	Longo	and	M.	A.	Riva	(2016).	

Chronic	 lurasidone	treatment	normalizes	GABAergic	marker	alterations	 in	the	dorsal	hippocampus	of	
mice	exposed	to	prenatal	immune	activation.	
European	Neuropsychopharmacology.	Dec	8.	pii:	S0924-977X(16)32009-0	[Epub	ahead	of	print]	
Impact	Factor:	4.409#	

	
2. A.	Luoni	and	M.	A.	Riva	(2016).	

MicroRNAs	and	psychiatric	disorders:	from	aetiology	to	treatment.	
Pharmacology	and	Therapeutics.	Nov;167:13-27	
Impact	Factor:	11.000#	
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