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Brain	disorders	are	the	first	leading	cause	of	disability	and	the	second	leading	cause	of	death	worldwide.	

Decoding	 the	 mechanisms	 of	 brain	 diseases	 is	 mandatory	 to	 improve	 diagnosis,	 neuroprotective	

strategies,	and	treatments.	

Although	 there	 are	 many	 different	 pathological	 and	 clinical	 manifestations,	 as	 well	 as	 causes	 and	

molecular	 pathways	 underlying	 neurological	 disorders,	 increasing	 evidence	 suggest	 that	 synapses,	

having	 a	 crucial	 role	 in	 neuronal	 communication	 and	 brain	 functions,	 are	 the	 first	 station	 that	

degenerates	and	loses	functionality	in	neurological	diseases.		

This	concept	has	led	to	the	theory	of	brain	disease,	from	neurodevelopmental	to	neurodegenerative,	

as	synaptopathies,	in	which	the	synaptic	impairment	is	a	shared	pathogenic	feature.		

The	main	 aim	of	 this	 thesis	was	 to	 dissect	 this	 concept,	 focusing	 on	 a	 specific	 pathway	particularly	

involved	in	brain	functions	and	dysfunctions:	the	c-Jun	N-terminal	Kinase	(JNK)	signalling	pathway.		

More	in	details,	we	studied	the	role	of	JNK	in	two	neurodevelopmental	syndromes,	Rett	and	Angelman,	

and	 in	 a	 chronic	 brain	 illness,	 Alzheimer	 disease,	 focusing	 on	 the	 synaptopathy	 as	 the	 first	 initial	

mechanism	of	many	different	brain	diseases.		

In	Rett	Syndrome,	a	rare	severe	developmental	disease,	we	studied	the	synaptic	dysfunction	of	two	

different	murine	models	identifying	JNK	as	an	important	actor	downstream	MECP2,	the	gene	mutated	

in	the	pathology.	We	demonstrated	that	the	specific	inhibition	of	JNK,	by	D-JNKI1	treatment,	strongly	

improved	the	symptoms	and	the	molecular	disorganization	of	the	PSD	region	in	both	mice	models.	Then,	

we	 proved	 JNK	 activation	 in	 human	 neurons,	 differentiated	 from	 human	 MECP2-mutated	 iPSCs	

(MECP2mut),	compared	to	the	isogenic	control	expressing	wild-type	MECP2	allele	(MECP2wt).	The	JNK	

signal	was	activated	 in	the	MECP2-mutated	 iPSCs	and	not	 in	control	 iPSCs,	and	D-JNKI1	blocked	the	

MECP2mut	-induced	neuronal	death.		

In	Angelman	Syndrome,	we	analysed	the	synaptic	dysfunction	in	the	UBE3A+/-	mouse	model.	JNK	was	

strongly	activated	in	the	brain	of	these	mice,	suggesting	its	important	role	also	in	this	disorder.	The	D-

JNKI1	 treatment	 improved	 the	 behavioural	 defects,	 and	 this	 correlated	with	 the	 stabilization	 of	 the	

synaptic	biomarkers.		

Finally,	we	focused	on	the	Alzheimer’s	synaptic	dysfunction,	the	most	characterize	synaptopathy,	to	

study	JNK	role	in	a	chronic	illness.	

Alzheimer	mice	model	5XFAD	presented	a	powerful	JNK	activation	together	with	synaptic	dysfunction	

and	cognitive	impairment.	We	then	centre	our	attention	on	the	selective	brain	JNK	isoform,	JNK3,	the	

most	responsive	to	stress	stimuli,	finding	that	5XFAD	mice	presented	a	powerful	increase	of	JNK3	levels.	

Therefore,	we	decided	to	test	the	potential	neuroprotective	effect	of	the	specific	inhibition	of	JNK3.	In	

fact,	thanks	to	the	collaboration	with	Prof.	Falconi,	we	have	in	the	laboratory	the	specific	JNK3	inhibitor,	

dSIMBA2.	Before	testing	this	 in-vivo,	we	studied	the	effect	of	 JNK3	inhibition	in	an	in-vitro	model	of	

synaptic	dysfunction	induced	by	Ab	oligomers	(ABO)	to	define	the	right	dose	and	the	neuroprotection	

against	 ABO-induced	 synaptic	 dysfunction,	 finding	 that	 dSIMBA2	 prevents	 ABO	 toxicity	 and	 the	

induced-synaptopathy.		
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To	summarize,	the	data	obtained	in	this	thesis	participate	in	the	reinforcement	of	JNK	as	a	central	actor	

in	the	degeneration	mechanisms	of	the	synapses	that	characterized	both	neurodevelopmental	and	

neurodegenerative	 diseases.	 In	 addition,	 this	 work	 adds	 new	 elements	 to	 define	 JNK3,	 the	 most	

responsive	JNK	isoform	to	stress,	as	a	key	player	in	the	AD,	and	an	important	target	for	the	treatment	

of	synaptic	injury,	potentially	also	in	other	brain	illnesses.	Developing	new	compounds	able	to	inhibit	

one	of	the	most	responsive	kinases	to	stress	stimuli	may	be	an	intriguing	field	to	explore	 to	prevent	

synaptic	dysfunction.		
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I	disturbi	cerebrali	sono	la	prima	causa	di	disabilità	e	la	seconda	causa	di	morte	nel	mondo.	Lo	studio	

dei	meccanismi	che	sottendono	queste	malattie	è	quindi	 fondamentale	per	migliorare	 la	diagnosi,	 le	

strategie	neuroprotettive	e	i	trattamenti.	

Sebbene	alla	base	dei	disturbi	neurologici	vi	siano	manifestazioni	patologiche	e	cliniche,	nonché	cause	

e	 determinanti	molecolari	 diversi,	 prove	 crescenti	 suggeriscono	 che	 le	 sinapsi,	 che	 hanno	 un	 ruolo	

cruciale	nella	comunicazione	neuronale	e	nelle	funzioni	cerebrali,	sono	la	prima	stazione	che	degenera	

e	perde	funzionalità	nelle	malattie	neurologiche.	

Questo	concetto	ha	portato	alla	teoria	delle	malattie	cerebrali,	da	quelle	del	neurosviluppo	a	quelle	

neurodegenerative,	come	sinaptopatie,	in	cui	il	danno	sinaptico	è	una	caratteristica	condivisa.	

Lo	scopo	principale	di	questa	tesi	è	stato	quindi	quello	di	sezionare	questo	concetto,	concentrandosi	su	

una	 via	 di	 segnalazione	 cellulare	 specifica	 particolarmente	 coinvolta	 nelle	 funzioni	 e	 disfunzioni	

cerebrali:	il	pathway	della	c-Jun	N-terminal	Kinase	(JNK).	

Più	in	dettaglio,	abbiamo	studiato	il	ruolo	di	JNK	in	due	sindromi	del	neurosviluppo,	Rett	e	Angelman,	e	

in	una	malattia	cerebrale	cronica,	il	morbo	di	Alzheimer,	concentrandoci	sulla	sinaptopatia	come	primo	

meccanismo	iniziale	di	molte	malattie	cerebrali.		

Nella	sindrome	di	Rett,	una	malattia	rara	dello	sviluppo,	abbiamo	studiato	la	disfunzione	sinaptica	in	

due	diversi	modelli	murini	identificando	JNK	come	un	importante	attore	a	valle	di	MECP2,	il	gene	mutato	

nella	patologia.	Abbiamo	dimostrato	che	 l'inibizione	specifica	di	 JNK,	mediante	 il	 trattamento	con	D-

JNKI1,	migliora	notevolmente	i	sintomi	e	la	disorganizzazione	molecolare	della	regione	PSD	in	entrambi	

i	modelli	murini.	Successivamente,	abbiamo	dimostrato	l'attivazione	di	JNK	anche	nei	neuroni	umani,	

differenziati	dalle	iPSCs	umane	mutate	(MECP2mut),	rispetto	al	controllo	isogenico	che	esprime	l'allele	

MECP2	wt	(MECP2wt).	JNK	è	attivo	nelle	iPSCs	con	MECP2	mutato	e	non	nelle	iPSCs	controllo	e	D-JNKI1	

blocca	la	morte	neuronale	indotta	da	MECP2mut.	

Nella	 sindrome	 di	 Angelman,	 abbiamo	 analizzato	 la	 disfunzione	 sinaptica	 nel	 modello	 murino	

UBE3A+/-.	JNK	è	fortemente	attivato	nel	cervello	di	questi	topi,	suggerendo	il	suo	ruolo	importante	anche	

in	questo	disturbo.	Il	trattamento	con	D-JNKI1	migliora	i	difetti	comportamentali	e	questo	è	correlato	

alla	stabilizzazione	dei	marcatori	sinaptici.	

Infine,	ci	siamo	concentrati	sulla	disfunzione	sinaptica	dell'Alzheimer,	la	sinaptopatia	più	caratterizzata,	

per	studiare	il	ruolo	di	JNK	in	una	malattia	cronica.	

Il	modello	murino	di	Alzheimer	5XFAD	presenta	una	potente	attivazione	di	JNK	insieme	a	disfunzione	

sinaptica	 e	 deterioramento	 cognitivo.	 Abbiamo	 poi	 studiato	 l'isoforma	 di	 JNK	 selettiva	 del	 cervello,	

nonché	la	più	responsiva	agli	stress,	JNK3,	trovando	che	i	topi	5XFAD	presentano	un	forte	aumento	dei	

suoi	 livelli.	 Pertanto,	 abbiamo	 deciso	 di	 testare	 il	 potenziale	 effetto	 neuroprotettivo	 dell'inibizione	

specifica	di	JNK3.	Infatti,	grazie	alla	collaborazione	con	il	Prof.	Falconi,	abbiamo	in	laboratorio	l'inibitore	

specifico	di	JNK3,	dSIMBA2.	Prima	di	testare	questo	in-vivo,	abbiamo	studiato	l'effetto	dell'inibizione	di	

JNK3	in	un	modello	in-vitro	di	disfunzione	sinaptica	indotta	da	oligomeri	Ab	(ABO)	per	definire	la	giusta	
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dose	 e	 la	 neuroprotezione	 contro	 la	 disfunzione	 sinaptica	 indotta	 da	ABO,	 scoprendo	 che	 dSIMBA2	

previene	la	tossicità	e	la	sinaptopatia	indotta	da	ABO.	

Riassumendo,	i	dati	ottenuti	in	questa	tesi	partecipano	al	rafforzamento	di	JNK	come	attore	centrale	

nei	meccanismi	di	degenerazione	delle	sinapsi	che	caratterizzano	sia	le	malattie	del	neurosviluppo	

che	 quelle	 neurodegenerative.	 Inoltre,	 questo	 lavoro	 aggiunge	 nuovi	 elementi	 per	 definire	 JNK3,	

l'isoforma	di	JNK	più	reattiva	allo	stress,	come	un	attore	chiave	nell'AD	e	un	bersaglio	importante	per	

il	trattamento	del	danno	sinaptico,	potenzialmente	anche	in	altre	malattie	del	cervello.	Lo	sviluppo	di	

nuovi	composti	 in	grado	di	 inibire	una	delle	chinasi	più	reattive	agli	stimoli	da	stress	può	essere	un	

campo	interessante	da	esplorare	per	prevenire	la	disfunzione	sinaptica.	
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Neurosciences	are	the	forefront	of	science,	despite	this,	most	of	brain	diseases	are	lacking	effectively	

cure	and	extensive	work	is	still	needed	to	understand	molecular,	cellular	and	network	functions	of	the	

brain	to	unravel	the	pathogenesis	of	complex	diseases.		

This	challenge,	probably,	has	its	basis	in	the	complexity	of	the	brain	that,	with	more	than	100	billion	

neurons,	with	intricate	connections	forming	at	least	100	trillion	synapses	[1],	is	the	most	complex	organ	

in	biology	[2,3].		

	

1.1	Synapses		

The	synapses	are	the	specialized	site	 in	which	the	communication	between	one	neuron	and	another	

takes	place,	these	are	represented	as	separate	pre-	and	post-synaptic	components.	The	average	neuron	

forms	several	thousand	synaptic	connections	and	receives	a	similar	number.	Many	of	these	connections	

are	 highly	 specialized	 and	 the	 strength	 of	 synaptic	 transmission	 can	be	 enhanced	or	 diminished	by	

neuronal	activity.	This	plasticity	is	crucial	for	memory	and	other	higher	brain	functions.	There	are	two	

types	 of	 synapses:	 chemical	 and	 electric.	Most	 synapses	 in	 the	 brain	 are	 chemical,	mediating	 either	

excitatory	or	inhibitory	action	and	amplifying	the	neuronal	signals.	At	the	chemical	synapses	pre-	and	

post-synaptic	terminal	are	separated	by	a	small	space,	called	synaptic	cleft	and	there	is	not	continuity	

between	the	cytoplasm	of	one	cell	and	the	next	one.	Cell	adhesion	molecules	(CAMs)	play	the	crucial	

role	 of	 connecting	 the	 two	 terminals.	 Among	 them,	 the	most	 characterized	 are	 cadherins,	 Ig-CAMs,	

neurexins,	neuroligins	(NLGNs),	ephrins	(Eph),	and	Eph	receptors[4].	Their	role	is	essential	not	only	in	

the	maintenance	of	 the	 juxtaposition	of	pre-	 and	post-	 synaptic	 terminal	but	 also	 is	 required	 in	 the	

synaptogenesis[5].	

Chemical	 transmission	depends	on	 the	diffusion	of	a	neurotransmitter	across	 the	synaptic	cleft.	The	

neurotransmitter	is	released	from	specialized	swellings	of	the	axons,	the	pre-synaptic	terminal,	which	

contain	 100	 to	 200	 synaptic	 vesicles	 each	 of	 which	 contains	 several	 thousand	 of	 molecules	 of	

neurotransmitter.	The	vesicles	are	clustered	in	a	specialized	region	of	the	pre-synaptic	membrane	called	

active	 zone,	 in	 which	 the	 neurotransmitter	 is	 released	 after	 a	 depolarizing	 action	 potential.	

Neurotransmitter	 then	 diffuses	 in	 the	 synaptic	 cleft	 and	 binds	 their	 receptors	 in	 the	 post-synaptic	

terminal,	in	turn	activating	the	receptors	and	leading	to	the	opening	or	closing	of	ion	channels.		

It	has	been	estimated	that	synapses	contain	a	number	of	proteins	between	~1,900	to	more	than	

~2,700,	including	synaptic	proteins	involved	in	exocytosis	and	recycling	of	synaptic	vesicles,	receptors	

for	neurotransmitters,	ion	channels,	extracellular	matrix	proteins,	cell	adhesion	molecules,	cytoskeletal	

proteins,	scaffolding	proteins,	membrane	transporters,	GTPases,	phosphatases,	and	molecules	involved	

in	protein	degradation[6,7].	
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1.1.1	Pre-synaptic	terminal	
Pre-synapses	 perform	 four	 principal	 functions	 in	 neurotransmitter	 release:	 they	 i)	 dock	 and	 prime	

synaptic	vesicles,	 ii)	recruit	voltage-gated	Ca2+	channels	to	allow	fast	synchronous	excitation/release	

coupling,	iii)	contribute	to	the	precise	location	of	pre-	and	post-synaptic	specializations	exactly	opposite	

to	each	other	via	transsynaptic	cell-adhesion	molecules	iv)	mediate	short-	and	long-term	pre-synaptic	

plasticity	observed	in	synapses[8].	To	do	this,	despite	differences	in	shape	and	structure,	the	active	zone	

of	the	pre-synaptic	terminal	is	enriched	in	voltage-gated	calcium	channels	and	proteins	mediating	the	

exocytosis	 and	 endocytosis	 of	 vesicles.	 Also	 cytoskeletal-associated	 proteins,	 like	 Piccolo,	 Bassoon,	

Rab3a	interacting	molecule	(RIM),	and	RIM-binding	proteins	are	fundamental	in	organizing	the	dynamic	

changes	occurring	in	this	compartment[9,10]	and	anchoring	pre-synaptic	membrane	proteins,	such	as	

ion	channels	and	cell	adhesion	molecules[11].	

	

	
Figure	1.	Schematic	representation	of	the	post-synaptic	terminal	and	vesicle	release	machinery	[12].	

	

Neurotransmitter	release	 is	mediated	and	 facilitated	by	a	group	of	highly	conserved	proteins,	called	

SNAREs	 (soluble	 N-ethylmaleimide-sensitive	 fusion	 protein	 attachment	 protein	 receptors);	

particularly,	v-SNAREs	are	associated	with	the	vesicles	while	t-SNAREs	contact	the	plasma	membrane.	

Three	or	four	SNARE	proteins	form	the	SNARE	complex,	generally	syntaxin,	VAMP	and	SNAP-25,	and	at	

least	two	of	them	must	be	anchored	in	the	vesicle	and	target	membranes	through	their	carboxy-terminal	

transmembrane	domains[13].	The	identification	and	characterization	of	SNAREs	lead	to	the	conclusion	

that	 the	mechanism	of	neurotransmitter	release	 is	universal	a	highly	conserved.	This	allows	spatial-

temporal	precision,	accuracy,	and	speed	of	communication	between	neurons[14].		
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Since	their	direct	role	in	synaptic	transmission	and	consequently	mental	well-being,	many	clinical	cases	

have	been	reported	connected	to	SNAREs[14].	Investigating	SNAREs	and	related	proteins	could	shed	

new	lights	on	the	understanding	of	neuronal	circuits	and	defects	in	communication,	however	this	thesis	

is	focalized	on	the	other	terminal	of	the	excitatory	synapses.		

	

1.1.2	Post-synaptic	terminal	

Within	the	central	nervous	system,	the	majority	of	the	post-synaptic	terminal	of	the	excitatory	synapses	

is	 formed	 in	 the	 so-called	 dendritic	 spines:	 subcellular	 highly	 specialization	 of	 the	 dendrite	

compartment.	In	this	compartment,	with	a	relatively	small	volume,	there	is	the	highest	concentration	of	

neurotransmitter	receptors,	enzymes,	scaffolding	proteins,	and	cytoskeletal	elements.		

The	relative	length	of	the	neck	and	the	diameter	of	the	head	classify	dendritic	spines	in	five	categories:	

mushroom,	thin,	stubby,	filopodia,	and	branched	cup-shaped	spines[15,16].	

	

	
Figure	2.	Classification	of	dendritic	spines	[17].		

	

Spine	head	volumes	range	from	0.01	to	1	μm3,	and	spine	necks	vary	between	50	and	500	nm	in	diameter	

and	up	to	3	μm	in	length[16,18–20].	This	static	point	of	view,	however,	does	not	reflect	the	reality,	in	

fact,	dendritic	 spines	are	very	dynamic	structures	 that	can	modify	size	and	shape	within	seconds	 to	

minutes	 and	 undergo	 more	 lasting	 changes	 in	 the	 time	 scale	 of	 hours	 to	 days.	 In	 fact,	 it	 was	

demonstrated	that	the	size	of	the	spine	head	correlates	with	the	size	of	the	post-synaptic	density	(PSD),	

and	with	the	amplitude	of	the	excitatory	post-synaptic	current	(EPSC)[16,21,22].	
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Figure	3.	Organization	of	the	PSD	region	[23].		

	

The	PSD	region	is	a	protein-rich	membrane	specialization	of	the	dendritic	spines,	containing	more	than	

2000	proteins[24–26].	The	communication	among	neurons	is	regulated	by	changes	in	the	composition	

and	organization	of	these	proteins.	Therefore,	the	isolation	and	quantification	of	synaptic	proteins	is	a	

necessary	and	useful	technique	to	gain	insight	into	the	ways	that	neurons	respond	to	stimuli	and	alter	

synaptic	function.	Nowadays	there	are	several	protocols	for	the	isolation	of	the	PSD	region,	among	them	

the	centrifugation	in	Triton	allows	to	isolate	the	insoluble	fraction	(TIF)	in	which	it	is	possible	to	find	an	

enrichment	of	post-synaptic	proteins[27,28].	The	main	caveat	of	this	technique	is	the	impossibility	of	

analysing	dynamic	variations	of	proteins	in	the	PSD.	However,	the	analysis	of	the	TIF	can	give	an	idea	of	

the	biochemical	composition	of	the	proteins	characterizing	the	PSD.	

These	proteins	can	be	classified	in	i)	cell-adhesion	proteins,	ii)	cytoskeletal	proteins,	iii)	scaffolding	and	

adaptor	proteins,	iv)	membrane-bound	receptors	and	channels,	v)	G-proteins	and	modulators	and	vi)	

signalling	molecules	 including	kinases/phosphatases[15,29,30].	The	major	 structural	 components	of	

the	PSD	are	scaffold	proteins,	working	as	a	platform	by	binding	to	post-synaptic	receptors,	adhesion	

molecules,	and	cytoplasmic	signalling	proteins	like	kinases,	phosphatases,	and	GTPases[31–33].	Among	

them,	there	are:	-the	discs	large	(DLG1–5)	family	belongs	to	the	MAGUK	superfamily	which	interacts	

with	glutamate	and	other	neurotransmitter	receptors;	-the	SH3	and	multiple	Ankyrin	repeat	domains	

(SHANK1–3)	protein	family,	which	connects	the	system	of	scaffold	and	receptors	to	the	cytoskeleton;	-

the	 DLG-associated	 proteins	 (DLGAP1–4)	 which	 connects	 the	 top	 and	 bottom	 layers	 of	 synaptic	

scaffolds[5,26,34–36].	

The	re-modelling	of	the	PSD	region,	which	consists	in	the	regulation	of	the	amount	of	neurotransmitter	

receptors	and	scaffold	proteins,	is	the	morphological	correlate	of	the	synaptic	plasticity.	The	movement	

of	 neurotransmitter	 receptors	 is	 fine	 regulated	 between	 the	 plasma	 membrane	 and	 intracellular	

compartments[37],	and	they	can	also	laterally	diffuse	within	the	plasma	membrane[38].	This	dynamic	

regulation	 of	 localization	 and	 numbers	 of	 neurotransmitters	 receptors	 depends	 on	 the	 synaptic	

plasticity,	the	cellular	substrate	for	learning	and	memory.	In	fact,	the	long-term	potentiation	(LTP)	and	
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long-term	 depression	 (LTD),	 have	 direct	 morphological	 correlates:	 spine	 head	 enlargement	 in	

LTP[39,40]	and	shrinkage	of	the	spine	head	and	decreased	spines	number	in	the	LTD[41,42].		

	

1.1.3	Inhibitory	Synapses	
Inhibitory synapases are also known as asymmetrical or Type II synapses. In the CNS, the inhibition 

is mediated by gamma-aminobutyric acid (GABA) and glycine. Generally, inhibitory synapses are or 

GABAergic or glycinergic, although there are synapses that release both neurotransmitters[43]. 

The mains scaffold proteins of inhibitory synapses is Gephyrin[44,45], that forms submembranous 

hexagonal macromolecular complexes[45] organizing protein-protein interactions among GABA 

Receptors, the cytoskeleton and sevral cell adhesion and signal transduction proteins[46]. 

Inhibitory and particularly GABAergic synapses are formed by interneurons (IN) that locally project 

with axonal arborization, dendritic or somatic compartments in the same anatomic structure[47,48]. 

Adult INs have a critical role in mantaining physiological activity levels, stabilizing and 

synchronizing neuronal networks preventing runaway excitation[49]. Similarly to glutamatergic 

synpases, also inhibitory synapses can dinamically change in response to the activity of the network 

with morphological reorganization of postsynaptic density or de novo formation and elimination of 

inhibitory contacts.	However, compared to excitatory synpases, much less is known about inhibitory 

circuits.	

	

Since	 the	 focus	 of	 the	 thesis	 is	 the	 synaptopathy	 of	 the	 excitatory	 post-synaptic	 density,	 we	

dedicated	the	following	chapters	to	the	main	markers	analysed	in	this	project.		

	

-Ionotropic	Glutamate	receptors	

Excitatory	synapses	are	characterized	by	glutamate	receptors	(GluR).	There	are	two	classes	of	GluR:	

metabotropic	and	ionotropic.	These	last	one,	whose	action	is	always	excitatory	or	depolarizing,	can,	in	

turn,	be	classified	 in	AMPA,	Kainate	and	NMDA.	AMPA	receptors	are	encoded	by	 four	genes	(GluA1-

GluA4)	and	receptors	are	composed	by	two	different	subunits.	NMDA	receptors	are	coded	by	5	genes	

divided	 into	 2	 groups:	 GluN1	 and	 GluN2A-D.	 Each	 NMDAr	 has	 two	 GluN1	 subunits	 and	 2	 different	

GluN2[50].		

The	subunit	composition	of	glutamate	receptors	varies	among	different	cell	type	and	brain	region	and	

also	during	the	development[51]	and	defines	their	functionality.		

AMPA	and	NMDA	receptors	are	concentrated	in	the	middle	of	the	PSD	region,	just	opposite	to	the	vesicle	

release	site	in	the	pre-synaptic	terminal;	on	the	contrary,	metabotropic	receptors	are	more	lateral,	in	

the	pre-synaptic	domains[52,53].	
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In	particular,	AMPARs	are	concentrated	in	the	edge	of	the	PSD	region	in	order	to	allow	a	fast	and	efficient	

signal	transmission[23,54,55].	The	localization	and	function	of	AMPAr	are	fine	regulated	by	remodelled	

actin	cytoskeleton	linked	with	the	receptors	through	regulatory	and	adapters	proteins[56–58].	
NMDARs,	instead,	are	enriched	more	towards	the	centre	of	the	PSD[59,60].	Actin	cytoskeleton	plays	a	

key	 role	 also	 in	 NMDAr	 stability[61],	 and,	 in	 turn,	 NMDAr	 activation	 influences	 cytoskeleton	

integrity[62].		

	

	
Figure	4.	Glutamate	receptors	localization	in	the	PSD	region[23].	

	

This	 different	 localization	 has	 also	 a	 functional	meaning,	 central	NMDAr	 allow	AMPAr	 to	 turn	 over	

quickly	at	the	periphery	of	the	PSD,	accounting	for	dynamic	modulation	of	synaptic	transmission[63].	

In	 fact,	 AMPA	 receptors	mediate	 the	 fast-depolarizing	 currents,	whereas	NMDA	 receptors	 are	more	

important	in	modulating	synaptic	responses.	In	fact,	they	are	voltage-dependent,	higher	permeable	for	

Ca2+,	and	coupled	to	intracellular	signalling	effectors,	such	as	CaMKII[64].	A	higher	or	lower	increase	in	

intracellular	Ca2+	concentrations	mediated	by	NMDA	receptor	is	required	for	the	expression	of	LTP	or	

LTD.	

	

-PSD95	

PSD95,	a	member	of	the	membrane-associated	guanylate	kinase	family	(MAGUK),	is	the	most	abundant	

protein	 of	 the	 PSD	 region[29,65].	 As	 a	 scaffold	 protein,	 it	 plays	 a	 crucial	 role	 in	 the	 trafficking,	

recruitment	and	stabilization	of	glutamate	receptors	(both	AMPA	and	NMDA)	in	the	membrane[66,67],	

controlling	 indirectly	glutamatergic	 transmission	and	synaptic	plasticity[68,69].	 In	particular,	PSD95	

directly	binds	NMDA	via	the	PDZ	binding	domain[70],	while	indirectly	through	TARPs	(like	stargazing)	

AMPAs[66,71].	 PSD95	 is	 also	 implicated	 in	 the	 maturation	 of	 dendritic	 spines.	 Recent	 study	

demonstrates	 that,	 in-vitro,	 it	 takes	 at	 least	 24	 hours	 from	 the	 spine	 formation,	 to	 observe	 the	

accumulation	of	 PD95,	while	 other	 scaffold	proteins	 like	PSD-93,	 SAP102,	 and	 SAP97,	 appear	 early,	

facilitating	 AMPA	 recruitment.	 It	 seems	 that	 these	 proteins	 serve	 to	 the	 short-term	 stability	 of	 the	

spines,	while	PSD95	is	essential	for	the	long	term	stability[72,73].	Supporting	these	data,	there	are	also	

studies	on	PSD95	knock-out	mice,	in	which	in	hippocampal	slices	was	observed	increased	spines	turn-

over	 and	 failure	 of	 spine	 stabilization	 after	 LTP	 induction[74].	 On	 the	 contrary,	 over-expression	 of	

PSD95	increases	spine	stabilization,	maturation[75],	and	AMPA	transmission[74–76].	
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Due	 to	 its	 structure	 composed	of	different	domains,	PSD-95	undergoes	 to	 several	post-translational	

modifications,	 modulating	 its	 post-synaptic	 localization	 within	 the	 dendritic	 spine.	 Among	 them,	

phosphorylation	strongly	modifies	PSD95	stability,	influencing	receptors	trafficking	and	clustering[77].	

Several	 kinases	 can	 phosphorylate	 PSD95	 in	 different	 Tyr,	 Ser	 and	 Thr	 residues;	 for	 instance,	

phosphorylation	on	Ser295	increases	PSD-95	accumulation	at	the	synaptic	level[78,79],	while	in	Thr19	

reduced	the	stability	of	the	protein	in	the	post-synaptic	membrane[80].	

	

	
Figure	5.	Main	kinases	involved	in	the	phosphorylation	of	PSD95[77].	

	

-Drebrin	

Drebrin	is	an	actin-binding	protein,	enriched	in	the	dendritic	spines	that	allow	the	formation	of	stable	

F-actin.	 Although	 F-actin	 is	 present	 also	 in	 the	 pre-synaptic	 terminals,	 Drebrin	 is	 preferentially	

trafficking	 in	 the	post-synaptic	 side[81].	There	 are	 two	 isoforms	of	Drebrin:	A	 and	E.	 Expression	of	

Drebrin	A	is	neuronal	specific,	while	Drebrin	E	is	found	in	different	tissues[82].		

During	the	development,	Drebrin	A	expression	shows	a	profile	similar	to	synapse	formation	and,	indeed,	

it	was	demonstrated	that	Drebrin	plays	pivotal	roles	in	spine	formation	and	synaptic	plasticity[82,83].	

In	 particular,	 suppression	 of	 Drebrin	 A	 expression	 induces	 a	 delay	 in	 synapse	 formation	 and	

accumulation	of	other	synaptic	proteins	like	PSD95,	CaMKII,	and	glutamate	receptors[81,84],	while	its	

overexpression	enhances	spine	elongation[85].	In	fact,	in-vitro,	AMPA	stimulation	and	intracellular	Ca2+	

concentration	increase	the	appearance	of	Drebrin	A-decorated	F-actin	complexes	at	post-synaptic	sites	

that	function	as	a	platform	for	the	synaptic	proteins[86].	
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Figure	6.	Schematic	representation	of	Drebrin	and	F-actin	as	a	platform	for	other	synaptic	proteins[87].		

	

At	 least,	 30	 serine/threonine	 and	 5	 tyrosine	 phosphorylation	 sites	 have	 been	 found	 on	 Drebrin	

sequence.	Despite	 this,	 phosphorylation	 effects	 on	Drebrin	 stability	 are	 not	well	 characterized.	 It	 is	

known	that	phosphorylation	in	Ser142	by	cyclin-dependent	kinase	5	(Cdk5)	relieves	the	intramolecular	

inhibition	of	the	actin	binding	domain,	converting	Drebrin	from	a	single	actin	filament	binding	protein	

to	a	double	actin	filament	binding	protein	co-operatively	using	both	actin	filament-binding	domains[88].		

	

-Shank	

Central	PSD	scaffolds	are	 those	belonging	 to	 the	Shank	 family.	There	are	 three	 isoforms	of	SHANKs,	

coded	 by	 three	 different	 genes	 but	 with	 higher	 homology	 and	 with	 both	 overlapping	 and	 unique	

patterns	of	expression	during	 time	and	spatial	depending.	Shank1	and	Shank2	are	 increased	during	

early	postnatal	development[89].		

All	Shanks	can	self-assemble	into	large	scaffolds	and	form	networks	with	other	PSD	proteins[88,90,91];	

in	 fact,	 they	 are	 called	 “master	 organizing”	molecules	 of	 the	 PSD[92,93]	 as	 they	 interact	with	 large	

protein	 complexes,	 membrane-spanning,	 signalling	 proteins	 and	 cytoskeletal	 components[94].	

Increased	expression	of	Shank	causes	earlier	maturation	of	the	post-synapse	and	augmented	dendritic	

spines	dimensions.	In	addition,	its	overexpression	induces	the	generation	of	spines	in	smooth	neurons	

like	cerebellar	granule	cells[95].		

Ionotropic	glutamate	receptors	(particularly	GluR-δ2	subunit)	directly	bind	Shank[96],	however,	 the	

majority	of	AMPA	and	NMDA	subunits	do	not.	NMDAr	complexes	bind	Shank	through	SAPAP/GKAP,	

while	Homer	mediates	 the	bond	with	metabotropic	 receptors.	The	 interaction	with	AMPARs,	on	 the	

contrary,	occurs	via	stargazin/TARPs	or	SAP97	attached	to	the	NMDA/SAP90/PSD-95	complex.	Shank	
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serves	also	as	a	link	between	the	receptors	complex	and	the	actin	cytoskeletal.	In	fact,	Shank	can	bind	

several	classical	actin-binding	and	modulating	proteins	of	the	PSD,	such	as	brain	α-fodrin,	cortactin	or	

Abp1[67,97].	

	

	
Figure	7.	Shank	in	the	post-synaptic	density	region[98].	

	

1.2	Synaptic	Dysfunction	

Brain	disorders	represent	31,1%	of	all	deaths	worldwide,	affecting	1	in	3	Europeans.	The	complexity	of	

the	 molecular	 pathogenesis	 of	 this	 large	 variety	 of	 brain	 disorders	 made	 extremely	 difficult	 the	

diagnosis	 as	 well	 as	 the	 treatment	 of	 these	 diseases.	 Among	 them,	 neurodegenerative	 and	

neurodevelopmental	disorders	differ	in	time	of	onset,	outcomes	and	pathological	manifestations	but,	

however,	experimental	and	clinical	evidence	identified	several	shared	points[99,100].	One	of	them	is	

the	synaptic	dysfunction:	the	first	degenerative	event	of	the	excitatory	synapses.		

Synaptopathies	are	therefore	diseases	characterized	by	subtle	alteration	of	synaptic	proteins,	structure	

and	 function	 taking	 place	 at	 very	 early	 stages	 of	 brain	 diseases	 and	 include	 neurodegenerative	

disorders,	such	as	Alzheimer	Disease	(AD)	but	also	neurodevelopmental	diseases	like	autism	spectrum	

disorders	(ASD).	Of	relevance,	synaptic	dysfunction	is	closely	related	to	behavioural	impairments	

and	 occurs	 in	 an	 early	 stage	 of	 these	 pathologies,	 implying	 that	 identification	 of	 key	

proteins/pathways	underlining	 synaptopathies	 can	 lead	 to	 innovative	 approaches	 to	 rescue	disease	

phenotype.	Given	the	critical	role	synapses	play	in	normal	neurophysiology,	it	is	not	surprising	that	their	

dysfunction/loss	 may	 underlie	 many	 different	 brain	 diseases.	 Synapse	 dysfunction	 and	 loss	 has	 a	

devastating	 effect	 on	 neuronal	 communication,	 leading	 to	 wide	 ranging	 effects	 such	 as	 network	

disruption	within	central	nervous	systems	and	muscle	wastage	in	the	periphery.		

“Synaptopathy”	 is	 therefore	described	as	the	first	degenerative	event	of	the	excitatory	synapses,	

which	undergo	a	phase	of	“spine	dysfunction/injury”	common	to	many	brain	diseases.	This	process	is	

dynamic	and	is	composed	by	an	initial	reversible	phase,	during	which	synaptic	function	is	impaired;	in	
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the	second	phase,	the	spine	injury	progresses	in	an	irreversible	stage,	associated	with	synaptic	loss,	

and	eventually	neuronal	death	and	cognitive	impairment[101].	

Because	synaptic	injury	precedes	neuronal	death	and	surviving	neurons	possess	a	remarkable	capacity	

of	 repair,	 understanding	 the	 cellular	 mechanism	 and	 intracellular	 pathways	 characterizing	 spine’s	

injury,	will	allow	preventing	it	and	promoting	synaptic	plasticity	and	functional	recovery.	

Therefore,	targeting	a	therapy	to	prevent	synaptic	dysfunction	will	have	a	great	potential	against	many	

different	brain	illnesses.	

	

	
Figure	8.	Representation	of	the	Synaptic	Dysfunction	process.	

	

In	this	project,	we	studied	and	described	synaptic	injury	before	in	neurodevelopmental	diseases	

(Rett	and	Angelman	Syndromes)	and	then	in	Alzheimer	disease.	We	chose	to	study	these	diseases	

because	 evidence	 in	 the	 literature	 suggests	 that	 they	 are	 all	 characterized	 by	 a	 dysfunction	 of	 the	

synapses.	This	dysfunction	occurs	at	different	stages	in	patients'	lives,	but	we	strongly	believe	that	the	

underlying	mechanisms	are	similar.	To	confirm	this	idea,	we	chose	Rett,	Angelman	and	Alzheimer	as	

three	 prototypes	 of	 neurodevelopmental	 and	 neurodegenerative	 diseases	 for	 which	 robust	 animal	

models	were	available.		

	

1.2.1	Synaptic	Dysfunction	in	Neurodevelopmental	Disorders		
Neurodevelopmental	disorders	(ND)	are	a	class	of	diseases	characterized	by	the	impairment	of	one	or	

more	brain	 functions	 like	 cognitive,	 emotional,	motor,	 and	behavioural.	Despite	 the	 great	 variety	 of	

symptoms,	 the	 most	 common	 ones	 are	 difficulties	 in	 social	 relationships	 and	 communication,	

inflexibility,	 and	 metalizing[102].	 Autism	 spectrum	 disorder	 (ASD)	 is	 the	 prototype	 for	 the	
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neurodevelopmental	disorders,	even	if,	some	of	them,	including	Rett	syndrome,	are	not	considered	ASD	

but	 possess	 some	 autistic-like	 features.	 Despite	 the	 extensive	 research	 in	 this	 field,	 the	 common	

pathways	underling	these	disorders	are	still	unknown.	Nevertheless,	the	primary	mechanisms	of	ASD	

are	the	disruption	of	synaptic	connectivity[103].		

Whether	synaptic	dysfunction	is	a	reversible	mechanism	in	ASD	is	still	under	investigation;	this	is	an	

important	point	and	may	represent	an	 important	 therapeutic	window	for	reversing	the	pathological	

process.	 To	 obtain	 the	 proof	 of	 principle	 for	 reversion	 of	 a	 specific	 neuronal	 defect,	mouse	models	

carrying	similar	mutations	to	those	identified	in	humans	have	been	generated.	These	models	are	used	

to	test	the	potential	for	reversibility	and	to	discover	the	mechanisms	underlying	the	pathologies,	but	

species-specific	differences	might	limit	direct	predictions	in	humans[104,105].	

What	is	known	is	that	ASD	may	start	from	deregulation	of	signalling	pathways	in	the	synapse,	like	post-

translational	modifications	of	synaptic	proteins,	altered	gene	transcription	and	translocation	of	mRNA	

in	the	synapses	or	impairment	in	neurotransmission	in	the	early	stages	of	the	CNS	development[106].	
Several	 functional,	 anatomical	 and	histological	 changes	have	been	 reported,	 also	with	 contradictory	

results	both	in	humans	and	animal	models,	but	are	relatively	not	understood,	and	may	either	weaken	

or	intensify	neuronal	communication[107].	The	two	most	studied	ND	are	X	fragile	Syndrome	(FXS)	and	

Rett,	both	suggesting	that	altered	synaptic	signalling	is	a	key	element	in	the	pathophysiology	of	

ASDs.	This	altered	neuronal	activity	is	a	reflection	of	disturbed	synaptic	integrity,	which	can	be	affected	

by	abnormal	morphology	and	expression	of	adhesion	molecules,	scaffolding	proteins,	as	well	as	synaptic	

proteins	like	neurotransmitter	transporters	and	receptors	that	in	turn	influence	neuronal	excitability	

and	synaptic	function[108].		

In	 ND	 it	 seems	 that	 alterations	 in	 dendritic	 spines	 are	 due	 to	 abnormalities	 in	 synaptic	 pruning.	

Normally,	 during	 childhood	and	 adolescence,	 the	dendritic	 spine	numbers	decrease	by	45%,	on	 the	

contrary,	in	autistic	patients,	it	is	reduced	only	by	16%[109].		

	

	
Figure	9.	Comparison	between	normal	and	autism	dendritic	spines	number[110].	
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This	 is	 confirmed	by	analysis	on	post	mortem	 brain	of	 autistic	patients	 that	 reveal	 a	higher	average	

dendritic	spine	density	in	the	frontal,	temporal	and	parietal	lobes	associated	with	no	epileptic	seizure	

but	with	decreased	brain	weight	and	cognitive	impairment[111].	In	addition,	recent	works	on	iPSCs	and	

mice	models	 supported	 the	 hypothesis	 of	 synaptic	 dysfunction[112],	 showing	 altered	white	matter	

development	of	the	tract	related	to	cognitive,	social	and	emotional	functions,	suggesting	altered	brain	

connectivity	from	childhood	to	early	adulthood	of	ASD	patients[113].		
One	of	the	shared	symptoms	in	ND	is	the	difficulty	facing	visual	recognition	and	verbal	expression,	and	

these	 are	 probably	 due	 to	 the	 poor	 connections	 between	 frontal	 and	 temporal	 cortex[107,114].	

Connectivity	is	also	altered	and	characterized	by	low	transmission	and	decreased	connection	in	areas	

involved	in	the	language	processing,	while	it	is	particularly	intense	in	primary	paralimbic	cortices[115].	
This	 idea	of	 loss	of	specialization	of	cortical	regions[116]	 is	 in	 line	with	altered	spatial	relationships	

between	 cortical	 neurons	 and	by	 alterations	 in	 shaping/size	 of	 the	neuronal	minicolumns	 grouping	

neurons	with	same	receptive	fields[117,118].		
Another	 common	 feature	 in	 the	 autistic	 brain	 is	 the	 imbalance	 between	 excitatory/inhibitory	

transmission,	resulting	in	the	disruption	of	the	formation	of	cortical	networks	and	impairment	in	the	

information	 processing[108].	 All	 the	main	 neurotransmitters	 systems	 (nicotinic,	 glutamatergic,	 and	

GABAergic)	seem	to	be	impaired	in	ND.		

Nicotinic	 receptors	 are	 reduced	 in	 cortex	 and	 cerebellum[119]	 of	 ASD	 patients,	 and	 particularly,	

Purkinje	and	granule	cells	show	reduced	affinity	for	the	nicotinic	receptor	subunits	alpha-3,	alpha-4	and	

beta-2[120],	however,	how	these	reductions	may	be	related	to	ASD	neuropathology	is	unclear.		

Concerning	 the	GABA	 transmission,	most	of	 the	 studies	 report	 a	decreased	parvalbumin	expression	

resulting	from	a	lower	number	of	PV	neurons;	accordingly	with	this	observation	there	is	a	reduction	of	

the	levels	of	GABA	receptors	in	parietal	and	frontal	cortex	and	cerebellum	of	autistic	patients	compared	

to	 ctr[121,122].	 This	 downregulation	 of	 GABA	 transmission	 may	 reflect	 an	 excitation/inhibition	

imbalance.	 In	 line,	 also	 receptors	 and	 transporters	 for	 the	 glutamate	 are	 deregulated[123],	 with	

decreased	or	increased	levels	of	both	ionotropic	and	metabotropic	receptors	levels	depending	on	the	

age	and	area	analysed[121,124].	 In	addition,	results	 from	magnetic	resonance	spectroscopy	 imaging	

(MRSI)	 confirm	 this	 E/I	 imbalance	 with	 lower	 GABA	 levels	 and	 higher	 glutamate	 levels	 in	 ASD	

subjects[125–127].	Overall,	this	imbalance	influences	the	processes	of	information	within	the	brain	and	

behaviour	like	susceptibility	of	seizure.	Also	genetic	mutation	can	contribute	to	the	aberrant	excitatory	

and	inhibitory	circuits[128].		

Currently	910	genes	are	associated	with	ASD	(Simons	Foundation	Autism	Research	Initiative,	2017)	and	

include	gene	coding	for	proteins	involved	in	protein	translation	and	synaptic	signalling[129,130].		

Concerning	the	synapse,	most	of	the	candidate	gene	encode	for	typical	PSD	proteins[131]	like	scaffold	

proteins	 or	 ion	 channels.	 In	 fact,	many	 of	 the	mutations	 associated	with	 ASD	 lead	 to	 alterations	 in	

excitatory	 or	 inhibitory	 neurotransmission	 that	 disrupt	 activity-dependent	 signalling	 and	 activity-

dependent	synapse	development,	maturation	and	refinement[132].	
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Among	them,	rare	mutations	associated	with	ASD	have	been	found	in	Shank	family[132].	In	a	screen	of	

226	families,	particularly	SHANK3	gene	is	mutated[133].	SHANK3	is	a	scaffold	protein	important	in	the	

direct	regulation	of	both	AMPA	and	NMDA	signalling,	but	also	in	the	regulation	of	the	link	between	pre-	

and	post-synaptic	terminal	binding	neuroligins[134].	Data	on	patients	are	also	confirmed	by	pre-clinical	

model,	 in	which	 the	knock-out	of	 the	gene	results	as	reduced	LTP	 in	 the	hippocampus,	mild	autistic	

behaviour	and	reduced	cognitive	performances[133].		

PSD-95	 is	 another	 high-risk	 gene	 involved	 in	 autism-spectrum	 disorders[135],	 also	 proved	 in	mice	

model.	 PSD-95	 knock-out	mice	 exhibit	 similar	 autism	 spectrum	disorders	 behaviour	 and	 decreased	

vocalization[136].		

Also	rare	mutations	in	multiple	members	of	the	neuroligin	and	neurexin	families	of	synaptic	adhesion	

have	been	found	to	be	associated	with	ASD.	Mice	models	carrying	these	mutation	show	alterations	in	

excitatory	 or	 inhibitory	 neurotransmission[137].	 All	 these	 genes	 encode	 for	 “supporting	 synaptic	

proteins”	with	a	critical	role	in	synaptic	activity.		

On	the	other	hand,	a	substantial	number	of	genes	associated	with	ASD	are	also	coding	for	of	the	NaV,	

CaV,	and	potassium	channel	families,	as	well	as	HCN	channels[138]	that	have	a	direct	detrimental	effects	

on	dendritic	excitability.		

	

	
Figure	10.	Schematic	representation	of	synaptic	proteins	involved	in	ASD[138].	

	

We	 will	 here	 introduce	 synaptic	 dysfunction	 in	 neurodevelopmental	 diseases:	 Rett	 and	

Angelman	Syndromes.		

	

-	Rett	Syndrome	

Rett	syndrome	(RTT)	is	a	rare	disease	and	is	the	second	leading	cause	of	genetic	cognitive	impairment	

in	 women[139],	 with	 an	 incidence	 of	 1:10,000–20,000	 live	 births;	males	 are	 infrequent	 and	 rarely	

survive	past	birth[140].	95%	of	cases	are	caused	by	de-novo	loss-of-function	mutations	of	the	X-linked	

methyl-CpG	binding	protein	2	(MECP2)	gene[141].		
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RTT	 is	 a	 progressive	 neurological	 disorder	 that	 evolves	 in	 different	 stages.	 After	 a	 pseudo-normal	

development	 in	 which	 patients	 usually	 achieve	 normal	 neurodevelopmental	 milestones,	 motor	

functions	and	communication	skills,	between	8	and	36	months	of	age	regression	starts	and	the	with	

cognitive	impairments	that	progress	with	many	other	severely	disabling	problems[142,143],	including	

growth	failure,	epilepsy,	gastrointestinal	disorders,	scoliosis	and	cardio-respiratory	abnormalities[144–

146],	 abnormal	 muscle	 tone	 and	 autistic	 features	 (20-50%	 of	 cases)[147,148].	 Particularly,	 four	

manifestations	are	fundamental	for	the	diagnosis:	i)	loss	of	language,	ii)	loss	of	fine	motor	coordination;	

iii)	locomotive	impairment	and	vi)	hand	stereotypes[149].		

The	first	phase	of	the	disease	is	the	stagnation	characterized	by	developmental	delays	followed	by	a	

rapid	regression	stage	and	the	plateau	stage	during	which	the	symptoms	become	more	common,	but	

the	communicative	skills	may	improve.	The	last	phase	is	characterized	by	sever	physical	disability	that	

led	patients	to	become	wheelchair	dependent[150].		

	

	
Figure	11.	Schematic	representation	of	Rett	Syndrome	symptoms	appearance	during	time[151].	

	

MECP2	 expression	 in	 both	 human	 and	 mouse	 brains	 is	 correlated	 with	 the	 maturation	 and	

differentiations	of	neurons	 in	 the	CNS[152].	 In	 the	normal	brain,	Mecp2	allows	 synapses	 formation,	

remodelling	and	stabilization	and	the	effect	of	MECP2	deletion	can	be	found	at	different	levels	in	the	

brain:	 -firstly,	 in	 an	 increase	 of	 peri-somatic	 GABAergic	 terminal[153]	 and	 decrease	 excitatory	

projections[154];	-secondly,	in	specific	synapses	with	changes	in	inhibitory	and	excitatory	potency	and	

excitability),	 -lastly	 the	 efficacy	 of	 synapse	 is	 impaired	 by	 the	 status	 of	 post-synaptic	 target	

neurons[149].	Recent	 studies	 report	 that	 subtle	 changes	 in	 connectivity	 and	 communication	 among	

neurons[155],	density,	stability	and	turnover	of	dendritic	spines	are	altered	in	RTT	brains[156].	There	
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is	also	a	shift	of	the	excitatory/inhibitory	balance,	observed	both	in	murine	and	human	models[157],	in	

favour	 of	 excitation	 that	 helps	 to	 explain	 the	 RTT-brain	 defects	 and	 symptoms	 like	 seizures	 and	

hyperkinetic	 movements[158–160].	 In	 particular,	 the	 brainstem,	 a	 brain	 area	 crucially	 involved	 in	

regulating	autonomic	functions,	presents	defects	in	synaptic	transmission[161]	with	strongly	depressed	

GABAergic	synaptic	 transmission[162]	and	reduced	expression	of	 tyrosine	hydroxylase	 [163,164]	 in	

line	with	the	severe	breathing	abnormalities	displayed	by	both	mice	and	Rett	patients[165].	There	are	

also	several	evidence	reporting	reduced	dendritic	spines	in	different	cortical	and	hippocampal	region	

of	Rett	patients[166].		

Rett	is	potentially	treatable	since	Rett	patients	do	not	display	neuronal	death[150],	despite	the	many	

efforts	in	the	understanding	of	Rett	pathogenesis,	no	treatments	are	available	to	cure	this	pathology.	

Interfering	with	key	proteins	downstream	MeCP2,	by	bioactive	tools,	could	lead	to	the	development	of	

effective	therapeutic	intervention	in-vivo.		

	

-	Angelman	Syndrome	

Angelman	syndrome	(AS)	is	a	rare	neurodevelopmental	disorder[167].	The	primary	cause	of	Angelman	

syndrome	 is	 the	 selective	 loss	 of	 function	 of	 the	 maternal	 allele	 UBE3A,	 coding	 for	 E6AP	 protein,	

together	with	imprinting	or	silencing	of	the	paternal	chromosome	15q11-13	in	the	brain[168].	

Both	males	and	 females	are	equally	affected	and	the	 incidence	of	AS	varies	 from	1	in	20,000	to	1	 in	

12,000	 live	births[169].	The	developmental	delay	 emerges	 around	6 months	of	 age,	 becoming	more	

apparent	after	12 months[170]	and	reaching	a	plateau	at	24–30 months[171].	Children	with	AS	have	

strong	deficits	of	 fine	and	gross	motor	skills,	absence	of	speech,	 intellectual	disability	and	abnormal	

demeanour[170].	In	addition,	the	80%	of	the	patients	have	epilepsy	and	sleep	problems[170,172].	AS	

patients’	 life	span	could	be	quite	long,	around	60/70	years	old.	The	early	mortality	is	attributable	to	

complications	 of	 seizures,	 or	 to	 accidental	 events	 due	 to	 their	 very	 inquisitive,	 hyperactive,	 and	

exploratory	behaviours[173].	
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Figure	12.	AS	Main	symptoms	and	frequencies[174].	

	

Autopsy	 studies	 performed	 on	 the	 brains	 of	 AS	 patients	 have	 shown	 a	 decrease	 in	 brain	 size,	with	

moderate	brain	atrophy.	In	particular,	at	the	cerebellar	level,	the	loss	of	Purkinje	cells	and	granular	cells	

and	an	extensive	gliosis	of	Bergmann	cells	were	found,	while,	at	the	cortical	level,	there	was	a	decrease	

in	the	dendritic	arborization	of	the	pyramidal	neurons	of	layers	III	and	stratum	V	and	abnormal	genesis	

of	the	dendritic	spines[168].		

Growing	literature	evidence	revealed	a	role	for	E6AP	in	neuron	structural	development	as	well	as	in	

dendritic	spine	development	and	plasticity[175,176]:	Ube3Am−/p+	AS	mice	displayed	aberrant	dendritic	

spines	 density	 and	 morphology,	 with	 variability	 in	 spine	 neck	 length	 and	 head	 size[177,178].	 In	

addition,	another	key	feature	in	AS	brain,	caused	by	loss	of	E6AP,	is	an	E/I	imbalance	in	the	brains	of	

Ube3Am−/p+	mice,	which	may	also	 contribute	 to	 seizure	 susceptibility[179].	However,	 little	 is	 known	

about	the	neuronal	function	of	the	UBE3A	in	control	conditions	and	even	less	about	the	pathogenesis	

linked	to	UBE3A-related	disorders,	as	well	as	the	mechanisms	that	link	UBE3A	to	dendritic	spine	are	

not	clear	yet.		

To	date,	there	is	no	cure	for	AS	and	therapeutic	approaches	are	mostly	based	on	genetic	strategies[180].	

Understanding	synaptic	injury	in	AS	will	help	in	the	development	of	tailored	synapse-targeted	therapies.	

In	 fact,	 several	 strategies	 are	 focused	 on	 targeting	 specific	 cellular	 pathways	 altered	 by	 the	 lack	 of	

UBE3A,	like	dopaminergic	pathways	and	phosphorylation	of	calcium/calmodulin-dependent	kinase	II	

(CaMKII),	dendritic	spine	maturation,	synaptic	signalling	pathways	or	mitochondrial	dysfunction[181].	
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1.2.2	Synaptic	Dysfunction	in	Neurodegenerative	Diseases		
Neurodegenerative	 diseases	 (NDD)	 are	 a	 class	 of	 different	 neurological	 disorders	with	 a	 very	 large	

variety	of	clinical	and	pathological	features,	specifically	affecting	subgroups	of	neurons	in	specific	brain	

regions[182].	Among	them,	the	most	frequent	are	Alzheimer's	disease	(AD),	Parkinson's	disease	(PD),	

Multiple	sclerosis	(MS),	and	Huntington's	disease	(HD),	all	characterized	by	progressive	and	selective	

loss	of	functioning	neurons	associated	with	sensory,	motor,	and	cognitive	impairments[183].	Although	

neuronal	 death	 is	 the	 final	 stage	 of	 all	 these	 pathologies,	 it	 is	 difficult	 to	 think	 that	 neurons	 are	

functioning	until	the	moment	of	the	death,	thus,	neuronal	death	is	the	result	of	a	pathological	process	

already	active	and	prolonged	over	time.		

Another	shared	feature	of	NDD	is	the	accumulation	of	aberrant	misfolded	proteins,	different	in	different	

pathologies	but	with	similar	detrimental	results[184].	Among	them,	alpha-synuclein	(αSyn)	in	PD[185],	

Tau	 and	 APP	 in	 AD[186]	 and	Huntingtin	 (HTT)	 in	 HD[187]	 accumulate	 and	mislocalize	 in	 neurons	

affecting	synaptic	terminal	composition,	organization	and	function[188–190].		

	

	
Figure	13.	Neurodegenerative	diseases	common	pathological	hallmarks[191].		

	

Understanding	 the	 initial	 phase	 of	 synaptic	 dysfunction	 in	 neurological	 disorders,	 however,	 is	

challenging	because	of	limited	and	usually	late-stage	access	to	human	tissues	and	of	the	long	prodromal	

phase	of	these	pathologies	that	delay	the	diagnosis.	

In	fact,	some	pioneering	pharmacological	strategies	are	targeting	synaptic	dysfunction	by	inhibiting	key	

player	interactions	between	proteins	of	the	PSD	region	using	cell-permeable	peptides	reveals	strong	

therapeutic	promise.	For	example,	peptide	disruption	of	PSD95	interactions	with	neuronal	nitric	oxide	

synthase	(nNOS)	or	with	the	NMDA	receptor	results	in	decreased	excitotoxic	and	ischemic	damage	in	

stroke	models[192].	 In	 particular,	 the	 PSD95-nNOS	 inhibitor	 peptide	 (Nerinetide)	 reduces	 ischemic	
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brain	damage	in	patients	undergoing	endovascular	repair	of	brain	aneurysms	and	is	now	in	phase	III	of	

the	clinical	trial	against	acute	stroke[193].	

With	regards	to	neurodegenerative	diseases,	peptides	that	uncouple	GluN2A	binding	to	PSD-MAGUKs	

significantly	reduced	dyskinesias	in	PD	rodent	models[194].	In	addition,	the	c-Jun	N-terminal	kinases	

(JNKs)	inhibitor	peptide,	D-JNKI1,	has	been	used	in	an	increasing	number	of	diseases	animal	models,	

including	diabetes,	 stroke,	 neurotrauma,	 hearing	 loss	 and	Alzheimer's	 disease,	 resulting	 in	 a	 potent	

neuroprotective	 compound.	 The	 efficacy	 of	 this	 peptide	 shows	 that	 JNK	 inhibition	 is	 a	 promising	

effective	strategy	for	the	treatment	of	these	diseases	and	opens	the	possibility	for	testing	whether	JNK	

inhibition	will	have	clinical	perspective.	

	

AD	 is	 the	most	 frequent	 among	 neurodegenerative	 diseases	 and	 has	 the	most	 characterized	

synaptic	dysfunction,	for	these	reasons	we	focus	on	AD.	

	
	
	
	
-	Alzheimer	Disease	

Alzheimer’s	disease	(AD)	is	an	irreversible	progressive	neurodegenerative	disorder	characterized	by	

learning	and	memory	decline,	intellectual	retardation	and	emotional	disturbances[195].	
There	 are	 only	 4	 available	 Food	 and	 Drug	 Administration	 (FDA)	 approved	 treatments	 for	 AD	 that,	

however,	 have	 limited	 effects	 on	 cognitive	 improvement.	 Therefore,	 AD	 remains	 inexorable	 and	

incurable[196],	 representing	 the	 fifth	 leading	 cause	 of	 death	 globally[197].	 5.8	 million	 people	 are	

affected	by	AD	in	the	United	States	and	2,5%	of	65-69	and	40%	of	90-94	years	population	in	Western	

Europe[198].	

Despite	in	the	last	25	years,	several	evidence	demonstrate	that	the	two	main	hallmarks	of	the	disease	

are	the	accumulation	of	Aβ	and	Tau	insoluble	species	and	plaques,	the	exact	pathological	cause	for	AD	

is	still	unknown[195].	 In	 fact,	30%	of	over	75	population,	medically	normal,	at	 the	autoptic	analysis	

reveal	neuropathological	indications	of	AD[199,200].	

Experimental	data	derived	from	studies	on	oligomers	(the	toxic	species	derived	from	the	amyloidogenic	

cleavage	of	APP)	derived	from	both	humans	and	transgenic	mice	demonstrate	that	soluble,	low-number	

oligomers	can	 impair	 the	activity-dependent	modulation	of	synaptic	strength	and	synaptic	plasticity	

leading	to	synaptic	loss	and	decrease	in	dendritic	spine	number.	Larger	aggregates	of	oligomers,	like	

dodecamers,	also	exhibit	neurotoxicity[201].	

Therefore,	 intraneuronal	 accumulation	 of	 Aβ,	 particularly	 the	 soluble	 and	 oligomeric	 Aβ	 species,	 is	

considered	 more	 toxic	 than	 insoluble	 forms,	 that	 accumulate	 into	 plaques	 within	 the	 brain	

parenchyma[202].	 The	 deposition	 of	 this	 plaques	 formation	 is	 followed	 by	 the	 formation	 of	

Neurofibrillary	Tangles	(NFTs),	which	would	be	more	likely	to	cause	the	observed	neuronal	dysfunction	
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and	degeneration	since	the	spreading	of	tau	pathology	is	highly	correlated	with	the	patterns	of	clinical	

symptoms	and	cognitive	decline[203].	

Pathological	 tau	 produced	 by	 posttranslational	 modifications,	 like	 phosphorylation,	 acetylation,	

ubiquitination	and	truncation,	leads	to	conformational	changes,	aggregation,	NFT	formation	and	finally	

synaptic	 dysfunction[204,204].	 The	 pathological	 tau	 induces	 synaptic	 dysfunction	 in	 several	 ways,	

including	 reducing	 the	 mobility	 and	 release	 of	 pre-synaptic	 vesicles,	 decreasing	 glutamatergic	

receptors,	 impairing	 the	 maturation	 of	 dendritic	 spines	 at	 post-synaptic	 terminals,	 disrupting	

mitochondrial	 transport	 and	 function	 in	 synapses,	 and	 promoting	 the	 phagocytosis	 of	 synapses	 by	

microglia[204].	

Furthermore,	β-amyloid	and	Tau	are	strongly	related	in	fact,	in	1/3	of	synapses,	Aβ	and	Tau	co-localize	

in	AD	brain[205];	in	addition,	amyloid-β	promotes	tau	mislocalization	in	the	dendrites,	which	in	turn	

can	affect	the	accumulation	of	Aβ[206].	

Synaptic	loss	and	synaptic	dysfunction	are	the	two	key	components	of	the	neurodegenerative	process	

of	AD,	especially	in	early	AD.	Synaptic	dysfunction	includes	changes	in	the	morphology	and	function	of	

pre-synapses,	dendrites,	post-synapses,	 and	synaptic	 clefts	and	synaptic	 loss	 is	an	early	 indicator	of	

neuronal	dysfunction[207].	

In	mild	cognitive	 impairment	patients	 (a	condition	 that	often	evolves	 in	AD),	hippocampal	synapses	

begin	to	decline[208];	then,	patients	in	the	middle	phase	of	AD	display	a	reduction	of	25%	in	the	pre-

synaptic	vesicle	proteins[209].	With	the	progression	of	the	disease,	synapses	are	lost,	and	this	loss	is	the	

best	correlate	with	dementia[210–212].	

These	 alterations	 affect	 all	 the	 main	 neurotransmitter	 systems	 in	 the	 brain,	 both	 cholinergic[213],	

GABAergic[214]	and	glutamatergic	networks[215]	 resulting	 in	 the	deregulation	of	neurotransmitter	

receptors	 levels,	 scaffold	proteins,	 causing	 impairments	 in	 the	mechanism	of	 synaptic	plasticity	and	

imbalanced	between	excitatory	and	inhibitory	transmission.		
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Figure	14.	Ab	and	Tau	Toxicity	(Adapted)[216].		

	
Despite	the	efforts	in	drug	discovery,	no	definitive	cure	for	AD	are	available,	and	the	majority	of	ongoing	

phase	III	clinical	trials	are	focused	on	trying	to	stop	or	clearing	Ab	plaques.	Their	failure	leads	to	thinking	

of	 alternative	 intervention	 strategies	 downstream	 of	 Ab	 and	 Tau,	 in	 the	 early	 events	 of	 synaptic	

dysfunction;	being	able	to	block	this	process,	 in	the	still	reversible	 initial	stages,	would	bring	a	huge	

improvement	to	the	expectations	and	living	conditions	of	AD	patients.	

	

Among	different	stress	signalling	pathways	involved	in	Synaptic	diseases	we	focus	on	c-Jun	N-

Terminal	Kinase	that	is	a	common	key	mediator	in	all	the	described	pathologies.	

	

1.3	c-Jun	N-Terminal	Kinase	

1.3.1	MAPK	
In	mammals,	the	conventional	MAPKs	are	classified	into	four	specific	classes:	the	ERK	1/2	module,	the	

p38,	the	ERK5	and	the	JNK	modules[217].	

ERK1	and	ERK2	are	expressed	in	all	tissues,	with	high	levels	in	the	brain,	skeletal	muscle,	thymus,	and	

heart[218]	while	ERK5	is	expressed	to	various	extents	in	all	tissues,	with	particularly	high	levels	in	the	

brain,	thymus,	and	spleen[219].	

P38	is	present	in	4	different	isoforms:	p38α,	p38β,	ubiquitously	expressed	in	all	cells	and	tissues	and	

p38γ,	and	p38δ	with	a	more	restricted	expression	and	specialized	functions[220].	Lastly,	 JNK	family	

includes	three	isoforms	(JNK1,	JNK2	and	JNK3).		

ERK1/2	and	ERK5	are	 involved	 in	 the	mechanisms	of	 cell	proliferation,	differentiation,	 and	growth;	

instead,	p38	plays	a	critical	role	in	normal	immune	and	inflammatory	responses	since	it	is	activated	by	
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chemo	attractants,	cytokines,	chemokines	and	LPS	and	it	can	regulate	cytokines	expression[221].	JNKs	

cascade	 is	 triggered	 by	 several	 stress	 stimuli[222]	 and	 play	 a	 central	 role	 in	 apoptosis	 but	 also	 in	

migration	and	neuronal	polarity,	axogenesis,	dendritic	elongation	and	spines	maturations[223].	

Each	MAPK	is	activated	by	dual	phosphorylation	mediated	by	a	MAPK	kinase	(MAP2K)	that	is	activated	

by	the	phosphorylation	of	another	MAPKK	kinase	(MAP3K).	The	extent	and	timing	of	MAPK	activation	

are	also	controlled	by	MAPK	phosphatases	(MKPs),	which	are	highly	conserved	enzymes	involved	in	the	

regulation	 of	 MAPK	 signalling.	 The	 regulation	 and	 balance	 between	 these	 physiological	 and/or	

pathological	cellular	mechanisms	and	the	specificity	of	response	to	the	signal	are	relevant	processes	

within	the	signalling	pathways	involving	MAPKs	cascade.		

	

1.3.2	JNKs	

JNKs	are	serine/threonine	protein	kinases	belonging	to	the	MAPKs	mitogen-activated	protein	kinase	

(MAPK)	 displaying	 distinct	 patterns	 of	 subcellular	 localizations	 in	 neurons	 that	 underlie	 their	

pleiotropic	actions,	differentiated	in	two	main	categories:	physiological	and	stress-inducible[224].		

There	are	 three	genes,	Mapk8,	Mapk9	and	Mapk10,	encoding	 for	 ten	different	 JNK	splicing	variants.	

While	JNK1	and	JNK2	are	widely	expressed	in	all	body	tissues,	JNK3	is	expressed	at	very	high	levels	only	

in	the	central	nervous	system	(CNS),	and	less	in	cardiac	smooth	muscle	and	testis[101].	

JNKs	differ	 from	classical	MAPKs,	 because	 their	 activities	 are	more	potently	 induced	 in	 response	 to	

cellular	stress	rather	than	to	mitogens[225];	in	fact,	they	are	activated	in	response	to	cytokines,	heat	

shock,	ionizing	radiation,	growth	factors,	oxidant	stress	and	DNA	damage,	DNA	and	protein	synthesis	

inhibition[226]	and	in	response	to	endoplasmic	reticulum	stress[227].		

JNKs,	like	all	MAPKs	members,	are	part	of	the	modular	cascade	of	the	three-kinases	signalling	pathways	

(MAP3K	 –	 MAP2K	 –	 MAPK).	 For	 JNKs,	 mitogen-activated	 protein	 kinase	 kinases	 (MAP2K)	 are	

represented	by	MKK4	and	MKK7	 that	directly	activate	 JNKs	phosphorylating	 them	preferentially	on	

tyrosine	 and	 threonine	 respectively.	 As	 both	 these	 phosphorylations	 are	 necessary	 for	 JNKs	 full	

activation,	 MKK4	 and	 MKK7	 likely	 co-operate	 to	 activate	 JNK[228].	 In	 turn,	 they	 are	 activated	 in	

response	to	environmental	stress[229].	On	the	contrary,	there	are	at	least	14	MAP3K	kinases	that	allow	

a	wide	range	of	stimuli	to	activate	the	JNK	pathway.	Among	them,	known	MAP3Ks	in	the	JNKs	signalling	

cascade	 are	 ASKs	 (apoptosis	 signal-regulating	 kinases),	 DLK	 (dual	 leucine	 zipper	 kinase),	 MEKKs	

(MAPK/extracellular-signal-regulated	 kinase	 kinase	 kinases),	MLKs	 (mixed-lineage	 protein	 kinases),	

TAKs	(transforming-growth-factor-β-activated	kinases)	and	Tpl2	(tumour	progression	locus	2)[230].	
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Figure	15.	The	JNK	cascade[224].	

	

As	described	in	figure	15,	some	MAP3Ks	and	MAP2Ks	are	shared	among	MAPKs	pathways,	in	particular	

between	 JNKs	 and	 P38,	 facilitating	 crosstalk	 and	 signal	 integrations	 among	MAPKs.	 In	 this	 context,	

scaffold	 proteins,	 that	 do	 not	 have	 catalytic	 activities	 but	 organize	 the	 signalling	 module,	 play	 an	

important	 role	 in	 accelerating	and	 isolating	a	 single	MAPK	cascade,	preventing	 crosstalk	with	other	

pathways	 and	 promoting	 signal	 specificity[101].	 In	 fact,	 there	 are	 probably	 two	 coexisting	 types	 of	

MAPK/JNK	cascade	activation	modules.	In	the	first	one,	the	simplest,	MAPK	members	interact	by	direct	

protein–protein	 interactions[231];	 in	 the	 second,	 the	 scaffold	 proteins	 that	 link	 the	 different	 MAP	

kinases,	bringing	them	closer	and	accelerating	the	reaction	cascade,	assemble	the	module.	In	living	cell,	

these	two	processes	probably	coexist,	but	the	biological	meaning	is	difficult	to	interpretate	also	due	to	

scarce	literature	on	the	matter[101].		

As	cellular	sensors,	JNKs	have	signalling	properties	that	allow	processing	and	propagation	of	

stimuli.	Among	them,	there	are	-the	ultrasensitivity,	(a	small	increase	in	stimulus	produces	a	

very	large	response	after	a	threshold	is	crossed);	-	the	hysteresis,	(a	sort	of	memory	reflected	

in	the	sustained	activation	of	MAPK	when	the	stimulus	has	disappeared);	-	digital	response	(all-

or-none	response	at	a	single	cell	level)[232].	JNK	cascade	also	exhibits	switch-like	responses	to	

a	variety	of	stimuli[233]	.		

Particularly	in	neurons,	that	have	subcellular	compartmentalization	(cytoplasm	and	nucleus),	but	also	

functionally	 specialized	 compartments	 (axons,	 dendrites,	 and	 dendritic	 spines),	 JNKs	 play	 different	

roles	depending	on	 its	 localization	 and	 targets.	More	 important,	 JNKs	 are	not	 static	 in	 each	 cellular	

compartment	and	can	be	translocated	along	the	cells.		
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Figure	16.	JNKs	localization	in	neurons.	

	

Several	JNK	substrates	have	been	found	in	the	cytoplasm,	among	them	microtubule-associated	proteins	

(MAPs)	MAP1B,	MAP2	and	superior	cervical	ganglion	10	protein	(SCG10)[224].	

JNKs	can	also	translocate	to	the	mitochondria[234],	where	are	involved	in	neuronal	death	in	response	

to	excitotoxic	stress[235,236].	Here,	the	main	JNKs	targets	are	members	of	the	BCL-2	protein	family,	

BIMEL	(BCL-2-interacting	mediator	of	cell	death	extra-long),	DP5	(also	known	as	HRK)	leading	to	BAX-

dependent	release	of	cytochrome	c	and	apoptotic	death[237–240].	

Palmitoylation	motif	can	address	JNKs	to	Golgi	complex[241],	this	modification	is	present	on	JNK1,	JNK3	

but	not	on	JNK2.	In	particular,	JNK3	is	likely	to	be	the	major	JNK	isoform	controlling	secretory	trafficking	

in	neurons,	whereas	JNK1	may	play	a	similar	role	in	other	cell	types	in	which	JNK3	is	not	expressed[242].		

JNKs	can	also	be	transported	by	a	kinesin-1	cargo	in	the	axon	where	they	regulate	axonal	formation,	

growth	and	the	expression	of	axonal	markers	but	not	the	axon	fate,	although	these	events	are	difficult	

to	dissociate[243].		

JNK	 isoforms	 regulate	 structural	 and	 neurophysiological	 aspects	 of	 synaptic	 plasticity.	 JNKs	 control	

spine	 stability,	 predominantly	 regulating	 spines	with	 smaller	 head/neck	 length	 ratios,	 suggesting	 a	

major	role	in	controlling	thin	spines,	enriched	during	synapse	formation[244].	To	do	this	JNKs	control	

actin	 dynamics[245].	 In	 addition,	 it	 has	 been	 demonstrated	 that	 Jnk1-/-	 mice	 show	 decreased	

mushroom	 spine	 density	 and	 increased	 thin	 spine	 density	 in	 pyramidal	 neuron	 apical	 dendrites	 in	
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hippocampus	CA3,	with	an	overall	decreased	spine	density	in	basal	dendrites[246].		

JNKs	are	also	critically	involved	in	regulating	synaptic	AMPA	receptor	trafficking	during	LTD[247]	and	

contribute	 to	metabotropic	 glutamate	 receptor-dependent	 LTD	 in	 the	 CA1,	 directly	 binding	 PSD95,	

AMPAr	 subunits[248–250],	 but	 also	 SHANK3[251].	 Functionally,	 the	 JNK	 phosphorylation	 site	 in	

GluR2L	 controls	 reinsertion	 of	 internalized	 GluR2L	 back	 to	 the	 cell	 surface	 following	 NMDA	

treatment[249].	 In	 addition,	 the	 JNK	 signalling	 pathway,	 through	 phosphorylation	 at	 serine	 295,	

enhances	 the	 synaptic	 accumulation	 of	 PSD-95	 and	 the	 ability	 of	 PSD-95	 to	 recruit	 surface	 AMPA	

receptors	and	potentiate	excitatory	post-synaptic	currents[248].	

JNKs	can	also	translocate	to	the	nuclei	 in	response	to	stressors	such	as	excitotoxicity,	withdrawal	of	

trophic	 support,	 axotomy	 and	 hypoxia[252].	 In	 this	 compartment,	 JNKs	 phosphorylate	 c-Jun	 and	

activate	transcription	factor	2	(ATF2)[224,253,254].	In	turn,	c-Jun–ATF2	dimers	increase	mRNA	levels	

of	proteins	 involved	 in	 signalling	 cell	death[255,256]	 like	pro-apoptotic	genes	MAPK	phosphatase	1	

(Mkp1),	Dp5,	 Bim	 and	Puma[224],	 the	 endoplasmic	 reticulum	 stress	 pathway	 genes	Trib3	 (tribbles	

homologue	3),	Ddit3	(DNA	damage-inducible	transcript	3)	and	Txnip	(thioredoxin	interacting	protein),	

a	regulator	of	oxidative	stress[257]	contributing	to	the	death	of	sympathetic	neurons	(in	the	absence	of	

trophic	 support)[258],	 cortical	 neurons	 (following	 excitotoxicity)[259]	 and	 dopaminergic	 neurons	

(after	axotomy)[254].	

In	 addition,	 JNK	 directly	 targets	 chromatin	 modifiers,	 promoting	 histone	 phosphorylation	 and	

acetylation,	influencing	gene	expression	more	profoundly[224].		

Also	at	the	pherpheral	level,	JNK	plays	important	role.	Besides	their	role	on	the	central	synapses,	JNK	

can	act	at	 the	peripheral	 level	(i.e.	neuromuscular	 junctions,	NMJs)	as	well.	For	example,	 it	has	been	

demonstrated	 that	 mice	 expressing	 catalytically	 inactive	 ubiquitin-specific	 protease	 14	 (USP14)	

displayed	 increased	p-JNK	 that	 led	 to	 terminal	 swelling	 and	 sprouting	 at	 the	NMJ,	 as	well	 as	motor	

deficits[260].	The	inhibition	of	 JNK	(JNK	inhibitor:	SP600125)	significantly	 improved	motor	function	

and	synapse	structure	in	these	mice[260].	Moreover,	Schellino	and	colleagues	showed	that	the	chronic	

administration	of	a	specific	JNK-inhibitor	(D-JNKI1)	in	a	spinal	muscular	atrophy	(SMA)	mouse	model	

(SMN2+/+;	 SMNΔ7+/+;	 Smn−/−)	ameliorated	 the	 trophism	of	muscular	 fibres	 and	 the	 size	of	NMJs,	

leading	to	an	improved	innervation	of	muscles	and	motor	performances[261].	

	

1.3.3	JNK’s	scaffolds		

Scaffold	 proteins	 coordinate	 different	 intracellular	 cell-signalling	 pathways;	 they	 lack	 of	 intrinsic	

catalytic	activity	but	with	other	capacities	able	to	influence	the	activity	of	the	bound	enzymes.	Among	

others,	scaffolds	spatially	and	temporally	organize	kinases	cascade.	Basically,	scaffolds	perform	three	

functions:	i)	increase	the	efficiency	of	information	transfer	between	successive	enzymes	in	a	signalling	

cascade;	ii)	enhance	the	signal	by	reducing	crosstalk	between	parallel	cascades;	iii)	target	effectors	to	

specific	 subcellular	 locations.	 In	 the	 JNK’s	 context,	 JIP	 and	 β-arrestin-2	 are	 the	 two	main	 signalling	

regulators[262].	They,	in	fact,	assemble	a	specific	triad	of	MAP3K,	MAP2K	and	JNK,	providing	a	physical	
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conduit	for	signal	transduction	assembly	and	amplifying	different	signals	thanks	to	a	“conveyor	belt”	

mechanism[262,263].		

	

-	JIPs	

JNK	 interacting	 proteins	 (JIPs)	 are	 a	 family	 of	 scaffold	 proteins	 encoded	 by	 four	 genes[264]	 and	

composed	of	JIP-1,	JIP-2,	JSAP/JIP-3	and	JIP/JLP.	All	the	mammalian	JIPs	proteins	are	highly	expressed	

in	the	brain[264,265]	and	regulate	JNK	signalling	during	many	cellular	responses.	

JIPs	 coordinate	 the	 JNK-module	 and	 can	 also	 bind	 other	 proteins,	 including	 kinesin	 light	 chain	

(KLC)[266]	and	APP[267],	influencing	the	cellular	response	to	distinct	stimuli,	such	as	cytokines	(IL1,	

IL6),	UV,	oxidative	stress,	ischemia,	NMDA	stimulation	and	Toll-like	receptor	4,	and	regulating	distinct	

and	 overlapping	 functions.	 JIP-proteins	 link	 both	positive	 and	negative	 JNK	 signalling	 regulators	 by	

activating,	enhancing	and	accelerating	the	JNK	phosphorylation/activation	but	also	by	mediating	JNK	

dephosphorylation/inactivation[264].	

More	in	detail,	JIP-1	specifically	binds	all	JNK	isoforms	and	other	actors	of	the	JNK	signalling	cascade	

(MKK7,	phosphatases,	MEKK3,	MLK3	and	DLK),	while	JIP-2	interacts	with	JNK1,	 JNK2,	MKK7,	MLK2,	

MLK3	and	DLK.	However,	while	JIP-1	seems	to	bind	only	JNKs	family	members,	on	the	contrary	JIP-2	

can	also	interact	with	p38[268].	Both	scaffolds	show	augmented	expression	levels	in	neurons	where	

they	 show	 a	 specific	 localization	 in	 cytoplasm,	 axons,	 dendritic	 growth	 cones	 and	 synapses[269].	

Between	JIP-1	and	JIP-2,	JIP-1	shows	higher	affinity	for	JNKs	compared	to	JIP-2,	but	overexpression	of	

JIP-1,	as	well	as	JIP-2,	acts	as	an	inhibitor	of	JNK	signalling,	probably	because	they	sequester	actors	of	

the	cascade[270].	

JIP-3	shows	a	high	affinity	for	JNK3[271],	compared	to	JNK1	and	JNK2,	and	acts	as	a	JNK	activator	like	

JIP-1	and	JIP-2,	but	it	can	also	bind	ERK,	acting	as	an	inhibitor.	JIP-3	can	also	bind	MKK7,	MKK4,	MEKK1,	

MLK3	and	ASK1[268].	In	addition,	JIP-3	itself	is	a	JNK	target,	since	it	can	be	phosphorylated	only	by	JNK	

and	not	by	p38	and	ERK[272].	

JIP-4	binds	JNKs	with	a	major	affinity	for	JNK2	and	JNK3[268];	it	can	also	interact	with	KLC1	(kinesin	

light	chain	1)	but	not	with	MKK7,	MLK3,	ASK1	and	ERK,	and,	in	fact,	it	does	not	appear	to	enhance	JNK	

activation[264].	On	the	other	hand,	JIP-4	binds	some	isoforms	of	p38,	and,	in	fact,	it	seems	more	involved	

in	p38	signalling,	probably	representing	a	natural	inhibitor	of	p38.	Lastly,	JIP-4	itself	is	a	JNK	and	p38	

target[265].	

In	neurons,	JIPs	play	important	roles	in	development	and	stress	responses;	they	are	mainly	found	in	the	

cytoplasm,	but	nuclear	localization	has	been	reported	under	stress	conditions[273];	in	neurons,	they	

localize	 also	 in	 the	 axon	 growth	 cones[274]	 as	 well	 as	 in	 both	 pre-	 and	 post-synaptic	

compartments[274,275].	 In	neurons,	 JIPs	can	translocate	among	cellular	districts,	are	therefore	very	

intriguing	proteins	that	can	be	used	as	tools	to	modulate	JNKs	action.	

Particularly,	JIP1	was	initially	characterized	as	an	inhibitor	of	JNK	signalling,	since	its	overexpression	

inhibits	 JNK	phosphorylation	 on	 its	 elective	 target	 c-Jun	preventing	 apoptosis[276].	 The	 interaction	
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between	JNKs	and	JIP1	is	mediated	by	20	aminoacids[277,278]	of	the	JNK-binding	domain	(JBD)	of	JIP-

1[279]	 and	 overexpression	 of	 JIP1	 or	 JBD	 alone	 reduces	 JNK	 pathway	 activation[280,281].	 Under	

normal	conditions,	JIP1	retains	JNKs	in	the	cytoplasm.		

	

	
Figure	17.	JNK’s	scaffold	protein	JIP-1[101].	

	

With	stress,	reduced	amounts	of	JIP1	after	JNK	activation	may	release	phospho-JNKs	to	translocate	into	

the	nucleus	where	it	activates	c-Jun[273].	In	fact,	it	is	known	that	JIP1-JNK3	binding	is	highly	increased	

in	the	brain	30	min	after	ischemia[282].	In	addition,	JIP1	can	influence	the	kinesin-mediated	localization	

of	cargo	molecules	and	organelles	within	the	cell[283].	With	in-situ	hybridization,	it	was	proved	that	

JIP1	mRNA	was	found	in	different	extent	in	cortex,	hypothalamus,	cerebellum,	medulla,	pituitary	gland,	

olfactory	bulb,	and	hippocampus.	In	particular,	with	immunofluorescence,	in	the	cortex	and	cerebellum	

the	 prevalent	 staining	 was	 found	 in	 synaptic	 complexes	 in	 adult,	 and	 growth	 cones	 in	 developing	

nervous	tissue[274].	These	data	are	confirmed	by	biochemical	and	subcellular	fractionation	of	neuronal	

cells	that	reveal	its	presence	essentially	in	the	cytosolic	and	membrane	fractions[284].		

	

-	β-Arrestin-2		

β-arrestins	 act	 as	 scaffold	proteins	 for	 various	 components	of	 clathrin-coated	endocytosis[285],	 but	

they	are	also	scaffolds	for	multiple	kinases	and	phosphatases	involved	in	cell	signalling	(such	as	the	MAP	

kinase	module)[286].	

The	arrestin	family	is	composed	of	four	members:	arrestin-1,	β-arrestin-1,	β-arrestin-2	and	arrestin-4.	

Arrestin-1	and	-4	are	also	called	visual-arrestins,	because	they	are	expressed	in	the	photoreceptors	of	

the	retina,	while	β-arrestin-1	and	-2	are	ubiquitously	expressed.	Neurons	express	both	β-arrestin-1	and	

-2,	but	adult	neurons	present	10/20-fold	higher	levels	of	β-arrestin-1	in	most	brain	regions[287,288].		
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All	arrestin	isoforms	bind	JNK3,	but	only	β-arrestin-2	serves	as	a	scaffold,	promoting	JNK3	activation,	

independently	 of	 its	 interaction	 with	 G	 protein-coupled	 receptors	 (GPCRs).	 b-Arrestin2	 can	 also	

facilitate	the	activation	of	JNK1	and	JNK2[289].	What	differentiates	the	bond	between	β-arrestin2	and	

JNK3	is	the	docking	site.	In	fact,	JNK3	binds	to	the	C-terminus	of	β-arrestin-2	by	its	unique	N-terminal	

region	that	is	absent	in	other	JNK	isoforms[290].		

	

	
Figure	18.	β-Arrestin-2:	JNK3	scaffold[101].	

	

The	β-arrestin-2	is	able	to	promote	specifically	the	activation	of	JNK3,	but	not	of	JNK1	and	JNK2,	the	

other	 isoforms	 of	 the	 family	 JNK[291].	 It	 has	 also	 been	 shown	 that	 mutations	 in	 this	 specification	

sequence	may	not	only	mediate	the	link	between	selective	targets	of	JNK3,	but	also	with	JBD	dependent	

partners[292].	Recent	works	 showed	 that	β-arrestin-2,	by	 changing	 conformation,	 exposes	different	

binding	domains,	which	link	and	recruit	certain	proteins,	in	particular	MAPK	module	components.	In	

fact,	β-arrestin-2	specifically	associates	with	the	JNK3,	MKK4/MKK7	and	ASK1	module,	and	also	with	

JNK-phosphatase,	the	MAP	kinase	phosphatase	7	(MKP7)[293].	The	β-arrestin-2	scaffold	can	amplify	

different	 signal	 modules/pathways,	 and	 how	 this	 module	 amplifies	 the	 signal	 is	 explained	 by	 the	

“conveyor	belt”	model	previously	described[119].	Concerning	JNK3,	β-arrestin-2	binds	inactive-JNK3,	

thus	bringing	it	close	to	MKK7/MKK4,	which	in	turn	can	phosphorylate	JNK3.	A	single	phosphorylation	

of	JNK3	reduces	the	strength	of	the	bond	with	β-arrestin-2,	while	full	phosphorylation	leads	to	a	higher	

decrease	of	its	the	interaction	with	the	scaffold,	resulting	in	the	dissociation	of	P-JNK3,	allowing	another	

inactive	JNK3	molecule	to	bind	β-arrestin-2[290].	

All	 these	 elements	 suggest	 an	 important	 role	 of	 β-arrestin-2	 as	 another	 potential	 key	modulator	 in	

neurodegeneration/neuroprotection,	as	for	JIP-1.	
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1.3.4	JNKs	Isoforms	
There	are	10	splice	variants	of	the	three	human	genes	coding	for	JNK	proteins.	All	JNK	genes	have	been	

sequenced	and	structurally	analysed.	Among	them,	 there	 is	>80%	of	homology,	however,	 they	show	

some	 differences	 in	 their	 domain	 assembly,	 such	 as	 C-terminal	 extension,	 or	 different	 exon	 usage	

between	 subdomains	 which	 can	 be	 associated	 with	 functional	 specificity[294].	 All	 the	 JNKs	 splice	

variants,	in	the	human	brain,	have	a	molecular	weight	around	46	kDa	or	54	KDa.	

The	 proteins	 are	 characterized	 by	 the	 same	 structure,	 in	 particular,	 JNK3	 shares	 92%	 and	 87%	

aminoacid	 identity,	with	 JNK1	 and	 JNK2	 respectively.	 However,	 there	 are	 two	 clusters	 of	 divergent	

regions,	identified	from	the	amino	acid	sequence	alignment,	that	are	located	next	to	each	other	on	the	

protein	surface	in	the	C-terminal	lobe	of	JNK3[295].	The	location	of	this	non-conserved	region	suggests	

an	extended	substrate-binding	site	in	JNK3	that	may	be	important	for	substrate-binding	specificity.	

In	mammals,	JNK3	has	two	splice	variants	and	shows	limited	expression	in	very	few	cell	types,	mostly	

in	neurons,	heart,	and	testes,	whereas	JNK1	and	JNK2,	each	having	four	splice	variants,	are	ubiquitously	

expressed[296].	

In	the	brain,	the	highest	JNK1,	JNK2	and	JNK3	mRNA	levels	are	found	in	the	neocortex,	followed	by	the	

hippocampus,	 thalamus,	 and	midbrain.	 JNK1	 expression	 is	 regulated	 during	 the	 development:	 high	

levels	of	Jnk1	mRNA	were	found	in	the	developing	rat	brain	and	decline	postnatally.	Despite	this,	Jnk1	

mRNA	levels	remain	high	in	the	olfactory	area	throughout	adulthood[297].	On	the	contrary,	Jnk3	mRNA	

is	the	most	highly	expressed	JNK	transcript	in	the	adult	brain	followed	by	Jnk2	and	then	Jnk1[297,298].	

In	mice,	JNK3	is	prominent	in	the	nuclei	of	Purkinje	and	granule	cells	in	the	cerebellum	and	in	the	30%	

of	neurons	of	layers	III	and	V	of	the	cortex.	By	contrast,	JNK1	expression	is	predominant	in	the	cytoplasm	

and	in	both	axons	and	dendrites	in	the	cortex	and	is	particularly	enriched	in	cytosol	and	dendrites,	of	

Purkinje	 and	 thalamic	 neurons[299].	 In	 the	 hippocampus,	 JNK3	 expression	 is	 found	 in	 ∼90%	 of	

pyramidal	 layer	neurons,	whereas	JNK1	expression	is	restricted	to	the	CA3,	CA4	and	the	hilus	of	the	

dentate	gyrus[300].	JNK2	expression	is	comparatively	low	in	most	brain	regions	and	is	distributed	in	

both	the	cytosol	and	nuclei[277,301].	Studies	on	JNK	knock-out	mice	suggest	that	JNK1	is	involved	in	

most	physiological	JNK	activity	in	the	cortex	and	cerebellum,	whereas	JNK3	activity	accounts	for	most	

JNK	 activity	 in	 the	 hippocampus	 and	 striatum[302,303].	 In	 addition,	 it	 is	 known	 a	 compensatory	

increases	 in	 JNK	 isoform	 expression:	 JNK1	 levels	 are	 increased	 in	 brain	 tissue	 from	 Jnk2−/−	 mice,	

whereas	JNK2	levels	are	increased	in	the	brains	of	Jnk3−/−	mice[302,304].		
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Figure	19.	Summary	of	regional	distribution	of	JNKs	in	the	mouse	brain.	SAPKa	also	known	as	JNK2,	SAPKb	also	known	as	

JNK3,	SAPKg	also	known	as	JNK1[300].	

	
To	date,	it	is	known	that	JNK1	and	JNK2	are	essential	in	physiological	and	homeostatic	cell	function	and	

have	redundant	roles	acting	in	a	cooperative	or	synergistic	way[305],	both	participating	in	apoptosis	

regulation	 during	 normal	 neurodevelopment[306].	 However,	 they	 display	 specific	 functions	 playing	

opposite	roles	in	fibroblasts	and	macrophages	proliferation[305]	or	regulating	T	cell	expansion	during	

the	 viral	 lymphocytic	 choriomeningitis[307].	 Moreover,	 Jnk1−/−	 mice	 showed	 abnormal	 cortical	

neuronal	migration	and	anterior	commissure	degeneration	during	development[308].	On	the	contrary,	

Jnk2−/−	mice	show	milder	immune	abnormalities[305].	Lastly,	JNK3	is	clearly	associated	with	neuronal	

death	and	oxidative	stress,	representing	the	more	responsive	isoforms	to	stress	stimuli	in	the	brain	and	

mainly	 involved	 in	 neurodegeneration[101].	 In	 fact,	 Jnk3−/−	 mice	 show	 a	 decrease	 in	 c-Jun	
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phosphorylation	in	ischemia–hypoxia	experimental	models[309],	in	cytochrome-c	(cyt-c)	release	after	

spinal	cord	injury[310],	high	resistance	to	kainic	acid	(KA)[311]	and	APP	phosphorylation[312].		

	

1.3.5	JNKs	in	neurodevelopmental	disorders	

Despite	 the	 majority	 of	 data	 on	 JNK	 role	 in	 pathological	 conditions	 is	 related	 to	 acute	 and	

neurodegenerative	diseases,	new	evidence	identified	genes	associated	with	the	JNK	pathway	that	seems	

to	confer	susceptibility	to	autism	spectrum	disorders,	schizophrenia	and	intellectual	disability[313].		

In	a	model	of	Down-Syndrome,	the	Ts1Cje	mice,	JNK	is	strongly	activated,	participating,	together	with	

GSK3β,	 in	 the	 generation	 of	 mitochondrial	 dysfunction,	 over-production	 of	 ROS	 and	 tau	

hyperphosphorylation[314].	

JNK	 was	 also	 found	 activated	 in	 a	 patient	 characterized	 by	 severe	 regressive	 autism,	 intellectual	

disability,	and	epilepsy	carrying	mutation	in	PAK1	gene[315].	

In	 addition,	 mice	 null	 for	 Il1rapl1	 (interleukin-1	 receptor	 accessory	 protein-like	 1),	 implicated	 in	

monogenic	forms	of	mental	retardation	and	autism,	show	reduced	JNK	activity[316].		

Lastly,	 expression	 profiling	 of	 autism	 genes	 identified	 a	 subset	 of	 highly	 expressed	 ASD	 (autism	

spectrum	disorders)-candidate	genes	 in	which	 JNK,	 together	with	NFκB	 and	Tnf,	was	central	 to	ASD	

networks	at	multiple	levels	and	cell-type	specific	expression[317].		

These	findings	are	in	line	with	the	identification	of	a	de	novo	MAPK10/JNK3	mutations	in	two	un-related	

patients	 with	 a	 severe	 neurodevelopmental	 disorder[313]	 and	 complex	 physical	 and	 cognitive	

disorders,	confirming	that	 JNKs,	and	in	particular	 JNK3,	are	candidates	 for	mutation	 identification	 in	

patients	with	early-onset	neurological	disorders[251].		

	

1.3.6	JNKs	in	neurodegenerative	disorders	

Several	evidence	demonstrate	that	JNK	is	involved	in	the	pathogenesis	of	neurodegenerative	disease	

like	Alzheimer	and	Parkinson	disease,	but	also	in	ischemia	and	stroke,	acting	on	two	different	tightly	

link	fronts:	neuronal	death	and	synaptic	dysfunction.		

Firstly,	JNK,	phosphorylating	c-Jun,	that,	together	with	c-Fos	and	ATF,	constitutes	the	activator	protein	

1	(AP-1)	transcription	factor,	leads	to	the	activation	of	caspases	causing	apoptotic	cell	death[318].	In	

this	process,	JNK	can	also	phosphorylate	pro-apoptotic	and	anti-apoptotic	proteins:	BIM	(homologous	

to	Bax)	and	BMF[239],	Bcl-2	and	Bcl-xL[239].	In	addition,	JNK	promotes	the	autophagy	by	activating	

Beclin	 1	 and	 BIM[319].	 All	 these	 mechanisms	 lead	 to	 neuronal	 loss	 and	 subsequent	 cognitive	 and	

memory	impairments.		

On	 the	 other	 hand,	 despite	 JNKs	 are	 essential	 in	 synaptic	 plasticity[246],	 prolonged	 JNK	 activation	

causes	loss	of	synaptic	protein	function,	in	particular,	decrease	of	important	proteins	levels	in	the	post-

synaptic	 density	 (PSD)	 region	 and	 mislocalization	 of	 glutamate	 receptors	 eventually	 driving	 the	

synaptic	dysfunction[101,320].	
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In	 physiological	 conditions,	 JNK	 modulates	 memory	 consolidation	 via	 PSD-95	 phosphorylation,	

promoting	the	reconstruction	of	neuronal	cell	structure	and	altering	cytoskeletal	dynamics[101,246].	

On	 the	 contrary,	 under	 pathological	 conditions,	 JNK,	 by	 controlling	 PSD95	 levels,	 induces	 the	

internalization	of	glutamate	receptors	both	AMPA	and	NMDA,	leading	to	LTP	and	LTD	damage	and	spine	

loss[312,320–322].	

In	the	frame	of	AD,	JNK	mediates	the	Aβ-induced	LTP	impairment	in	the	hippocampus[323],	but	not	

only.	 JNK	promotes	 the	production	and	accumulation	of	Aβ	protein	via	APP	phosphorylation	and,	 in	

turn,	Aβ	peptide	induces	JNK	activation,	thus	forming	a	positive	feedback	loop.		

	

	
Figure	20.	JNK	signalling	in	the	pathogenesis	of	neurodegenerative	diseases[324].	

	

All	 JNK1,	 JNK2	and	JNK3	directly	phosphorylate	APP	with	different	efficiency.	 JNK1	deficiency	 is	not	

sufficient	to	induce	any	changes	in	the	pathogenesis	of	AD	in	a	preclinical	model	(APP/PS1)[325].	On	

the	contrary,	in	primary	neurons,	as	well	as	in-vivo,	levels	and	activity	of	JNK3	directly	correlate	with	

APP	 phosphorylation	 on	 T668	 confirming	 JNK3	 as	 the	 major	 kinase	 involved	 in	 the	 abnormal	

phosphorylation	of	APP	at	T668[326].	 It	 is	 in	 fact	 likely	that	Aβ	neurotoxicity	 is	mainly	due	to	 JNK3	

signal	 cascades[327]	 rather	 than	 JNK1/2	 activation.	 In	 line	 with	 these	 observations,	 5XFAD	 mice	

crossed	with	JNK3-/-	showed	dramatically	reduced	p-JNK	signals.	In	addition,	in	these	mice,	insoluble	

Aβ42	levels	were	reduced	dramatically	compared	to	those	in	5FAD/JNK3+/+[328].	Tau	is	extensively	

modified	in-vivo	by	JNK	at	several	conserved	sites[329].	JNK’s	phosphorylation	on	Tau	is	not	sufficient	



 45 

to	 induce	Tau	dissociation	 from	microtubules	but	may	 still	 contribute	 to	neurotoxicity	when	Tau	 is	

released	from	the	microtubules.	In	fact,	JNK’s	phosphorylation	on	Tau	occurs	at	the	early	stages	of	the	

pathology,	 in	 the	 phase	 of	 synaptic	 dysfunction	 and	 therefore	 before	 the	 cognitive	 decline[330].	 In	

addition,	Tau	phosphorylation	promotes	Tau	mislocalization	at	the	dendritic	spine	level	contributing	to	

spine	injury[331].	All	three	JNKs	isoforms	phosphorylate	Tau	at	different	sites.	In	particular,	JNK2	was	

the	best	 isoform	at	phosphorylating	Tau,	 followed	by	JNK3	and	JNK1,	strongly	reducing	microtubule	

assembly[332,333].		

JNK	activation	leads	also	to	the	phosphorylation	of	insulin	receptor	substrate	1	(IRS-1),	which	impairs	

downstream	insulin	signalling	and	leads	to	tau	hyperphosphorylation	Moreover,	affecting	pancreatic	β-

cell	function,	JNKs	induce	insulin	resistance[334];	this	condition	in	the	brain	promotes	Aβ	aggregation	

and	tau	hyperphosphorylation	linking	AD	and	diabetes.	It	is	known,	in	fact,	that	diabetes	can	function	

as	an	accelerator	of	the	dementia[335].		

Several	 studies	 already	 demonstrated	 the	 JNKs	 key	 role	 also	 in	 AD	 human	 pathogenesis.	 In	 fact,	

phosphorylation	 of	 JNKs	 is	 markedly	 increased	 in	 AD	 and	 is	 closely	 associated	 with	 degenerating	

neurons,	in	particular	with	neurofibrillary	tangles,	senile	plaque,	neuropil	threads	and	granulovascular	

degeneration	structures[336].	More	 importantly,	 JNKs	are	not	only	activated,	but	also	 redistributed,	

from	the	nuclei	to	the	cytoplasm	in	a	manner	that	correlates	with	the	progression	of	the	disease[337].	

Both	 JNK2	and	 JNK3	were	 related	 to	neurofibrillary	pathology	 in	AD	whereas	 JNK1	was	exclusively	

associated	with	Hirano	bodies[337].	In	the	cerebellum,	an	area	that	is	less	involved	in	AD	pathology,	

there	was	no	staining	for	phospho-JNK	in	both	AD	and	control	cases.	Lastly,	whereas	JNK1	and	JNK2	are	

increased	in	total	brain	homogenate	in	AD	compared	to	control	cases,	JNK3	does	not	show	increased	

protein	levels[337].	On	the	contrary,	in	other	studies,	it	was	found	that	both	JNK3	mRNA	expression	and	

protein	levels	were	significantly	up-regulated	in	the	brain	tissues	of	AD	patients[338].	In	the	same	study,	

no	differences	were	observed	for	p-JNK	and	total	JNKs	levels.	Similarly,	the	analysis	of	JNK1	and	JNK2	

did	not	show	any	variation	between	AD	and	control	groups.	But,	importantly,	a	significant	correlation	

between	 brain	 Aβ42	 and	 JNK3	 levels	 was	 observed.	 This	 correlation	 is	 also	 highlighted	 by	 co-

localization	 between	 senile	 plaques	 and	 JNK3,	 suggesting	 that	 some	 JNK3	proteins	may	 accumulate	

during	the	formation	of	amyloid	aggregates[339].	JNKs	were	also	analysed	in	the	CSF	of	AD	and	controls.	

JNK1,	 JNK2	and	p-JNK	proteins	were	not	detectable	 in	 the	CSF	by	western	blots	but	 it	was	 found	a	

significant	increase	of	JNK3	levels	in	AD	patients	compared	to	controls	but	not	correlated	with	age,	sex,	

Aβ1–42,	T-tau/pTau,	as	well	as	MRI	evaluations[340].	

JNK	is	also	associated	with	PD,	in	fact,	in	pre-clinical	model	of	substantia	nigra	degeneration,	JNK,	c-Jun	

and	MKK4	were	strongly	activated	driving	 the	 loss	of	dopaminergic	neurons[341].	 Its	 inhibition	has	

neuroprotective	effects[324],	supported	by	the	fact	that	the	expression	of	a	dominant	negative	form	of	

JNK	in	dopaminergic	neurons	improves	survival,	locomotor	impairments	and	blocks	neurodegeneration	

in	PD[342].	 In	a	model	of	MPTP-induced	dopaminergic	neurons	degeneration,	 JNK3	also	induces	the	

expression	of	cyclooxygenase	2	(COX2),	a	key	mediator	DA	neurotoxicity.	In	line,	also	in	human	PD	brain,	
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P-JNK	levels	were	increased[324].		

Particularly	 JNK3	 is	 strongly	 involved	 also	 in	 cerebral	 ischemia-induced	 neuronal	 apoptosis.	

Reperfusion	 significantly	 increases	 JNK3	 phosphorylation,	 promoting	 neuronal	 damage	 in	 the	

hippocampus	and	leading	to	spatial	learning	and	memory	impairment[343].	

	

1.3.7	JNKs	inhibition	

Given	the	importance	of	JNK's	role	in	disease,	over	the	years	several	molecules	have	been	proposed	to	

selectively	 inhibit	 JNKs[256].	 These	 molecules	 can	 be	 divided	 into	 chemical	 compounds	 and	 cell-

permeable	inhibitors	peptides	(CPP).		

SP600125	is	the	first	described	chemical	JNK	inhibitor	that	blocks	all	isoforms	activation.	SP600125	is	

neuroprotective	in	animal	models	of	stroke	and	in	spinal	cord	injury	in	mice[344].	However,	its	action	

is	 not	 specific since	 it	 inhibits	 74	 kinases[224].	 As	 other	 pyrimidine	 derivatives	 they	 block	 JNK	 by	
competitively	inhibiting	the	active	site	responsible	for	the	link	with	the	ATP.	In	this	way	JNK	it	 is	no	

longer	able	to	carry	out	its	kinase	activity[345].		

On	the	other	hand,	CPPs	are	cargo	bioactive	capable	of	preventing	the	action	of	the	kinase	on	its	targets.	

CPPs	are	short	fragments	of	approximately	50	amino	acids	composed	of	a	CARGO	peptide	attached	to	

an	effector	peptide.	CARGO	peptide	is	a	fragment	able	to	pass	through	cell	membranes,	including	the	

blood-brain	barrier	(BBB),	allowing	bioavailable	peptides	in	all	tissues.	One	of	the	most	used	CARGO	

sequences	 is	 the	TAT	(Trans	activating	Regulatory	Protein)	domain	of	HIV-1.	This	domain	 is	usually	

associated	to	an	effector	peptide	responsible	for	the	physiological	response	and	therefore	capable	to	

block	the	JNKs	action.		

Of	particular	interest	as	a	target	for	the	synthesis	of	JNK	inhibitors	are	scaffold	proteins	that	can	be	used	

as	 competitive	 substrates.	Following	 this	 strategy,	D-JNKI1	was	designed:	 a	 selective	 inhibitor	of	 all	

three	 JNK	 isoforms	 capable	 of	 allosterically	 modulating	 the	 access	 of	 JNK	 to	 its	 "JBD	 dependent"	

targets[276,346,347].	D-JNKI1	was,	 in	 fact,	drawn	on	 the	domain	of	 JIP1	capable	of	binding	 JNK.	By	

adding	a	molar	excess	of	D-JNKI1,	 it	 is	possible	 to	prevent	 JNK's	access	 to	 its	cellular	 targets	with	a	

competitive	substrate	mechanism[347,348].		
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Figure	21.	Schematic	representation	of	D-JNKI1	peptide	(in	yellow)	mode	of	action[223].	

	

Numerous	 studies	 highlight	 the	 effectiveness	 of	 the	 D-JNKI1	 treatment	 in	 both	 in-vitro	 and	 in-vivo	

models	of	AD[277,312,321,322,330].	Furthermore,	D-JNKI	is	already	in	phase	II	and	III	of	clinical	trial	

for	the	treatment	of	eye	diseases	and	inflammation	of	the	inner	ear	(Auris	Medical	and	Xigen).	The	main	

problem	 associated	 with	 the	 use	 of	 D-JNKI1	 consists	 in	 the	 inhibition	 of	 all	 three	 isoforms	 of	 JNK	

throughout	the	body.	The	isoforms	JNK1	and	JNK2	are	ubiquitously	expressed,	and	they	play	important	

physiological	 roles.	 The	 inhibition	 of	 all	 JNK	 isoforms	 in	 all	 tissues	 it	 could	 therefore	 lead	 to	 even	

important	side	effects	in	the	patient.		

For	 these	 reasons,	 the	 strategy	 to	 inhibit	 JNK	 in	 specific	 cellular	 compartments	 has	 been	 used	 to	

selectively	block	JNK	action	in	the	nucleus,	in	the	cytoplasm	and	at	mitochondria[303,349].	

Other	feasible	strategy	is	to	take	advantage	of	JNK3	isoform,	mainly	expressed	in	the	CNS	and	the	most	

involved	 in	 the	 stress	 response	 and	 in	 the	 induction	 of	 synaptic	 dysfunction[328,339].	 Selectively	

inhibiting	JNK3,	keeping	the	other	isoforms	active	in	the	various	tissues,	could	therefore	represent	an	

adequate	solution	for	the	treatment	of	neurodegenerative	diseases	with	low	side	effects[101,291,350].	

Until	now,	there	have	been	various	efforts	to	pharmacologically	inhibit	JNK3,	but	not	all	of	them	have	

been	successful.	This	is	partly	due	to	the	high	homology	between	the	three	isoforms	of	JNK.	In	fact,	most	

of	 JNK	 drug	 discovery	 efforts	 are	 focused	 on	 the	 development	 of	 ATP-competitive	 inhibitors[351].	

However,	this	is	a	challenging	strategy	to	achieve	specificity	since	the	high	homology	in	the	ATP	binding	

site	among	the	different	JNKs[352].	JNK3	shares	77%	and	75%	sequence	identity	with	JNK2	and	JNK1	

and,	in	particular,	the	identity	in	the	ATP-binding	pocket	is	98%[353].	For	these	reasons,	most	of	the	

JNK3	inhibitors	display	very	weak	selectivity,	interfering	also	with	JNK1/2	and	are	not	able	to	inhibit	

just	 the	 action	of	 JNK3	on	 its	 targets[354].	On	 the	 contrary,	 strategies	 targeting	 the	protein-protein	
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interactions	that	assure	the	specificity	of	the	JNK3	response	have	a	great	potential	and	could	be	a	more	

promising	strategy	in	drug	discovery[355]	exhibiting	a	more	specific	pharmacological	profile[356].		
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2.	Aims	
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Defects	 in	 synapse	 organization,	 morphology	 and	 function	 are	 associated	 with	 both	

neurodevelopmental,	psychiatric	and	neurodegenerative	disorders[357].	Some	of	the	key	mechanisms	

underlying	these	processes	are	known,	but,	to	date,	no	treatments	are	available	to	cure	these	

pathologies.	 Therefore,	 some	 indications	 suggest	 that	 MAPKs	 regulate	 the	 stress	 mechanisms	

underlying	“synaptic	dysfunction”.		

	

The	overall	aim	of	this	work	is	to	study	the	role	of	JNK	in	both	neurodevelopmental	and	chronic	

brain	diseases	 focusing	on	 the	 synaptopathy,	 the	 first	 initial	mechanism	of	many	different	 brain	

diseases.		

More	in	details,	we	dissected	the	JNK	role	in	the	synaptopathy	associated	with	two	neurodevelopmental	

disorders	(Rett	and	Angelman	Syndrome)	and	to	a	neurodegenerative	pathology,	Alzheimer	disease,	the	

most	characterized	form	of	dementia.		

	

In	 Rett	 Syndrome	we	 studied	 the	 synaptic	 dysfunction	 of	 two	 different	 Rett	mouse	models	 and	we	

identified	JNK	as	an	important	actor	downstream	MECP2.		

We	 started	 from	 the	Mecp2-knockout	 (Mecp2y/-)	male	mice,	 displaying	 a	very	 severe	 phenotype,	

discovering	an	important	JNK	activation	in	the	total	homogenate	and	in	the	post-synaptic	elements.	We	

then	performed	a	chronic	treatment	of	D-JNKI1,	the	specific	inhibitor	of	JNK,	demonstrating	the	key	role	

of	JNK.	In	fact,	the	treatment	rescued	the	Mecp2-severe	knockout	phenotype.	

We	then	tested	this	strategy	in	the	milder	phenotype	of	Mecp2-heterozygous	female	mice	(Mecp2+/-	

Jae),	that	mimics	the	random	X-inactivation	of	Rett	patients,	characterizing	the	effects	of	JNK	inhibition	

from	a	behavioural	and	biochemical	point	of	view.	Again,	 JNK	 inhibition	offers	an	 interesting	tool	 to	

prevent	some	pathological	defects	of	Jaenisch	mice.		

Lastly,	knowing	that	the	Rett	is	principally	caused	by	point	mutation	in	humans,	to	give	a	translational	

value	to	the	results	obtained	in	mice,	we	verified	JNK	activation	in	human	neurons,	differentiated	from	

human	 MECP2-mutated	 iPSCs	 (MECP2mut),	 compared	 to	 the	 isogenic	 control	 expressing	 wild-type	

MECP2	allele	(MECP2wt).	The	JNK	signalling	was	activated	in	the	MECP2-mutated	iPSCs,	inducing	cell	

death,	and	D-JNKI1	blocked	the	MECP2mut	-induced	neuronal	death	of	the	MECP2mut	iPSCs.		

	

Concerning	the	Angelman	Syndrome,	another	neurodevelopmental	disorder,	we	analysed	the	synaptic	

dysfunction	 in	the	UBE3Am-/p+	mouse	model.	Again,	 JNK	signalling	was	strongly	activated	 in	the	total	

homogenate,	as	well	as	in	post-synaptic	enriched	protein	fraction,	suggesting	an	important	role	of	JNK	

also	in	this	disorder.	To	confirm	this	hypothesis,	we	treated	UBE3A	mice	with	D-JNKI1.	The	treatment	

improved	the	behavioural	defects,	and	this	correlated	with	the	stabilization	of	the	synaptic	biomarkers.		

These	 results	 prove	 that	 JNK	 signalling	 plays	 a	 key	 role	 in	 Synaptic	 Dysfunction	 of	 the	 two	

neurodevelopmental	diseases.		
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We	therefore	hypothesized	that	JNK	may	regulate	a	common	pathway	in	the	stressed	synapse	of	many	

brain	 diseases.	 For	 this	 reason,	 we	 focused	 on	 the	 Alzheimer’s	 synaptic	 dysfunction,	 the	 most	

characterize	synaptopathy,	studying	JNK	as	a	key	modulator	of	this	event	also	in	a	chronic	illness.	

	

We	used	the	Alzheimer	mice	model	5XFAD.	We	considered	three	different	time	points	representing	the	

initial	phase	of	the	disease	(4	months	of	age),	the	overt	phase	(6	months	of	age)	and	the	late	phase	(10	

months	of	age),	finding	JNK	activation	in	two	cellular	compartments,	the	total	homogenate,	and	the	post-

synaptic	protein	enriched	fraction	(TIF),	together	with	synaptic	dysfunction.		

Since	 another	 team	 performed	 a	 treatment	 with	 D-JNKI1,	 in	 the	 same	 AD	 mice,	 with	 encouraging	

results[358,359],	we	 switched	 to	analyse	 just	 the	 selective	 JNK	 isoform	 for	 the	CNS,	 JNK3,	 the	most	

responsive	to	stress	stimuli,	finding	that	5XFAD	mice	presented	a	powerful	increase	of	JNK3	levels.		

We	therefore	decided	to	test	the	potential	neuroprotective	effect	of	the	specific	inhibition	of	JNK3.		

Thanks	 to	 the	 collaboration	 with	 Prof.	 Falconi,	 we	 designed	 the	 specific	 JNK3	 inhibitor,	 dSIMBA2,	

proving	its	selectivity	without	any	interaction	with	the	other	two	JNK	isoforms.		

Before	 testing	 dSIMBA2	 in	 in-vivo,	we	 studied	 the	 effect	 of	 JNK3	 inhibition	 in	 an	 in-vitro	model	 of	

synaptic	dysfunction	induced	by	Ab	oligomers	(ABO)	to	define	the	dose	and	the	neuroprotection	against	

ABO	induced	synaptopathy.	The	dSIMBA2	inhibitor	prevented	Ab	oligomers	toxicity	and	now	we	have	

indications	for	the	5XFAD	treatment.	This	work	is	now	ongoing.		

	

Importantly,	we	 suggest	 that	 distant	 categories	 of	 brain	 disease	 shared	 the	 first	 neurodegenerative	

mechanism:	the	synapse	dysfunction.	We	defined	JNK	as	a	key	player	in	this	process	and	we	provided	

the	 first	evidence	 that,	among	 JNK	 isoforms,	 JNK3	 is	 the	most	active	 in	 the	synaptic	stress-activated	

signalling.	In	addition,	the	performed	treatment	with	the	two	JNK	inhibitors	proved	that	synaptic	injury	

is	reversible	in	two	neurodevelopmental	disorders	and	in	a	chronic	disease.	This	induces	to	believe	that	

preventing	synaptic	dysfunction	is	a	winning	strategy,	which	will	have	a	great	potential	against	many	

different	brain	illnesses.	
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3.	Materials	and	Methods	
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3.1	Animal	Procedures	

-	We	used	two	mouse	models	of	RTT:	Mecp2tm1.1	Bird	mice	and	Mecp2tml.l	Jae	mice	(Jackson	Laboratory,	Bar	

Harbor,	Maine).	Knockout	Mecp2tm1.1Bird	male	mice	were	on	a	C57BL/6	background	and	age-compatible	

wild-type	male	mice	(C57BL/6)	served	as	controls.	Heterozygous	female	Mecp2tml.lJae	mice	with	exon	3	

deletion	in	Mecp2	were	crossed	to	C57BL6	for	one	generation,	followed	by	breeding	among	offspring	

and	then	maintained	on	a	mixed	background;	we	used	age-matched	wild-type	females	as	controls	in	all	

experimental	conditions.	Genotyping	was	done	by	PCR	using	a	protocol	provided	by	Jackson	Laboratory	

and	GoTaq®G2	Flexi	DNA	polymerase	kit	 (Promega,	Madison,	USA).	Mice	were	bred	at	 IRCCS	Mario	

Negri	 Institute	 for	Pharmacological	Research	 in	a	specific	pathogen	free	(SPF)	 facility	with	a	regular	

12:12	h	light/dark	cycle	(lights	on	07:00	a.m.),	at	a	constant	room	temperature	of	22	±	2°C,	and	relative	

humidity	55	±	10%.	Animals	were	housed	 in	standard	mouse	cages	with	water	and	food	ad	 libitum.	

Procedures	involving	animals	and	their	care	were	in	accordance	with	national	and	international	laws	

and	policies	(Permit	Number	43/03	PR).	

The	experimental	scheme	was	composed	by	8	groups:	untreated	wild-type	and	Mecp2y/-	male	mice,	D-

JNKI1	treated	wild-type	and	Mecp2y/-	male	mice,	untreated	wild-type	and	Mecp2+/-	Jae	female	mice	and	

D-JNKI1	treated	wild-type	and	Mecp2+/-	Jae	female	mice.	For	behavioural	tests	we	used:	n=10	wild-type	

male	mice,	n=10	Mecp2y/-	male	mice,	n=8	wild-type	female	mice	and	n=8	Mecp2+/-	Jae	female	mice;	for	

biochemical	analysis	(TIF	and	Western	blots)	we	analysed	n=10	animals	of	Bird	strain	and	n=10	animals	

of	Jaenisch	strain	for	each	experimental	group.	Animals	(n=25	wild-type	male	mice,	n=25	Mecp2y/-	male	

mice)	were	monitored	 daily	 for	wellbeing	 and	welfare-related	 disease	 symptoms.	 Body	weight	was	

recorded	weekly.	Body	weight	loss	was	calculated	as	the	difference	(grams)	from	the	maximum	weight	

recorded	 for	each	animal.	Based	on	previous	works	described	 in	 the	D-JNKI1	dose	and	paradigm	of	

administration	were	decided.	Animals	were	randomized	assigning	random	numbers	to	experimental	

groups	 and	 also	 with	 respect	 to	 disease	 severity.	 In	 brief,	 all	 mice	 (Mecp2y/-	 or	 wt)	 were	 injected	

intraperitoneally	with	D-JNKI1	(22	mg/kg)	every	28	days	from	3	to	7	weeks	of	age	[360].	Their	weight	

was	recorded	before	each	treatment.	Mice	were	always	treated	at	the	same	time	of	day	(9:00–10:00	

A.M.)	 in	 randomized	 order	 in	 a	 specific	 room	 inside	 the	 animal	 facility.	 Each	 single	mouse	was	 our	

experimental	unit.	Heterozygous	Mecp2+/-	Jae	female	and	wt	littermates	were	treated	with	D-JNKI1	(22	

mg/kg,	i.p.)	at	16	and	20	weeks	of	age.		

The	day	after	the	treatment,	mice,	both	male	Mecp2y/-	or	wt	and	female	Mecp2+/-	Jae	and	wt,	performed	

the	 behavioural	 trials.	 At	 the	 end	 of	 the	 tests	 they	were	 euthanized,	 and	 brains	were	 dissected	 for	

biochemical	analysis.	

	

-	We	used	a	model	of	Angelman	Syndrome	[361]	B6.129S7-Ube3a<tm1Alb>/J	-	The	Jackson	Laboratory	

on	 a	 C57BL/6	 background	 and	 age-matched	 wild-type	 mice	 (C57BL/6)	 served	 as	 controls.	

Heterozygous	Ube3atm1Alb	females	were	bred	with	wt	males;	this	resulted	in	maternal	transmission	
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of	the	Ube3a	mutant	allele	and	paternal	transmission	of	the	imprinted/silenced	wt	allele.	Genotyping	

was	done	by	PCR	using	a	protocol	provided	by	Jackson	Laboratory.	Mice	were	bred	at	IRCCS	Mario	Negri	

Institute	for	Pharmacological	Research	in	a	specific	pathogen	free	(SPF)	facility	with	a	regular	12:12	h	

light/dark	cycle	(lights	on	07:00	a.m.),	at	a	constant	room	temperature	of	22	±	2°C,	and	relative	humidity	

55	±	10%.	Animals	were	housed	in	standard	mouse	cages	with	water	and	food	ad	libitum.	Procedures	

involving	animals	and	their	care	were	in	accordance	with	national	and	international	laws	and	policies	

(Permit	Number	565/2017-PR).	

The	experimental	scheme	comprised	four	groups:	untreated	wt	and	Ube3a	m−/p+	mice,	D-JNKI1	treated	

wt	and	Ube3a	m−/p+	mice.	For	behavioural	tests	we	used	male	and	female	wt	and	Ube3a	m−/p+	mice;	for	

biochemical	analysis	(TIF	and	Western	blots)	we	analysed	male	and	female	mice	as	well,	10	mice	per	

group.	All	mice	(Ube3a	m−/p+	or	wt)	were	injected	intraperitoneally	(i.p.)	with	D-JNKI1	(22	mg/kg)	every	

28	days	from	7	to	23	weeks	of	age.	Their	weight	was	recorded	before	and	after	each	dose.	Mice	were	

always	treated	at	the	same	time	of	day	(9:00–10:00	A.M.)	in	randomized	order	in	a	specific	room	inside	

the	animal	 facility.	Each	single	mouse	was	our	experimental	unit.	The	day	after	 the	 treatment,	mice	

performed	the	behavioural	trials.	After	behavioural	tests	the	animals	were	euthanized,	and	brains	were	

dissected	for	biochemical	analysis.	

	

-	 We	 used	 the	 5xFAD	 model	 of	 Alzheimer	 Disease	 (B6SJL-

Tg(APPSwFlLon,PSEN1*M146L*L286V)6799Vas/Mmjax)	on	a	B6SJLF1/J	background	and	age-matched	

wild-type	mice	as	controls.	Hemizygous	male	mice	were	bred	to	B6SJLF1/J	female	mice.	Genotyping	was	

done	by	PCR	using	a	protocol	provided	by	Jackson	Laboratory	and	GoTaq®G2	Flexi	DNA	polymerase	kit	

(Promega,	Madison,	USA).	Mice	were	bred	at	IRCCS	Mario	Negri	Institute	for	Pharmacological	Research	

in	a	specific	pathogen	free	(SPF)	facility	with	a	regular	12:12	h	light/dark	cycle	(lights	on	07:00	a.m.),	at	

a	constant	room	temperature	of	22	±	2°C,	and	relative	humidity	55	±	10%.	Animals	were	housed	 in	

standard	mouse	cages	with	water	and	food	ad	libitum.	Procedures	involving	animals	and	their	care	were	

in	accordance	with	national	and	international	laws	and	policies	(Permit	Number	4/2021-PR).		

The	experimental	scheme	was	composed	by	2	groups:	wild-type	and	5XFAD	tg	male	and	female	mice.	

For	behavioural	tests	we	used:	n=10	wild-type	male	mice,	n=10	5XFAD	tg	mice;	for	biochemical	analysis	

(TIF	and	Western	blots)	we	analysed	n=10	animals	of	wild-type	and	n=10	5XFAD	tg	mice.		

	

3.2	Behavioural	tests		

-Rotarod	test:		

Mice	 were	 tested	 for	 locomotor	 disability	 with	 a	 Rotarod	 test	 by	 the	 same	 operator.	We	 used	 the	

accelerating	Rotarod	 apparatus	 (Ugo	Basile	 7650	model).	 Once	 the	 animals	were	 positioned	 on	 the	

rotating	bar,	time	was	started,	and	the	rod	was	accelerated	at	a	constant	rate	of	0.3	rpm/s	from	3	rpm	

to	30	rpm	for	5-min.	The	time	(seconds)	at	which	the	animal	fell	from	the	bar	was	recorded.	Three	trials	
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were	run	for	each	animal,	with	a	5-min	rest	between	them,	and	the	longest	retention	time	was	recorded.	

The	mean	latency	to	fall	during	the	session	was	calculated	and	used	in	subsequent	analysis.		

-Open	Field	and	spontaneous	locomotor	activity:	

After	allowing	the	mice	to	acclimatize	they	were	placed	in	the	centre	of	the	floor,	defined	as	a	‘starting	

point’,	 and	 their	 behaviour	 was	 tracked	 with	 the	 activity	 monitoring	 system	 Ethovision	 (Noldus,	

Wageningen,	Netherlands)	for	5	min.	This	short	time	was	chosen	to	avoid	further	stress	to	mutant	mice.	

The	parameters	analysed	as	measures	of	spontaneous	locomotor	activity,	exploratory	activity,	and	state	

of	 anxiety	 were:	 the	 duration	 of	 movements	 divided	 into	 the	 number	 of	 internal	 (the	 nine	 central	

squares)	and	external	(the	sixteen	peripheral	squares)	square	crossed,	the	time	spent	in	the	central	and	

outer	areas	of	the	open	field,	the	overall	distance	travelled	by	the	mice.	These	protocols	were	used	to	

test	the	Mecp2y/-	and	Ube3a+/-	and	the	relative	control	mice.		

In	 heterozygous	 Mecp2+/-	 Jae	 females	 locomotor	 activity	 was	 recorded	 for	 30	 min.	 The	 behavioural	

parameters	recorded	were	the	overall	distance	travelled	and	the	distance	travelled	in	the	periphery	and	

in	the	centre	of	the	open	field	arena.	

-	The	novel-object	recognition	test	(NORT):		

The	objects	were	randomly	selected	to	avoid	bias	among	animals	and	between	groups.	The	time	spent	

exploring	the	two	objects	was	recorded	for	10	min.	Results	were	expressed	as	a	discrimination	index	

(DI)	(seconds	spent	on	novel	-	seconds	spent	on	familiar)/(total	time	spent	on	objects).	Animals	with	no	

cognitive	impairment	spent	longer	investigating	the	novel	object,	giving	a	higher	DI.	We	used	30	animals	

for	each	experimental	group.		

-	The	Radial	arm	water	maze	(RAWM):	

The	 radial	 arm	water	maze	was	performed	as	described	 in	Alamed	et	 al.,	 2006.	Briefly,	 the	maze	 is	

composed	by	6	swim	arms	starting	from	a	central	area,	with	a	submerged	escape	platform	located	at	

the	end	of	one	of	the	arms	(the	goal	arm).	To	avoid	water	transparency	titanium	dioxide	was	suspended	

in	it.	On	each	trial,	the	mouse	was	initially	placed	in	the	centre	of	a	randomly	selected	start	arm	and	

allowed	to	swim	in	the	maze	for	up	to	60	seconds	to	find	the	escape	platform.	The	platform	was	in	the	

same	arm	on	each	trial.	On	the	first	day,	mice	were	given	15	trials	alternating	between	a	visible	platform	

(above	 the	water)	 and	 a	 hidden	platform	 (below	 the	water).	 The	 following	day	 they	were	 given	15	

additional	trials	using	the	hidden	platform	only.	Entry	into	an	incorrect	arm	(all	four	limbs	within	the	

arm)	was	scored	as	an	error.	If	a	mouse	failed	to	make	an	arm	entry	within	15	seconds,	this	also	was	

scored	as	an	error.	The	errors	for	blocks	of	3	consecutive	trials	were	averaged	for	data	analysis.	

	

3.3	Whole-body	plethysmography	(WBP)	analysis		

Unrestrained	Mecp2y/-	and	wt	mice	were	placed	in	a	WBP	recording	chamber	(Emka	Technology,	Paris).	

After	a	habituation	period	of	15	min,	a	baseline	recording	was	established	for	30	min.	Mice	were	then	
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removed	 from	 the	 chamber,	 injected	 intraperitoneally	 with	 the	 D-JNKI1	 peptide	 (22	 mg/kg).	 Two	

experimental	protocols	were	followed	to	study	the	effect	of	D-JNKI1	on	respiratory	anomalies:	

1.	Preventive:	D-JNKI1	was	administered	in	those	animals	that	at	6	weeks	of	age	did	not	yet	manifest	

apnea	to	verify	its	preventive	power	against	respiratory	anomalies	

2.	Curative:	D-JNKI1	was	administered	to	those	animals	that	at	6	weeks	of	age	already	showed	apnea	to	

verify	its	curative	power	against	respiratory	anomalies.	

For	both	paradigms,	animals	were	recorded	24	hours	after	the	injection	and	then	once	a	week	from	6	to	

9	weeks	of	age.	Analysis	was	performed	using	IOX2	software	(EMKA	Technologies,	Paris).	Apnea	was	

considered	only	if	the	end	expiratory	pause	was	≥	0.8	sec.	Only	points	of	motion-free	recording	were	

analysed.	The	Periods	of	movement	were	removed	automatically	by	the	apnea	software.		

	

3.4	Triton	Insoluble	Fractionation	

Subcellular	fractionation	was	as	reported	in	the	literature,	with	minor	modification.	Briefly,	brain	areas	

or	neuronal	culture	were	homogenized	with	a	glass-Teflon	Potter	apparatus	in	0.32	M	ice-cold	sucrose	

buffer	containing	the	following	concentrations	(in	mM):	1	HEPES,	1	MgCl2,	1	EDTA,	1	NaHCO3,	and	0.1	

PMSF,	 at	 pH	 7.4,	 with	 a	 complete	 set	 of	 protease	 inhibitors	 (Complete;	 Roche	 Diagnostics,	 Basel,	

Switzerland)	and	phosphatase	inhibitors	(Sigma,	St.	Louis,	MO).	Samples	were	centrifuged	at	1000	×g	

for	 10	 min.	 The	 supernatant	 (S1)	 was	 then	 centrifuged	 at	 3000	 ×g	 for	 15	 min	 to	 obtain	 a	 crude	

membrane	 fraction	 (P2	 fraction).	 The	pellet	was	dissolved	 in	 buffer	 containing	75	mM	KCl	 and	1%	

Triton	 X-100	 plus	 protease	 and	 phosphatase	 inhibitors	 and	 centrifuged	 at	 100,000	 ×g	 for	 1	 h.	 The	

supernatant	 was	 stored	 and	 referred	 to	 as	 TSF	 (S4).	 The	 final	 pellet	 (P4),	 referred	 to	 as	 TIF,	 was	

homogenized	 in	 a	 glass-glass	 Potter	 apparatus	 in	HEPES	 1mM	with	 a	 complete	 set	 of	 protease	 and	

phosphatase	inhibitors,	and	stored	at	−80	°C	until	analysis.	

	

3.5	Western	blot		

Protein	 concentrations	were	 quantified	 using	 the	 Bradford	 Assay	 (5000006,	 Bio-Rad	 Protein	 Assay	

Hercules,	California,	USA):	10	µg	of	total	homogenate	and	5	µg	of	TIF	extracted	proteins	were	separated	

by	 10%	 SDS	 polyacrylamide	 gel	 electrophoresis.	 PVDF	 membranes	 (1620177,	 Bio-Rad,	 Hercules,	

California,	USA)	were	blocked	 in	Tris-buffered	saline	5%	no-fat	milk	powder	(70166,	Sigma-Aldrich,	

Darmstadt,	 Germany)	 and	 0.1%	 Tween	 20	 (P1379,	 Sigma-Aldrich,	 Darmstadt,	 Germany)	 (1	 h,	 RT).	

Primary	 antibodies	 were	 diluted	 in	 the	 same	 buffer	 (incubation	 overnight,	 4°C)	 using:	 anti-P-JNKs	

(1:1000,	 BK9251S,	 Cell	 Signalling,	 Danvers,	 MA,	 USA);	 anti-JNKs	 (1:1000	 BK9252S,	 Cell	 Signalling,	

Danvers,	 MA,	 USA);	 anti-p-c-Jun	 (1:1000,	 06-659,	 Millipore,	 Bedford,	 MA,	 USA);	 anti-c-Jun	 (1:1000,	

BK9165S,	Cell	Signalling,	Danvers,	MA,	USA);	anti-NMDA	Receptor	2A	GluN2A	(1:2000,	BK4205S,	Cell	
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Signalling,	 Danvers,	MA,	 USA);	 anti-NMDA	 Receptor	 2B	 GluN2B	 (1:2000,	 BK14544S,	 Cell	 Signalling,	

Danvers,	MA,	USA);	anti-Glutamate	Receptor	1	(AMPA	subtype)	GluA1	(1:1000,	BK13185S	Millipore,	

Bedford,	 MA,	 USA);	 anti-Glutamate	 Receptor	 2	 (AMPA	 subtype)	 GluA2	 (1:1000,	 MAB397	Millipore,	

Bedford,	 MA,	 USA),	 anti-post-synaptic	 density	 protein	 95	 (1:2000,	 CAY-10011435-100,	 Cayman	

Chemical	Company,	Ann	Arbor,	Michigan,	USA),	anti	PSD93	(1:1000,	AB2930,	Abcam,	Cambridge,	UK),	

anti	 Drebrin	 (1:1000,	 BSR-M05530,	 Boster,	 Pleasanton,	 CA,	 USA),	 anti	 Shank3	 (1:1000,	 64555,	 Cell	

Signalling,	Danvers,	MA,	USA),	anti-Actin	(1:5000,	MAB1501	Millipore,	Bedford,	MA,	USA),	anti-Tubulin	

(1:4000,	Santa	Cruz).		

	

3.6	LDH	assay		

The	 cell	medium	was	 collected	 and	 the	 release	 of	 LDH	 in	 the	medium	was	quantified	 to	 assess	 cell	

viability,	using	the	cytotoxic	96	non-radioactive	cytotoxicity	assay	kit	(Promega,	Madison,	USA,	USA).	

	

3.7	iPSCs	and	iPSCs-derived	neurons		

We	analysed	three	iPSCs	clones	derived	from	fibroblasts	of	a	female	patient	with	Thr158Met	mutation	

in	MECP2	 gene:	 two	 clones	 expressing	 the	mutated	MECP2	 allele	 (2271#22	 and	 2271#1)	 and	 one	

expressing	the	normal	allele	(2271#2)	due	to	X-chromosome	inactivation,	which	was	used	as	a	partial	

isogenic	 control	 [157].	 An	 iPSCs	 line	 from	 a	 second	 MECP2-mutated	 patient	 with	 a	 p.Arg306	 Cys	

mutation	was	obtained	from	James	Ellis	(University	of	Toronto)	[362].	As	additional	controls,	we	used	

two	 iPSCs	 clones	 from	 a	 healthy	 new-born	male	 and	 one	 healthy	 female	 child.	 All	 iPSCs	 lines	were	

derived	using	the	Yamanaka’s	classic	retroviral	approach	[363]	and	characterized	according	to	standard	

criteria	[364].	Neurons	were	differentiated	from	mutated	and	control	iPSCs	lines	as	previously	reported	

[157].	 On	 day	 30	 of	 terminal	 differentiation,	 neurons	 for	 quantitative	 analyses	 were	 isolated	 by	

immuno-magnetic	 sorting	 using	 anti-CD24	 antibodies	 (130-095-951,	 Miltenyi	 Biotec,	 Bergisch	

Gladbach,	Germany)	[365].	Based	on	previous	 in-vitro	experiments	described	[366,367],	control	and	

mutated	 neurons	were	 treated	with	 D-JNKI1	 at	 2	 μM	 concentration	 starting	 on	 day	 28	 of	 terminal	

differentiation.	On	day	30,	neurons	were	isolated	as	described	above	to	obtain	proteins	for	Western	blot	

analysis.		

	

3.8 Primary neuronal cultures  

Primary	neuronal	cultures	were	obtained	 from	P1-P2	C57bl6	pups	as	described	 in	Sclip	et	al.,	2013	

[322],	 with	minor	modification.	 In	 brief,	 after	 dissection	 hippocampi	were	 incubated	with	 200U	 of	

papain	 (P3125,	 Sigma	 Aldrich,	 St	 Louis,	 USA)	 (30min,	 34°C),	 with	 trypsin	 inhibitor	 (T-9253,	 Sigma	
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Aldrich,	St	Louis,	USA)	(45min,	RT),	and	subsequently	mechanically	dissociated.	Neurons	were	seeded	

on	dish	(300,000	cells/mL).	Plating	medium	was	B27/neurobasal-A	(Gibco-Invitrogen)	supplemented	

with	0.5mM	glutamine	(Gibco-Invitrogen),	100	U/ml	penicillin,	and	100	μg/ml	streptomycin	(Gibco-

Invitrogen).		

	

3.9 Alpha Screen Kinase Assay  

The	AlphaScreen	assay	to	detect	JNK	kinase	phosphorylation	was	constructed	as	follows:	a	substrate	

peptide	was	biotinylated	and	coupled	to	streptavidin-coated	AlphaScreen	donor	beads.	Acceptor	beads	

were	 coated	with	protein	A	 coupled	 to	 specific	 anti-phosphosubstrate	antibody.	Kinase	activity	was	

detected	 by	 the	 interaction	 of	 donor	 and	 acceptor	 beads	 through	 the	 phospho-substrate-

antiphosphosubstrate	bridge,	resulting	in	a	close	proximity	of	the	donor	and	acceptor	beads	and	the	

generation	 of	 an	 AlphaScreen	 fluorescence	 signal	 as	 described	 above.	The	 kinase	 reaction	 was	

performed	under	the	following	assay	buffer	conditions:	20	mM	Tris/HCl	(pH	7.4),	10	mM	MgCl2,	1	mM	

DTT,	100μMNa	3VO4,	and	0.01%	Tween-20.	Compounds	(final	concentration	5μg/mL,	1%	DMSO)	or	

vehicle	control	(final	concentration	1%	DMSO)	were	diluted	 in	assay	buffer	and	mixed	with	the	 JNK	

kinase	(final	concentration	5	nM).	After	an	incubation	time	of	15	min	at	room	temperature,	biotinylated	

substrate	(final	concentration	6	nM)	and	ATP	(final	concentration	1	μM)	diluted	in	assay	buffer	were	

added,	followed	by	an	incubation	of	the	plates	for	2	h	at	room	temperature.	After	this	incubation	period,	

streptavidin	donor	and	protein	A/anti-phosphosubstrate	antibody-coated	acceptor	beads	were	added	

(final	concentration	of	each	bead	was	20	μg/mL)	diluted	in	the	following	buffer:	20	mM	Tris/HCl	(pH	

7.4),	200	mM	NaCl,	80	mM	ethylenediamine	tetraacetic	acid	(EDTA),	and	0.3%	bovine	serum	albumin	

(BSA).	After	an	overnight	incubation,	the	assay	was	measured	using	the	AlphaQuest	reader.	To	avoid	

premature	 activation	 of	 the	 donor	 beads	 by	 environmental	 light	 exposure,	 the	 bead	 dispenses	 and	

reading	 steps	 were	 performed	 in	 a	 laboratory	 equipped	 with	 green	 room	 lighting	 (filter	 material	

Roscolux	Chroma	Green	#389	from	Rosco	Labs:	www.	rosco.com).		

	

3.10 ABO production  

Synthetic	Aβ	(1–42)	peptide	(Bachem)	was	dissolved	in	hexafluoro-2-propanol,	incubated	for	10 min	in	

a	bath	sonicator	at	maximum	power,	centrifuged	at	15,000 × g	for	1 min,	aliquoted,	dried,	and	stored	at	

−80 °C.	Before	use,	 the	dried	 film	was	dissolved	using	DMSO	and	diluted	 to	100 μM	 in	F12	Medium	

(Invitrogen,	Waltham,	MA).	Oligomers	were	obtained	by	incubating	the	peptide	for	16 h	at	25 °C.	Final	

Aβ	oligomer	concentrations	were	considered	as	monomer	equivalents	since	the	size	of	the	oligomers	is	

heterogeneous.	
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3.11 Toxicity study and MTT assay 

Toxicity	studies	were	performed	by	treating	neurons	with	increasing	concentrations	of	dSIMBA2:1	μM,	

1.25	μM,	1.75	μM	and	2	μM	for	24h	directly	in	the	culture	medium.	The	media	was	then	removed	and	

replaced	 with	 fresh	 media	 containing	 0.4	 mg/ml	 MTT	 ([3-(4,5-dimetiltiazol-2-yl)-2,5-

diphenyltetrazolium	bromide]).	Cells	were	incubated	for	4	h	at	37	°C.	After	this	period,	the	media	was	

removed	and	100	μl	of	a	solution	containing	HCl:isopropanol	1:25	was	added	to	each	well	to	dissolve	

the	formed	formazan	crystals.	Cell	viability	was	assessed	by	measuring	the	absorbance	at	540	nm	using	

a	microplate	reader.	

 

3.12 ABO treatment 

In	order	to	induce	synaptopathy,	the	neuronal	cultures	were	treated	with	Aβ	oligomers	(Bachem)	at	

3μM	concentration	for	3h[368].	To	verify	the	neuroprotective	effect	of	SIMBA2,	the	cultures	are	pre-

treated	with	dSIMBA2	1	μM	for	30	minutes	and	then	the	Aβ	oligomers	are	added	3	μM	for	3h.	

	

3.13 Statistical Analysis 

Statistical	analysis	was	done	with	the	Graph	Pad	Prism	6	program.	Data	were	expressed	as	mean	±	SEM	

with	 statistical	 significance	p<	0.05.	For	 comparison	between	multiple	groups	 two-way	ANOVA	was	

used;	for	comparison	between	two	groups	T-test	was	used.	
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4.	Results	
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4.1	JNK	activation	in	in-vivo	and	in-vitro	murine	and	human	models	of	Rett	Syndrome	

	

4.1.1	Mecp2y/-	Bird	male	mice	mimic	severe	and	acute	neurological	RTT	signs	
We	used	male	Mecp2y/-	to	mimic	a	severe	RTT	model	[369].	Mecp2y/-	mice	were	monitored	from	3	to	7	

weeks	of	age,	analysing	their	well-being	conditions,	focusing	on	the	body	weight	growth	curves.	Body	

weight	(p<0.0001,	Fig.	22a)	dropped	deeply	in	Mecp2y/-	compared	to	wild-type	(wt)	mice,	related	to	

worsening	of	the	neurological	symptoms	(Table	1	and	Fig.	22a).		

	

weeks	 WT	Body	

weight	(g)	

SEM	 Mecp2y/-	

Body	weight	

(g)	

SEM	 Significance	

3	 9.12	 0.3139	 6.62	 0.1678	 ****	
	

4	 15.3	 0.5945	 11.05	 0.2949	 ****	
	

5	 20.16	 0.2800	 14.36	 0.3556	 ****	
	

6	 21.52	 0.2656	 15.08	 0.3430	 ****	
	

7	 22.96	 0.3078	 15.03	 0.5646	 ****	
	

	Table	1.	Body	weight	of	wt	compared	to	Mecp2y/-	from	3	to	7	weeks	of	age.		
	

Locomotion	in	Mecp2y/-	mice	was	investigated	in	the	Rotarod	and	Open	Field	Tests,	repeated	each	week	

from	3	to	7	weeks	of	age.	On	the	Rotarod	Mecp2y/-	mice	had	a	shorten	latency	on	the	wheel	than	wt	

animals,	 with	 a	 significant	 decrease	 of	 locomotor	 ability	 at	 each	 time	 point	 (p<0.0001,	 Fig.	 22b).	

Locomotor	performance	was	further	investigated	in	the	Open	Field	test	by	analysing	the	distance	moved	

and	 the	 time	 spent	 immobile	 in	 the	 arena.	 Mecp2y/-	 mice	 spent	 significantly	 more	 time	 immobile	

(p=0.0001,	Fig.	22c)	and	consequently	less	distance	moved	(p=0.0003,	Fig.	22c)	than	wt	mice.	These	

data	confirm	the	severe	and	well-detectable	locomotor	impairments	in	Mecp2y/-	mice	compared	to	age-

matched	wt	mice.	Breathing	dysfunction	in	Mecp2y/-	mice	were	tested	by	whole-body	plethysmography	

to	quantify	frequency	(f),	time	of	inspiration	(Ti)	and	expiration	(Te)	and	apnea	over	30	min	of	freely	

moving	 recording	 from	 6-	 to	 9-week-old	Mecp2y/−	 mice.	 The	 onset	 and	 progress	 of	 respiratory	

dysfunction	 varied	 among	 Mecp2y/-	mice	 examined.	 In	 the	 majority	 (13	 out	 of	 25)	 of	 mice,	 apnea	

appeared	at	6	weeks	of	age,	but	7	showed	apnea	at	7	weeks,	2	at	8	weeks,	2	at	9	weeks	and	1	died	without	

a	single	episode	(Fig.	1d,	table).	Our	results	show	that	apnea	started	appearing	at	6	weeks	and	became	

more	frequent	with	age	(p<0.0001;	Fig.	22d).	
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Figure	22.	JNK	signalling	activation	in	Mecp2y/-	Bird	male	mice.	a)	Growth	curves	of	Mecp2y/-	mice	(n=25)	compared	to	their	

wt	littermates	(n=25)	from	3	to	7	weeks	of	age.	b-c)	Behavioural	analysis	of	Mecp2y/-	mice	(n=10)	compared	to	their	control	

wt	(n=10)	from	3	to	7	weeks	of	age	in	the	Rotarod	(b)	and	Open	field	(c)	tests	(parameters	shown:	duration	of	immobility	and	

distance	moved).	The	distance	moved	by	each	experimental	group	was	also	presented	in	the	arena-plots	under	the	Open	field	
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graphs.	d)	On-set	and	number	of	apnea	in	Mecp2y/-	and	wt	mice	at	6,	7,	8	and	9	weeks	of	ages	in	the	table	and	the	graphs,	in	the	

lower	part,	the	representative	plethysmographic	traces	of	Mecp2y/-	(n=15)	vs	wt	(n=6)	characterizing	the	respiratory	patterns	

and	breathing	dysfunction.	e)	JNK	signalling	pathway	activation	in	whole	homogenate:	Western	blots	and	quantifications	of	P-

c-Jun/c-Jun	and	P-JNK/JNK	ratios	in	the	cortex,	hippocampus,	and	cerebellum	of	7-weeks-old	Mecp2y/-	(n=10)	and	wt	(n=10)	

mice.	f)	Western	blots	and	quantifications	of	TIF	fraction	(post-synaptic	elements)	showed	the	JNK	activation	in	cerebellum	of	

7-week-old	Mecp2y/-	(n=10)	compared	 to	wt	 (n=10)	mice.	g)	Western	blots	and	quantifications	showed	PSD	alterations	 in	

Mecp2y/-	(n=10)	compared	to	wt	(n=10)	mice.	Data	were	shown	as	mean	±	SEM.	Significance	was	calculated	using	two-way	

ANOVA	for	repetitive	measurements	followed	by	Bonferroni	post	hoc	test	or	Student's	t-test	followed	by	Tukey’s	post	hoc	test.	

Statistical	significance:	*p<0.05,	**p<0.01,	***p<0.001,	****p<0.0001.		

	

4.1.2	Mecp2y/-	Bird	mice	present	activation	of	the	JNK	pathway	and	PSD	alterations	
To	 analyse	 the	 activation	 of	 the	 JNK	 stress	 pathway	 in	 Mecp2y/-	 Bird	 mice,	 we	 investigated	 the	

phosphorylation	 of	 c-Jun	 (P-c-Jun/c-Jun)	 and	 JNK	 (P-JNK/JNK)	 in	 three	 brain	 areas:	 cortex,	

hippocampus,	and	cerebellum.	P-c-Jun/c-Jun	and	P-JNK/JNK	ratios	were	significantly	higher	in	Mecp2y/-	

than	age-matched	wt	mice	(Fig.	22e),	indicating	powerful	activation	of	the	JNK-stress	pathway.	In	the	

Mecp2y/-	mice	the	P-c-Jun/c-Jun	ratio	was	50%	higher	in	the	cortex	(p=0.0055,	Fig.	22e),	75%	in	the	

hippocampus	(p=0.02,	Fig.	22e)	and	50%	in	the	cerebellum	(p=0.03,	Fig.	22e)	than	in	wild-type	mice.	

Thus,	in	these	brain	regions	the	phosphorylation	of	JNK	was	significantly	higher	in	Mecp2y/-	than	age-

matched	wt	mice	(cortex:	p=0.013,	hippocampus:	p=0.03,	cerebellum:	p=0.028,	Fig.	22e).		

We	then	specifically	assessed	JNK	activation	at	the	PSD,	by	isolating	the	post-synaptic	enriched	protein	

fraction	 with	 the	 triton-insoluble	 fraction	 (TIF)[370]	 in	 the	 cerebellum	 because	 it	 regulates	 fine	

movements,	 motor-spatial	 memory,	 motor	 coordination	 and	 thus	 being	 relevant	 to	 RTT	 locomotor	

impairments.		

The	P-JNK/JNK	ratio	was	significantly	higher	in	Mecp2y/-	 than	wt	mice	(p=0.027,	Fig.	22f),	 indicating	

JNK	activation	in	the	post-synaptic	protein	enriched-fraction.	To	study	the	molecular	organization	of	

PSD	region	in	Mecp2y/-	mice,	we	quantified	the	levels	of	different	post-synaptic	markers.	PSD95	(25%)	

and	PSD93	(70%)	levels	were	higher	in	Mecp2y/-	mice	(p=0.0149	and	p<0.0001,	Fig.	22g),	while	SHANK3	

(70%)	and	Drebrin	(60%)	levels	were	lower	than	in	wt	mice	(p=0.001,	p=0.0016,	Fig.	22g).	In	addition,	

N-methyl-D-aspartate	 receptor	 2A	 (GluN2A)	 and	 2B	 (GluN2B)	 levels	 were	 significantly	 higher	 in	

Mecp2y/-	than	in	wt	mice	(60%,	p=0.03	and	37%,	p=0.01,	Fig.	22g).	Finally,	the	levels	of	GluA1	and	GluA2,	

AMPA	receptor	subunits,	presented	a	tendency	not	significant	to	be	higher	in	Mecp2y/-	than	in	wt	mice	

(Fig.	22g).	These	results	indicate	abnormal	organization	of	the	PSD	region	in	the	absence	of	MeCP2.	

	

4.1.3	The	specific	JNK	inhibitor	peptide	D-JNKI1	rescues	the	severe	and	acute	

neurological	RTT	signs	in	Mecp2y/-	Bird	male	mice		

a-	D-JNKI1	efficacy	inhibits	JNK	pathway	in	Mecp2y/-	mice.	The	effectiveness	and	specificity	of	the	cell-

permeable	peptide	D-JNKI1	treatment	was	measured	by	its	inhibitory	effect	on	c-Jun	in-vivo	[371].	The	
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P-c-Jun/c-Jun	 ratio	 was	 therefore	 measured	 in	 the	 cortex,	 hippocampus,	 and	 cerebellum.	 D-JNKI1	

treatment	powerfully	prevented	c-Jun	phosphorylation	in	the	cortex	(84%),	hippocampus	(50%)	and	

cerebellum	 (36%,	 Fig.	 23e)	 in	 treated	 compared	 to	 untreated	 Mecp2y/-	 mice	 (p=0.0011,	 p=0.0482,	

p=0.0204,	Fig.	23e).	These	results	confirm	the	inhibitory	specificity	of	D-JNKI1's	action.		
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Figure	23.	D-JNKI1	rescues	well-being	conditions,	locomotor	impairments	and	apnea	numbers	in	Mecp2y/-	male	mice.	a)	

Timeline	of	D-JNKI1	 treatment	 in	Mecp2y/-	male	mice.	24	h	after	 the	 in	D-JNKI1	 injection	mice	were	 tested	 for	behavioural	

impairments.	b)	Growth	curves	of	D-JNKI1	treated	(blue	sky)	and	untreated	(black)	wild	type,	and	D-JNKI1	treated	(fuchsia)	

and	untreated	(black	dotted)	Mecp2y/-	mice	from	3	to	7	weeks	of	age	(n=25	for	each	experimental	group).	c-d)	Behavioural	
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analysis	of	D-JNKI1	treated	vs	untreated	wt	and	Mecp2y/-	mice	(n=10	for	each	experimental	group)	from	3	to	7	weeks	of	age	in	

the	Rotarod	(c)	and	Open	field	(d)	tests	(parameters	shown:	time	spent	immobile,	and	distance	moved,	with	relative	Open	field	

arena-plots).	e)	Western	blots	and	the	quantification	P-c-Jun/c-Jun	ratio	in	the	whole	homogenate	of	cortex,	hippocampus,	and	

cerebellum	 of	 7-week-old	 D-JNKI1	 treated	 and	 untreated	 Mecp2y/-	 mice.	 f)	 Timeline	 of	 D-JNKI1	 treatment	 and	

plethysmography	analysis.	24	h	after	the	in	D-JNKI1	injection	mice	were	tested	for	breathing	abnormalities.		g)	Number	and	

duration	of	apnea	in	preventive	and	curative	D-JNKI1	paradigm	of	treated	(n=10)	and	untreated	(n=6)	wild	type	and	Mecp2y/-	

mice	(n=15)	from	6	to	9	weeks	of	age.	h)	Breathing	analysis	 in	preventive	(upper	part)	and	curative	(lower	part)	D-JNKI1	

paradigm	of	treated	(fuchsia)	and	untreated	Mecp2y/-	(white)	mice	from	6	to	9	weeks	of	age	and	the	treated	(blue-sky)	and	

untreated	wild	type	(black)	(parameters	shown:	Ti,	Te	and	f).	Data	were	shown	as	mean	±	SEM.	Significance	was	calculated	

using	 two-way	 ANOVA	 for	 repetitive	measurements	 followed	 by	 Bonferroni	 post	 hoc	 test	 or	 Student's	 t-test	 followed	 by	

Tukey’s	 post	 hoc	 test.	 Statistical	 significance	 relative	 to	 control	 **p<0.01,	 ***p<0.001,	 ****p<0.0001;	 D-JNKI1	 treated	 vs	

untreated	Mecp2y/-:	#p<0.05,	##p<0.01,	####	p<0.0001.		

	

b-	D-JNKI1	improves	the	well-being	conditions	and	rescues	locomotor	impairments.	The	D-JNKI1	peptide	

[371,372]	was	injected	intraperitoneally	from	3	to	7	weeks	of	age,	every	28	days	to	prevent	JNK	hyper-

activation	 in	Mecp2y/-	mice	 (Fig.	23a).	By	 comparing	 the	well-being	conditions	between	 treated	and	

untreated	Mecp2y/-	mice,	D-JNKI1	chronic	treatment	did	not	cause	any	major	toxic	or	side	effects	nor	

body	weight	loss,	on	the	contrary	induced	a	recovery	in	body	weight	(wt	vs	Mecp2y/-	p<0.0001;	D-JNKI1	

treated	vs	untreated	Mecp2y/-	p=0.0020	Fig.	23b).		

Additionally,	D-JNKI1	treated	Mecp2y/-	mice	had	a	significant	lower	latency	to	fall	in	the	Rotarod	test	

(p<0.0001,	Fig.	23c)	and	also	better	open	field	test	performances	(Fig.	23d).	The	time	spent	in	immobile	

state	was	shorter	and	the	distance	moved	greater	(p=0.018	and	p=0.0237,	Fig.	23d)	in	D-JNKI1	treated	

compared	to	untreated	Mecp2y/-	mice.	D-JNKI1	did	not	show	any	toxic	effects	in	wild-type	mice	and	the	

curves	of	D-JNKI1	 treated	and	untreated	wt	animals	overlapped	with	no	significant	differences	 (Fig.	

23b-d).	

c-	D-JNKI1	reduces	apnea	numbers.	Due	to	the	onset	variability	of	apnea	among	Mecp2y/-,	we	used	two	

different	paradigms	of	D-JNKI1	treatment:	preventive	and	curative	administration	(Fig.	23f).	In	the	first	

group,	Mecp2y/-	were	 treated	 at	 6	weeks	 of	 age,	 before	 the	 onset	 of	 apnea,	 to	 analyse	 the	potential	

preventive	 effect	 of	 D-JNKI1;	whereas,	 in	 the	 second	 group,	mice	 received	 the	 treatment	 only	 after	

showing	the	first	apnea,	a	protocol	set	to	provide	information	on	the	potential	curative	effect	of	D-JNKI1.	

All	mice	were	recorded	at	6	weeks	of	age	and	again	the	day	after	the	D-JNKI1	treatment.		

Using	 whole-body	 plethysmography,	 we	 monitored	 breathing	 patterns	 (frequency	 (f),	 time	 of	

inspiration	 (Ti)	 and	 expiration	 (Te)	 and	 apnea	 (end	 expiratory	 pause	 greater	 than	 800	ms)	 in	 five	

different	 experimental	 mice	 groups:	 untreated	 Mecp2y/-,	 Mecp2y/-	 preventive-treated,	 Mecp2y/-	

curative-treated	and	treated	and	untreated	wt	mice	from	6	up	to	9	weeks	of	age.	The	preventive	D-JNKI1	

treatment	 induces	 a	 significant	 decrease	 in	 apnea	 numbers	 (p=0.0047,	 Fig.	 23g)	 but	 not	 in	 their	

duration,	while	 the	 curative	 treatment	 exerts	 an	 almost	 significant	 effect	 in	 the	 reduction	 of	 apnea	

numbers	 but	 not	 in	 their	 duration	 in	Mecp2y/-	mice	(p=0.066;	 Fig.	 23g).	We	 observed	no	 significant	

differences	among	all	groups	in	breathing	rate	(f).	On	the	other	hand,	Te	presented	differences	between	
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wt	and	Mecp2y/−	at	7	weeks	in	both	group	of	curative	and	preventive	D-JNKI1	treatment	(p=0.0002,	

p=0.0035,	Fig.	23h);	 this	 is	 in	 line	with	 the	 fact	 that	 these	mice	already	presented	apnea.	Genotypic	

differences	of	Ti	were	 clear	 at	8	weeks	 in	both	groups	 (p=0.0002	and	p=0.0025,	Fig.	 23h)	but	both	

curative	and	preventive	treatments	were	ineffective.	Finally,	at	9	weeks,	the	last	time	point	tested,	the	

genotypic	 effect	 was	 clear	 and	 both	 the	 curative	 and	 preventive	 D-JNKI1	 treatments	 significantly	

reduced	the	Te	(p<0.0001;	Fig.	23h).	For	Ti	neither	curative	nor	preventive	D-JNKI1	treatments	had	any	

effect.	Concerning	the	D-JNKI1	treatment	in	wt	mice,	this	did	not	show	any	significant	effect.	
d-	D-JNKI1	effect	on	PSD	alterations	in	Mecp2y/-.	In	line	with	the	behavioural	and	breathing	results,	the	

D-JNKI1	 inhibitor	 rescued	 the	 changes	 in	 post-synaptic	 markers	 observed	 in	 Mecp2y/-	 mice.	 The	

treatment	strongly	 lowered	the	P-JNK/JNK	ratio	 in	 the	post-synaptic	enriched	protein	 fraction	(TIF)	

(equal	to	40%)	in	Mecp2y/-	(p=0.047,	Fig.	24a)	compared	to	untreated	mice.	The	Mecp2y/-	mice	had	high	

PSD95	 and	 PSD93	 levels	 (p=0.018	 and	 p<0.0001	 Fig.	 24b),	 while	 SHANK3	 and	 Drebrin	 decreased	

(p<0.0001	and	p=0.049,	Fig.	24b);	D-JNKI1	restored	PSD95	(p=0.0002,	Fig.	24b)	and	PSD93	(p<0.0001,	

Fig.	 24b)	 level	 to	 75%	 and	 65%	 and	 SHANK3	 and	 Drebrin	 level	 to	 80%	 and	 90%	 (p<0.0001	 and	

p=0.0121,	Fig.	24b),	normalizing	the	biochemical	marker	levels	of	Mecp2y/-.		
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Figure	 24.	D-JNKI1	 effect	 against	 PSD	 alterations	 in	 Mecp2y/-	male	mice.	 a)	 Western	 blots	 and	 quantifications	 in	 the	

cerebellum	TIF	(post-synaptic	elements)	of	treated	and	untreated	wt	and	Mecp2y/-	mice	to	measure	D-JNKI1	effect	in-vivo.	D-

JNKI1	significantly	reduced	JNK	activation	in	Mecp2y/-	mice,	but	not	in	control	wt	mice.	b)	Western	blots	and	quantifications	of	

the	post-synaptic	elements	 in	 the	cerebellum,	showed	normalization	of	 the	PSD	markers	 levels	 to	control	 level	 in	D-JNKI1	

treated	 compared	 to	 untreated	 Mecp2y/-	 mice	 (n=10	 for	 each	 experimental	 group).	 Data	 were	 shown	 as	 mean	 ±	 SEM.	

Significance	was	calculated	using	two-way	ANOVA	followed	by	Bonferroni	post	hoc	test	for	multiple	comparisons.	Significance	

relative	to	control	*p<0.05,	**p<0.01,	****p<0.0001.	D-JNKI1	treated	vs	untreated	Mecp2y/-	#p<0.05,	##p<0.01,	###p<0.001,	

####p<0.0001.		
	

The	inhibitor	treatment	induced	recovery	of	NMDA	and	AMPA	receptors	to	wt	levels.	GluN2A	decreased	

40%	(p=0.0008,	Fig.	24b),	GluN2B	58%	(p<0.0001,	Fig.	24b),	GluA1	50%	(p=0.0082,	Fig.	24b)	and	GluA2	

50%	(p=0.0113,	Fig.	24b)	 compared	 to	untreated	Mecp2y/-	mice.	 In	wild-type	 treated	mice,	D-JNKI1	

significantly	increased	PSD95	and	Drebrin	levels	(p=0.0107,	p=0.00021	Fig.	24b)	and	lowered	SHANK3	

(p<0.0001,	Fig.	24b)	however	without	any	effect	on	glutamate	receptors	(AMPA	and	NMDA).	The	effects	
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of	D-JNKI1	on	PSD	markers	in	wt	mice	did	not	modify	their	behavioural	performances,	thus	excluding	

major	toxic	effects.	

	

4.1.4	The	specific	JNK	inhibitor	peptide	D-JNKI1	rescues	the	milder	neurological	RTT	

signs	in	Mecp2+/-	Jae	heterozygous	mice		

To	assess	the	potential	protective	effect	of	JNK	inhibition	in	female	Mecp2+/-	Jae	mice,	we	treated	them	

with	 D-JNKI1	 depending	 on	 the	 developmental	 onset	 of	 their	 neurological	 symptoms.	 D-JNKI1	was	

delivered	from	16	to	23	weeks	of	age,	one	injection	every	28	days,	and	the	behavioural	tests	were	run	

every	week	for	Rotarod	test	and	at	the	end	of	the	treatment	for	Open	field	test	(Fig.	25a).	Treatment	did	

not	cause	any	toxic	side-effects	on	the	wt	and	Mecp2+/-	Jae	mice	metabolism,	as	indicated	by	the	absence	

of	body	weight	changes	in	each	group	of	animals	(Fig.	25b).	Importantly,	we	found	that	D-JNKI1	rescued	

locomotor	impairments	in	Mecp2+/-	Jae	mice.	We	also	assessed	motor	coordination	of	female	Mecp2+/-	Jae	

mice	with	the	Rotarod	test,	finding	that	these	animals	showed	a	significant	impairment	compared	with	

wt	controls	demonstrated	by	a	significant	shorter	latency	to	fall	off	the	rod	(p<0.0001;	Fig.	25c).		
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Figure	 25.	 Female	 Mecp2+/-	 Jaenisch	 neurological	 phenotype:	 JNK	 signalling	 activation	 and	 D-JNKI1	 treatment.	 a)	

Timeline	 of	D-JNKI1	 treatment	 in	Female	Mecp2+/-	 Jaenisch	mice.	 24	 h	 after	 the	 in	D-JNKI1	 injection	mice	were	 tested	 for	

behavioural	impairments.	b)	Growth	curves	of	D-JNKI1	treated	and	untreated	wt	and	Mecp2+/-	Jae	mice	from	16	to	23	weeks	of	

age.	c)	Rotarod	Tests	in	D-JNKI1	Mecp2+/-	Jae	treated	mice	(fuchsia	line),	Mecp2+/-	Jae	untreated	(black	dotted	line),	treated	wt	

b

c

Wt 

 
Mecp2 +/- Jea 

 
Mecp2 +/- Jea + D-JNKI 

d g

Cerebellum 
Het +/-  Jen 
D-JNKI1 

PSD93 

SHANK3 

DREBRIN 

ACTIN 

PSD95 

wt 
wt  

D-JNKI1 Het +/-Jen 

TIF 

Cerebellum 

P-JNK 

JNK 

wt 

ACTIN 

Het + /- Jen 

TIF 
f 

Whole homogenates e

wt wt Het + /-Jen wt Het + /- Jen Het + /- Jen 

P-c-Jun 

c-Jun 

ACTIN 

Cortex Hippocampus Cerebellum 

16 17 18 19 20 21 22 23
20

22

24

26

28

30

W
ei

gh
t (

g)

WT

wt + D-JNKI1

Mecp2 +/- Jea 

Mecp2 +/- Jea 

+ D-JNKI1

Weeks

Body weight

WT ct
rl

Mec
p2-

/+ ctr
l

WT D
JN

KI1

Mec
p2-

/+ DJN
KI1

0

10

20

30

40

50 WT 

Mecp2-/+ 

D
is

ta
nc

e 
in

 c
en

te
r %

**
***

###

untreated D-JNKI1

OF Distance Center

W
T 

ct
rl

Mec
p2

-/+
 ct

rl

W
T 

DJN
KI1

Mec
p2

-/+  D
JN

KI1

0

2500

5000

7500

10000

12500

15000

17500
WT

Mecp2 +/- Jea 

D
is

ta
n

ce
 (

cm
)

untreated D-JNKI1

OF Distance Moved

W
T c

trl

Mec
p2

-/+
 ctr

l

W
T D

JN
KI1

Mec
p2

-/+
 DJN

KI1

0

20

40

60

80

100
WT

Mecp2 +/- Jea 

D
is

ta
n

ce
 in

 p
er

ip
h

er
y 

%

**

***

###

untreated D-JNKI1

OF Distance Periphery

wt Mecp2 +/- Jae 
0

1

2

3

fo
ld

 in
c
re

a
s
e
 t

o
 w

t

P-c-Jun/c-Jun  CB

*

wt Mecp2 +/- Jae 
0

1

2

3

fo
ld

 in
c
re

a
s
e
 t

o
 w

t

P-c-Jun/c-Jun  CX

*

wt Mecp2 +/- Jae 
0

1

2

3

fo
ld

 in
cr

ea
se

 t
o

 w
t

P-c-Jun/c-Jun  H

***

untreated D-JNKI1
0

1

2

3

fo
ld

 in
cr

ea
se

 to
 w

t

SHANK3

wt
Mecp2 +/-Jae 

** #
*

untreated D-JNKI1
0

1

2

3

F
o

ld
 i
n

c
re

a
s
e

DREBRIN

wt
Mecp2 +/-Jae 

*

untreated D-JNKI1
0

1

2

3

fo
ld

 in
cr

ea
se

 t
o

 w
t

PSD95

wt
Mecp2 +/-Jae 

*

untreated D-JNKI1
0

1

2

3

fo
ld

 in
cr

ea
se

 t
o

 w
t

PSD93

wt

Mecp2 +/-Jae 

* #

wt Mecp2 +/- Jae 
0

1

2

3

fo
ld

 in
cr

ea
se

 to
 w

t

P-JNK/JNK 

*

43 KDa 

43 KDa 

43 KDa 

43 KDa 

43 KDa 

43 KDa 

55 KDa 

55 KDa 

93 KDa 

120 KDa 

43 KDa 

95 KDa 

180 KDa 

16 17 18 19 20 21 22 23
0

100

200

300

##

****

Weeks

T
im

e
 o

f 
fa

il
u

re
 (

s
) Mecp2 +/-Jea 

WT + D-JNKI1

Wt

Mecp2-/+Jea + D-
JNKI1

W
T 
ct
rl

Mec
p2

-/+
 ct

rl

W
T 
DJ

NK
I1

Mec
p2

-/+
 DJ

NK
I1

0

20

40

60

80

100
WT 

Mecp2-/+ Jea

D
is

ta
n

c
e
 i
n

 c
e
n

te
r 

% *

**

####

untreated D-JNKI1

W
T c

trl

Mec
p2

-/+
 ct

rl

W
T D

JN
KI1

Mec
p2

-/+
 DJN

KI1

0

20

40

60

80

100
WT

Mecp2-/+ Jea

D
is

ta
n

ce
 in

 p
er

ip
h

er
y 

%

*

**

####

untreated D-JNKI1

Rotarod 

a



 71 

(blue-sky	line)	and	untreated	wt	(black	line).	d)	Open	Field	test.	D-JNKI1	improved	the	behavioural	performance	of	Mecp2+/-	

Jae	(see	plots	for	central	(fuchsia)	and	peripheral	(blue	sky)	movements	of	wt	and	Mecp2+/-	Jae	treated	and	untreated	mice).	The	

last	graph	presented	the	distance	moved:	there	were	no	genotypic	differences.	e)	Western	blots	and	quantifications	of	c-Jun	

activation	in	whole	homogenate	of	cortex,	hippocampus,	and	cerebellum	in	23-week-old	wt	and	Mecp2+/-	Jae	mice.	f)	Western	

blots	and	relative	quantifications	in	the	TIF	cerebellum	of	23-week-old	wt	and	Mecp2+/-	Jae	mice	confirmed	JNK	activation	at	the	

synaptic	level	in	Mecp2+/-	Jae	mice.	g)	Mecp2+/-	Jae	presented	alterations	of	the	PSD-region	and	D-JNKI1	treatment	normalised	

the	biochemical	alterations	in	treated	vs	untreated	Mecp2+/-	Jae	mice.	Each	experimental	group:	n=8.	Data	were	shown	as	mean	

±	SEM.	Significance	was	calculated	using	two-way	ANOVA	for	repetitive	measurements	followed	by	Bonferroni	post	hoc	test,	

Student's	 t-test	 followed	by	Tukey’s	 post	 hoc	 test	 and	 two-way	ANOVA	 followed	by	Bonferroni	 post	 hoc	 test	 for	multiple	

comparisons	 (g).	 Significant	 differences	 from	 control	 *p<0.05,	 **p<0.01,	 ***p<0.001,	 ****p<0.0001;	 D-JNKI1	 treated	 vs	

untreated	Mecp2+/-:	#p<0.05,	##p<0.01,	####	p<0.0001.		

	

Intriguingly,	after	treatment,	mutant	females	had	a	significantly	longer	latency	to	fall	in	the	Rotarod	test	

compared	to	untreated	Mecp2+/-	Jae	mice	(p=0.0046;	Fig.	25c),	while	no	effect	was	observed	in	wt	mice.	

In	addition,	in	the	Open	Field	test,	the	total	distance	moved	did	not	differ	between	genotypes	at	baseline	

(Fig.	25d),	but	Mecp2+/-	Jae	females	moved	less	in	the	centre	of	the	arena	(p=0.0134,	Fig.	25d)	and	more	

in	 its	 periphery	 (p=0.022,	 Fig.	 25d)	 than	 wt	 mice.	 Intriguingly,	 D-JNKI1	 treatment	 suppressed	 the	

differences	in	exploratory	behaviour	between	mutant	heterozygous	mice	and	wt	animals	in	the	open	

field	arena,	as	shown	by	the	greater	distance	moved	in	the	central	area	and	a	shorter	distance	in	the	

peripheral	area	by	D-JNKI1	treated	than	untreated	Mecp2+/-	Jae	mice	(p<0.0001,	Fig.	25d).	In	addition,	in	

wild-type	mice,	the	treatment	significantly	increased	the	distance	travelled	in	the	centre	of	the	arena	

and	reduced	the	distance	travelled	in	the	periphery	(p=0.0021	and	p=0.0022,	Fig.	25d).	Thus,	our	data	

indicate	that	D-JNKI1	treatment	improves	both	locomotor	and	exploratory	defects	in	female	Mecp2+/-	Jae	

mice.		

	

4.1.5	 Mecp2+/-	 Jae	 heterozygous	 mice	 present	 activation	 of	 the	 JNK	 pathway	 and	

alterations	in	the	PSD		

Mecp2+/-	Jae	females	showed	JNK	activation	(Fig.	25e)	and	their	P-c-Jun/c-Jun	ratio	was	30%	higher	in	

both	cortex	and	cerebellum	(p=0.0141	and	p=0.034	Fig.	25e),	and	50%	in	the	hippocampus	(p=0.0015,	

Fig.	 25e),	 compared	 to	wt	mice.	 The	 P-JNK/JNK	 ratio	was	 significantly	 higher	 in	 the	 PSD	 region	 of	

Mecp2+/-	Jae	females	than	wt	mice	(p=0.0345,	Fig.	25f),	indicating	that	Mecp2+/-	Jae	female	mutants	showed	

synaptic	 dysfunctions,	 as	Mecp2y/-	male	mice.	 The	 pathology	 in	 heterozygous	 females,	 a	 previously	

unreported	 defect,	 involved	 increases	 in	 PSD95	 (25%),	 PSD93	 (50%)	 and	 SHANK3	 (30%)	 levels	

(p=0.0296,	p=0.0308,	p=0.0027	Fig.	25g),	with	a	decrease	in	Drebrin	(46%,	p=0.0417,	Fig.	25g)	in	the	

cerebellar	 post-synaptic	 enriched	 protein	 fraction.	 Importantly,	 D-JNKI1	 significantly	 lowered	 both	

PSD93	and	SHANK3	to	control	levels	(p=0.0174	and	p=0.0134,	Fig.	25g),	while	PSD95	and	Drebrin	only	

partially	returned	to	normal	level,	with	no	significant	effect.	Finally,	in	wt	mice	D-JNKI1	did	not	have	any	
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major	effects	on	PSD	proteins	except	for	an	increase	of	SHANK3	level	(p=0.012	Fig.	25g),	without	any	

effect	 on	NMDA	 and	AMPA	 receptors.	 In	 sum,	 our	 biochemical	 results	 show	 that,	 in	 line	with	 their	

improved	behavioural	performance,	D-JNKI1-treatment	largely	rescues	the	molecular	organization	of	

the	PSD	region	in	Mecp2+/-	Jae	mice.		

	

4.1.6	From	animal	to	human	iPSC	models:	JNK	pathway	activation	and	D-JNKI1	

protective	effects	in	Rett	MECP2mut	

We	next	analysed	 JNK	activation	 in	human	neurons	differentiated	 from	iPSCs	(hiPSCs)	derived	 from	

fibroblasts	 of	 RTT	 patients	 carrying	 a	 MECP2	 mutation	 (MECP2mut)	 and	 from	 a	 normal	 control	

(MECP2wt).	We	analysed	three	iPSCs	clones	derived	from	fibroblasts	of	a	female	patient	with	Thr158Met	

mutation	in	MECP2	gene:	two	clones	expressing	the	mutated	MECP2	allele	(2271#22	and	2271#1)	and	

one	expressing	 the	normal	allele	 (2271#2)	due	 to	X-chromosome	 inactivation,	which	was	used	as	a	

partial	 isogenic	 control	 [157].	 In	 addition,	 we	 analysed	 a	 second	 MECP2-mutated	 patient	 with	 a	

p.Arg306	Cys	mutation.	The	hiPSCs	expressing	either	the	mutated	or	normal	MECP2	allele	(hMECP2wt)	

were	 differentiated	 in	 cortical	 neurons	 for	 30	 days	 as	 previously	 reported,	 generating	 mainly	

glutamatergic	neurons	[157]	(Fig.	26a).		
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Figure	26.	JNK	signalling	activation	and	D-JNKI1’s	protective	effects	in	Rett	human	iPSCs.	a)	Neuronal	differentiation	of	

Human	iPSCs.	The	upper	panel	showed	the	neuronal	differentiation	protocol.	The	timing	of	critical	steps	was	indicated	in	days	

from	day	0	(d0).	At	the	end	of	the	differentiation	(red	arrow,	d40),	neurons	were	exposed	to	2μM	D-JNKI1	for	48	hours	before	

neurons	were	 isolated	 for	western	 blot	 analysis.	 Immunofluorescence	was	 used	 to	 define	 cell	 identity	 (lower	 panel):	a1-	
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OCT4/SSEA4	staining	for	iPSCs;	a2-	Nestin	and	SOX1	staining	for	telencephalic	neural	progenitors	(d12/13);	a3-	β3-Tubulin	

(TuJI)	staining	for	neurons	in	terminally	differentiated	cultures	at	day	40	and	DAPI	to	stain	nuclei.	Scale	bar:	iPSCs	and	NPCs	

100	μm	and	neurons	20	μm.	b)	Western	blots	and	quantifications	of	JNK	activation	in	neurons	differentiated	from	hiPSCs	clones	

expressing	either	 the	wild	type	(hMecp2wt)	or	 the	mutated	(hMecp2mut);	MECP2	allele	and	wt	 iPSCs	were	differentiated	 in	

neurons	and	isolated	by	immuno-magnetic	sorting	using	anti-CD24	antibodies.	The	hMecp2mut	displayed	higher	P-JNK/JNK	

and	P-c-Jun/c-Jun	 ratios	 than	 to	hMecp2wt	 neurons.	D-JNKI1	 reduced	hMecp2mut	 activation	 to	hMecp2wt	 levels;	D-JNKI1	 in	

hMecp2wt	neurons	did	not	change	P-JNK/JNK	and	P-c-Jun/c-Jun	ratios	(n=4).	c)	Cell	death	in	hMecp2wt	and	hMecp2mut	neurons:	

the	hMecp2mut	showed	greater	cell	death	than	to	hMecp2wt.	D-JNKI1	reduced	 induced-cell	death	 in	the	hMecp2mut	neurons	

(n=4;	isolated	by	immuno-magnetic	sorting	using	anti-CD24	antibodies)	to	the	control	level	(hMecp2wt).	Data	were	shown	as	

mean	±	SEM.	Significance	was	calculated	using	two-way	ANOVA	followed	by	Bonferroni	post	hoc	test	for	multiple	comparisons.	

Significance	vs	control	*p<0.05,	**p<0.01,	****p<0.0001;	D-JNKI1	treated	vs	untreated	mutated	neurons	#p<0.05,	##	p<0.01,	

###p<0.001.		

	

Importantly,	all	the	mutated	allele	hMECP2mut	neurons	showed	a	powerful	increase	in	their	P-JNK/JNK	

and	P-c-Jun/c-Jun	ratios	compared	 to	hMECP2wt	neurons	 (p=0.0348,	p=0.00473	Fig.	26b),	providing	

strong	evidence	that	MECP2	mutations	activate	the	JNK	pathway	in	hiPSCs	derived	neurons.	In	addition,	

hMECP2mut	 neuron	media	 had	 higher	 level	 of	 LDH	 (50%)	 than	 hMECP2wt,	the	 internal	 control	 allele	

(p<0.0001,	Fig.	26b),	demonstrating	that	just	the	mutated	allele	induced	cell	death.	D-JNKI1	treatment	

was	 able	 to	 reduce	 the	 P-JNK/JNK	 (50%)	 and	 P-c-Jun/c-Jun	 (70%)	 ratios	 in	 hMECP2mut	 neurons,	

reducing	 their	 ratios	 to	 wt	 neurons	 (p=0.0473	 and	 p=0.0015,	 Fig.	 26b).	 The	 JNK	 inhibition	 also	

prevented	neuronal	death	in	hMECP2mut	neurons,	as	indicated	by	the	significant	reduction	of	the	LDH	in	

the	media	of	treated	compared	to	untreated	hMECP2mut	neurons	(p=0.0001,	Fig.	26b).		

These	 data	 showed	 that	 the	 JNK	 signalling	 mediates	 pathological	 alterations	 in	 human	 neurons	

differentiated	from	MECP2mut	hiPSCs.	Importantly,	D-JNKI1-treated	control	neurons	did	not	show	any	

increase	in	LDH	or	overt	toxic	effects,	suggesting	the	safety	of	this	treatment	(Fig.	26b).		

These	results	offer	the	first	proof	of	principle	that	JNK	is	a	key	stress	protein	in	human	RTT	and	that	its	

modulation	produces	therapeutic	effects	for	this	condition.	
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4.2	JNK	role	in	in-vivo	model	of	Angelman	Syndrome	

	

4.2.1	Ube3am−/p+	mice	present	changes	in	JNK	and	ERK	signalling	pathways	alterations	

at	7	and	23	weeks	of	age	

To	investigate	whether	mutated-UBE3A	induces	JNK	signalling	pathway	activation,	we	measured	the	p-

JNK/JNK	and	p-c-Jun/c-Jun	ratios	in	the	total	homogenate	of	cortex,	hippocampus,	and	cerebellum	of	7-	

and	23-week-old	mice.		

At	7	weeks,	 representing	 the	early	stage	of	 the	pathology,	 JNK	activation	was	significantly	higher	 in	

Ube3a	m−/p+	mice	compared	to	age-matched	wt	mice.	In	Ube3a	m−/p+	mice	the	p-c-Jun/c-Jun	ratio	was	30%	

higher	in	the	hippocampus	(p<0.001,	Fig.	27B),	27%	in	the	cortex	(p<0.05,	Fig.	27A),	and	43%	in	the	

cerebellum	(p<0.0001,	Fig.	27C)	than	in	wt	mice.	

The	p-JNK/JNK	and	p-c-Jun/c-Jun	ratios	in	the	total	homogenate	of	cortex,	hippocampus	and	cerebellum	

were	 also	 measured	 at	 23	 weeks	 of	 age	 to	 determine	 the	 importance	 of	 stress	 signalling	 in	 the	

progression	of	Ube3a	m−/p+	pathology.	JNK	activity	was	significantly	higher	in	Ube3a	m−/p+	mice	than	in	

age-matched	 wt	 mice	 (39%	 in	 the	 hippocampus,	 27%	 in	 the	 cortex	 and	 25%	 in	 the	 cerebellum,	

p<0.0001;	p<0.0001;	p<0.0001,	Fig.	27E,	27D,	27F).	These	findings	illustrate	that	JNK	activation	persists	

until	23	weeks	of	age	at	an	advanced	stage	of	the	AS	pathology.	
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Figure	27.	Changes	in	JNK	stress	signalling	pathway	persist	in	the	total	homogenate	from	7	to	23	weeks	Ube3a	m−/p+	mice.	

Representative	western	blots	and	relative	quantifications	of	total	homogenate	of	A)	cortex,	B)	hippocampus,	C)	cerebellum	of	7	

weeks	old	mice	and	D),	E),	F)	of	23	weeks	old	mice	show	higher	level	of	p-JNK/JNK	and	p-c-Jun/c-Jun	ratios	in	Ube3a	m−/p+	vs	wt	
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mice.	n=10.	Genotypes	are	compared	using	t-tests.	Statistical	significance:	*p<0.05,	**p<0.01,	****p<0.0001.	Data	are	expressed	as	

mean	±	SEM.	

	

4.2.2	Ube3am−/p+	mice	show	changes	in	PSD	biochemical	markers	and	JNK	activation	in	

the	TIF	at	7	weeks	of	age	

To	study	the	molecular	organization	of	the	PSD-region	in	Ube3a	m−/p+	mice	we	isolated	the	post-synaptic	

enriched	protein	fraction	(TIF)	of	hippocampus,	cortex,	and	cerebellum.		

We	measured	JNK	activation	in	the	PSD	region,	in	Ube3a	m−/p+	hippocampus	compared	to	wt	mice.	The	

P-JNK/JNK	ratio	was	significantly	higher	in	Ube3a	m−/p+	(50%,	p<0.0001,	Fig.	28)	than	wt	mice.	We	also	

measured	the	p-PSD95/PSD95	ratio	(Fig.	28),	using	a	p-PSD95	antibody	that	recognizes	the	specific	JNK	

phosphorylation	site.	The	ratio	was	significantly	higher	in	Ube3a	m−/p+	(27%)	than	wt	mice	(p<0.01,	Fig.	

28).	 In	 addition,	 to	 analyse	 the	 molecular	 organization	 of	 the	 PSD	 region	 of	 Ube3a	 m−/p+	mice,	 we	

quantified	Shank3,	a	scaffold	protein	strongly	implicated	in	autism,	Drebrin,	a	marker	of	mature	spines	

and	AMPA	and	NMDA	glutamate	receptors.	Shank3	and	GLUR2	levels	were	significantly	higher	in	Ube3a	

m−/p+	(55%	and	53%;	p<0.01,	p<0.05,	Fig.	28),	while	Drebrin	was	23%	lower	than	in	wt	mice	(p<0.05,	

Fig.	28).	NR2A,	NR2B	and	GLUR1	levels	showed	no	significantly	changes	in	Ube3a	m−/p+	(Fig.	28).	These	

results	indicate	abnormal	organization	of	the	PSD	region	in	Ube3a	m−/p+	mice.	
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Figure	 28.	 Changes	 in	 JNK	 activation	 and	 PSD	 markers	 in	 the	 hippocampus	 of	 Ube3a	 m−/p+	 at	 7	 weeks	 of	 age.	 A)	

Representative	western	blots	and	relative	quantifications	showed	JNK	activation	followed	by	changes	in	biochemical	marker	levels.	

The	p-PSD95/PSD95	ratio,	Shank3	and	GLUR2	levels	are	higher	in	Ube3a	m−/p+	mice	than	wt,	while	Drebrin	level	is	lower.	NR2A,	

NR2B	and	GLUR1	level	do	not	differ	in	Ube3a	m−/p+	and	wt	mice.	n=10.	Genotypes	are	compared	using	t-tests.	Statistical	significance:	

*p<0.05,	**p<0.01,	****p<0.0001.	Data	are	expressed	as	mean	±	SEM.	

	

We	analysed	JNK	activation	at	the	PSD	region	in	the	cortex	as	well.	The	p-JNK/JNK	ratio	was	significantly	

higher	 (45%)	 in	Ube3a	m−/p+	than	wt	mice	 (p<0.0001,	 Fig.	 29),	 indicating	 JNK	activation	 in	 the	post-

synaptic	 compartment	 also	 in	 this	 brain	 area.	 The	p-PSD95/PSD95	 ratio	was	 significantly	 higher	 in	

Ube3a	m−/p+	(28%)	than	wt	mice	(p<0.0001,	Fig.	29).	In	Ube3a	m−/p+	the	Shank3	level	was	51%	higher	and	

Drebrin	43%	lower	than	in	wt	mice	(p<0.001	and	p<0.01,	Fig.	29).	In	addition,	NR2A	(45%)	and	AMPA	

receptor	subunits	GLUR1	(30%)	were	significantly	lower	in	Ube3a	m−/p+	than	in	wt	mice	(p<0.05,	p<0.05,	

Fig.	29),	while	NR2B	and	GLUR2	levels	showed	no	changes	(Fig.	29).		

	

	
Figure	29.	Changes	in	JNK	activation	and	PSD	markers	in	the	cortex	of	Ube3a	m−/p+	at	7	weeks	of	age.	A)	Representative	

western	 blots	 and	 relative	 quantifications	 showed	 JNK	 activation	 followed	 by	 changes	 in	 biochemical	 marker	 levels.	 The	 p-

PSD95/PSD95	ratio	and	Shank3	levels	are	higher	in	Ube3a	m−/p+	mice	than	wt,	while	Drebrin,	NR2A	and	GluR1	levels	are	lower.	

NR2B	 and	 GLUR2	 levels	 do	 not	 differ	 in	 Ube3a	 m−/p+	 and	 wt	 mice.	 n=10.	 Genotypes	 are	 compared	 using	 t-tests.	 Statistical	

significance:	*p<0.05,	**p<0.01,	****p<0.0001.	Data	are	expressed	as	mean	±	SEM.	
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Finally,	we	also	examined	JNK	activation	in	the	PSD	region	in	the	cerebellum,	in	Ube3a	m−/p+	compared	

to	wt	mice.	At	 this	 stage	 there	 is	 only	 a	 tendency	 for	 an	 increase	 of	 p-JNK/JNK	 ratio	 in	Ube3a	m−/p+	

compared	to	wt,	meaning	that	JNK	activation	is	not	as	strong	as	in	the	other	areas.	The	p-PSD95/PSD95	

ratio	(29%)	and	Shank3	level	(46%)	were	significantly	higher	in	Ube3a	m−/p+	than	wt	(p<0.05,	p<0.001,	

Fig.	30)	while	Drebrin	(59%),	NR2A	(70%),	NR2B	(71%),	GLUR1	(41%)	and	GLUR2	(58%)	levels	were	

significantly	lower	(p<0.001,	p<0.05,	p<0.01,	p<0.05,	p<0.01,	Fig.	30).		

	

	
Figure	30.	Changes	in	JNK	activation	and	PSD	markers	in	cerebellum	of	Ube3a	m−/p+	at	7	weeks	of	age.	A)	Representative	

western	blots	and	relative	quantifications	changes	in	PSD	biochemical	marker	levels.	The	p-PSD95/PSD95	ratio	and	Shank3	levels	

are	higher	in	Ube3a	m−/p+	mice	than	wt,	while	Drebrin,	NR2A,	NR2B,	GluR1	and	GluR2	levels	are	lower	in	Ube3a	m−/p+	and	wt	mice.	

n=10.	Genotypes	are	compared	using	t-tests.	Statistical	significance:	*p<0.05,	**p<0.01,	***p<0.001.	Data	are	expressed	as	mean	±	

SEM.	

	

4.2.3	Ube3am−/p+	mice	present	behavioural	impairments	at	7	weeks	of	age	

Ube3a	m−/p+	PSD	showed	significant	biomarker	changes	in	the	3	different	brain	areas	analysed.	In	order	

to	 correlate	 Ube3a	 m−/p+	 synaptic	 dysfunctions,	 demonstrated	 by	 the	 analysis	 of	 the	 post-synaptic	

enriched	 protein	 fraction	 of	 cortex,	 hippocampus,	 and	 cerebellum,	 to	 both	 cognitive	 and	 locomotor	

defects	 we	 exanimated	 cognitive	 impairment	 with	 the	 Novel	 Object	 Recognition	 Test	 (NORT)	 and	

locomotor	defects	with	the	Open	Field	and	Rotarod	tests.		
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In	 the	NORT,	Ube3a	m−/p+	mice	had	a	 significantly	 lower	discrimination	 index	 (DI)	 (96%)	 than	aged-

matched	wt	mice	(p<0.05,	Fig.	31A).	These	data	confirm	the	severe	cognitive	impairment	in	Ube3a	m−/p+	

mice	already	at	7	weeks	of	age.		

To	investigate	spontaneous	locomotor	and	exploratory	activity	in	Ube3a	m−/p+	we	ran	the	Open	Field	test	

on	 the	 same	 animals.	Ube3a	 m−/p+	mice	 had	 significantly	 lower	 velocity	 (15%)	 and	 shorter	 distance	

moved	 (14%)	 than	 aged-matched	 wt	 mice	 (p<0.05,	 Fig.	 31B).	 The	 total	 number	 of	 crossing	 was	

significantly	 lower	 too	 (21%)	 in	 Ube3a	 m−/p+	 than	 wt	 mice	 (p<0.05,	 Fig.	 31B).	 These	 data	 confirm	

locomotor	impairments	in	Ube3a	m−/p+	mice.	Exploratory	activity	was	measured	as	the	time	spent	in	the	

inner	and	the	outer	zone	(Fig.	31B):	Ube3a	m−/p+	mice	spent	more	time	(9%,	p<0.01)	in	the	outer	zone	of	

the	arena	but	the	time	spent	in	the	inner	zone	was	no	significantly	different	from	aged-matched	wt	mice.	

In	 addition,	 Ube3a	 m−/p+	mice	 also	 had	 an	 increased	 hypermobility	 state	 (95%,	 p<0.01,	 Fig.	 31B)	

compared	 to	 age-matched	 wt	 mice.	 To	 summarize,	 Ube3a	 m−/p+	mice	 showed	 a	 mild	 exploratory	

impairment	at	7	weeks	compared	to	wt	mice	but	had	a	severe	hypermobility	symptom.	

The	Ube3a	m−/p+	locomotor	 impairment	was	 then	characterized	 in	 the	Rotarod	 test.	Ube3a	m−/p+	had	a	

shorter	(17%)	latency	to	fall	on	the	accelerated	rod	than	to	aged-matched	wt	mice,	with	significantly	

reduced	locomotor	ability	at	7	weeks	of	age	(p<0.05,	Fig.	31C).		

These	results	suggest	that	Ube3a	m−/p+	mice	at	7	weeks	of	age	present	an	important	cognitive	impairment	

while	the	locomotor	defects	seem	milder	than	in	aged-matched	wt	mice.	

	

	
Figure	31.	7-week-old	Ube3a	m−/p+	mice	show	severe	cognitive	impairment	and	mild	locomotor	and	exploratory	defects.	

Ube3a	m−/p+	mice	give	a	lower	DI	in	the	NORT	than	aged-matched	wt	mice	(A).	The	Open	Field	Test	(B)	shows	the	shorter	distance	

moved,	velocity	and	smaller	number	of	crossing	in	Ube3a	m−/p+	mice	than	wt.	Ube3a	m−/p+	mice	also	had	increased	hypermobility	
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and	spent	more	time	in	the	outer	zone	of	the	arena	and	less	time	in	the	inner	zone	(not	significant).	Ube3a	m−/p+	mice	also	had	a	

shorter	 time	 to	 failure	 in	 the	Rotarod	 test	 compared	 to	wt	mice	 (C).	n=10.	Genotypes	were	compared	using	 t-tests.	 Statistical	

significance:	*p<0.05,	**p<0.01.	Data	are	expressed	as	mean	±	SEM.	

	

4.2.4	Ube3am−/p+	mice	present	changes	in	PSD	biochemical	markers	and	JNK	activation	

in	the	post-synaptic	element	at	23	weeks	of	age	
After	the	behavioural	tests,	we	sacrificed	animals	and	then	characterized	the	synaptic	dysfunction	of	

Ube3a	m−/p+	mice	at	 23	weeks	 of	 age	 analysing	 the	 post-synaptic	 enriched	protein	 fraction	 of	 cortex,	

hippocampus,	and	cerebellum.		

Concerning	 the	 hippocampal	 post-synaptic	 elements,	 we	 found	 a	 strong	 JNK	 activation,	 proved	 by	

increased	p-JNK/JNK	ratio	higher	in	Ube3a	m−/p+	than	wt	(49%,	p<0.0001,	Fig.	32).	The	p-PSD95/PSD95	

ratio	 (22%),	 Shank3	 (47%),	 NR2A	 (55%),	 NR2B	 (25%)	 and	GLUR2	 (56%)	 levels	were	 significantly	

higher	in	Ube3a	m−/p+	than	wt	mice	(p<0.01,	p<0.001,	p<0.001,	p<0.01,	p<0.0001,	Fig.	32)	while	Drebrin	

(45%)	and	GLUR1	(47%)	levels	were	lower	than	in	wt	mice	(p<0.0001,	Fig.	32).		

	

	
Figure	 32.	 23-week-old	 Ube3a	 m−/p+	mice	 still	 present	 JNK	 activation	 and	 PSD	 alterations	 in	 the	 hippocampus.	 A)	

Representative	western	blots	and	relative	quantifications	showed	JNK	hyperactivation	in	the	hippocampus	TIF	fraction	of	Ube3a	
m−/p+	mice	compared	to	wt	mice.	p-PSD95/PSD95	ratio,	Shank3,	NMDA-receptors	and	GLUR2	levels	are	higher	in	Ube3a	m−/p+	mice	

wt het +/-
0

1

2

3

4

fo
ld 

inc
re

as
e t

o w
t

p-JNK/JNK 
****

wt het +/-
0

1

2

3

4

fo
ld 

inc
re

as
e t

o w
t

P-PSD95/PSD95 
**

wt het +/-
0

1

2

3

4

fo
ld 

inc
re

as
e t

o w
t

Drebrin
****

wt het +/-
0

1

2

3

4

fo
ld 

inc
re

as
e t

o w
t

shank3 
***

wt het +/-
0

1

2

3

4

fo
ld 

inc
re

as
e t

o w
t

GLUR1
****

wt het +/-
0

1

2

3

4

fo
ld 

inc
re

as
e t

o w
t

GLUR2
****

wt het +/-
0

1

2

3

4

fo
ld 

inc
re

as
e t

o w
t

NR2B 
**

wt het +/-
0

1

2

3

4

fo
ld 

inc
re

as
e t

o w
t

NR2A 
***

p-JNK 

JNK 

p-PSD95 

PSD95 

Shank3 

Drebrin 

NR2A 

NR2B 

GLUR2 

GLUR1 

Actin 

A Hippocampus 
wt het+/- 

Post-Synaptic Protein-enriched fraction of 23 weeks old mice 

FIGURE	11	



 82 

than	wt,	while	Drebrin	and	GLUR1	 levels	are	 lower	 in	Ube3a	m−/p+	mice	 than	wt.	n=10.	Genotypes	are	compared	using	 t-tests.	

Statistical	significance:	**p<0.01,	***	p<0.001,	****p<0.0001.	Data	are	expressed	as	mean	±	SEM.	

		

Also	in	cortex,	JNK	signalling	was	activated	in	Ube3a	m−/p+	compared	to	wt	mice	(p<0.0001,	Fig.	33).	The	

p-PSD95/PSD95	ratio	and	Shank3	levels	were	increased	(p<0.0001,	p<0.001,	Fig.	33),	while	Drebrin,	

NR2A	and	GluR1	levels	were	significantly	lower	in	Ube3a	m−/p+	than	wt	mice	(p<0.01,	p<0.05,	p<0.05,	Fig.	

33).	On	the	contrary,	no	differences	were	found	in	NR2B	and	GluR2	levels.		

	

	
Figure	33.	23-week-old	Ube3a	m−/p+	mice	still	present	JNK	activation	and	PSD	alterations	in	the	cortex.	A)	Representative	

western	blots	and	relative	quantifications	showed	JNK	hyperactivation	in	the	cortex	TIF	fraction	of	Ube3a	m−/p+	mice	compared	to	

wt	mice.	p-PSD95/PSD95	ratio,	Shank3,	NR2A	and	GLUR1	levels	are	higher	in	Ube3a	m−/p+	mice	than	wt,	while	Drebrin	and	GLUR1	

levels	are	lower	in	Ube3a	m−/p+	mice	than	wt.	n=10.	Genotypes	are	compared	using	t-tests.	Statistical	significance:	*p<0.05,	**p<0.01,	

***	p<0.001,	****p<0.0001.	Data	are	expressed	as	mean	±	SEM.	

	

Lastly,	 in	 the	 cerebellum,	 we	 did	 not	 find	 any	 changes	 in	 JNK	 activation	 but	 just	 a	 tendency	 to	 be	

increased	in	Ube3a	m−/p+	compared	to	wt	mice.	On	the	other	hand,	we	observed	a	general	deregulation	of	

scaffold	and	protein	levels:	p-PSD95/PSD95	ratio	and	Shank3	levels	were	increased	(p<0.05,	p<0.001,	
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Fig.	34),	while	Drebrin,	NR2A,	NR2B,	GluR1	and	GluR2	levels	were	significantly	lower	in	Ube3a	m−/p+	than	

wt	mice	(p<0.001,	p<0.05,	p<0.01,	p<0.05,	p<0.01,	Fig.	34).		

	

	
Figure	34.	23-week-old	Ube3a	m−/p+	mice	present	PSD	alterations	in	cerebellum.	A)	Representative	western	blots	and	relative	

quantifications	showed	increased	levels	of	p-PSD95/PSD95	ratio	and	Shank3	and	reduced	levels	of	Drebrin,	NR2A,	NR2B,	GLUR1	

and	GLUR2	in	Ube3a	m−/p+	mice	than	wt.	n=10.	Genotypes	are	compared	using	t-tests.	Statistical	significance:	*p<0.05,	**p<0.01,	***	

p<0.001.	Data	are	expressed	as	mean	±	SEM.	

	

4.2.5	Ube3am−/p+	mice	present	behavioural	impairments	at	23	weeks	of	age	
Cognitive	and	locomotor	defects	in	Ube3a	m−/p+	mice	were	examined	also	at	23	weeks	of	age.	In	the	NORT,	

Ube3a	m−/p+	mice	had	a	significantly	lower	DI	than	aged-matched	wt	mice	(p<0.001,	Fig.	35A).	Wt	mice	

had	a	DI	of	0.272,	and	Ube3a	m−/p+	DI	had	-0.1352	while	at	7	weeks	it	was	0.009422.	These	data	indicate	

that	Ube3a	m−/p+	cognitive	impairments	get	worse	with	the	progression	of	the	AS	pathology.	

The	Open	Field	test	was	run	at	23	weeks	to	assess	the	spontaneous	locomotor	and	exploratory	activity	

in	Ube3a	m−/p+	and	wt	mice.	 Surprisingly,	Ube3a	m−/p+	mice	did	not	 significantly	 differ	 in	 velocity	 and	

distance	moved	from	aged-matched	wt	mice	(Fig.	35B),	indicating	no	genotypic	differences.	However,	
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at	23	weeks	the	total	number	of	crossings	was	significantly	smaller	(30%)	in	Ube3a	m−/p+	(p<0.05,	Fig.	

35B).		

As	regards	exploratory	activity,	the	time	spent	by	Ube3a	m−/p+	mice	in	the	inner	zone	did	not	significantly	

differ	from	the	time	spent	by	aged-matched	wt	mice	(Fig.	35B),	while	the	time	spent	in	the	outer	zone	

was	higher	(p<0.05,	Fig.	35B).		

Finally,	Ube3a	m−/p+	mice	still	presented	an	increased	hypermobility	(78%,	p<0.05,	Fig.	35B)	compared	

to	age-matched	wt	mice.	The	Ube3a	m−/p+	mice	locomotor	impairment	at	23	weeks	was	not	significantly	

different	from	wt	mice,	although	there	were	fewer	crossings	and	the	evident	hypermobility	symptoms	

persisted	 at	 this	 stage	 of	 the	 AS	 pathology	 of	 mice.	Ube3a	 m−/p+	 locomotor	 impairment	 was	 further	

characterized	in	the	Rotarod	test.	At	23	weeks	Ube3a	m−/p+	mice	still	had	a	shorter	latency	time	(13%)	on	

the	rod	than	aged-matched	wt	mice,	with	a	significant	decrease	of	locomotor	ability	at	23	weeks	of	age	

(p<0.05,	Fig.	35C).	

	

	
Figure	35.	Behavioural	defect	in	23-week-old	Ube3a	m−/p+	mice.	Ube3a	m−/p+	mice	show	cognitive	impairment	indicated	by	a	

smaller	DI	in	the	NORT	compared	to	aged-matched	wt	mice	(A).	The	Open	Field	test	(B)	show	no	significant	differences	in	distance,	

velocity,	and	time	spent	in	the	inner	zone	between	wt	and	Ube3a	m−/p+	mice.	Ube3a	m−/p+	mice	had	fewer	crossings	between	the	inner	

and	outer	 zones	of	 the	arena	and	 spent	more	 time	 in	 the	outer	 zone	 compared	 to	wt	mice.	Ube3a	m−/p+	mice	were	also	more	

hypermobile	than	wt.	In	the	Rotarod	test	(C)	Ube3a	m−/p+	mice	had	a	shorten	latency	to	fall	on	the	rod	than	aged-matched	wt	mice.	

n=10.	Genotypes	were	compared	using	t-tests.	Statistical	significance:	*p<0.05,	***p<0.001.	Data	are	expressed	as	mean	±	SEM.	
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4.2.6	Specific	D-JNKI1	treatment	prevents	JNK	signalling	activation	in	23	weeks	old	

Ube3am−/p+	mice	

To	determine	the	role	of	 JNK	in	Ube3a	m−/p+	pathology	we	used	the	specific	 JNK	inhibitor	peptide,	D-

JNKI1,	 injected	 intraperitoneally	every	4	weeks	 from	7	to	23	weeks	of	age,	 to	 inhibit	 JNK’s	action	 in	

Ube3a	m−/p+	mice	and,	as	a	control,	in	wt	mice.	Therefore,	there	were	four	groups:	1-D-JNKI1-treated	wt	

2-untreated	wt	mice	 and	 3-D-JNKI1-treated	Ube3a	 m−/p+	and	 4-untreated	Ube3a	 m−/p+	mice.	 D-JNKI1’s	

inhibitory	effect	is	measured	as	a	reduction	of	p-JNK/JNK	and	p-c-Jun/c-Jun	[371].	

D-JNKI1	powerfully	prevented	 JNK	and	 c-Jun	phosphorylation	 in	 the	hippocampus	 (44%,	p<0.0001;	

51%,	 p<0.01,	 Fig.	 36A),	 cortex	 (55%,	 p<0.0001;	 30%,	 p<0.001%	 Fig.	 36B),	 and	 cerebellum	 (26%,	

p<0.001;	40%,	p<0.0001	Fig.	36C)	in	the	treated	compared	to	untreated	Ube3a	m−/p+	mice	but	had	no	

significant	effect	in	wt	mice.		

These	 data	 confirm	 the	 efficacy	 of	D-JNKI1	 in	 the	 cortex,	 hippocampus,	 and	 cerebellum	 in-vivo	 and	

suggests	there	are	no	major	side	effects	in	control	conditions.	
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Figure	36.	D-JNKI1	chronic	treatment	reduced	JNK	activation	in	the	total	homogenate	of	23	weeks	old	Ube3a	m−/p+	mice.	

Representative	western	blots	and	relative	quantifications	of	A)	hippocampus,	B)	cortex,	C)	cerebellum	total	homogenates	show	the	

higher	p-JNK/JNK	and	p-c-Jun/c-Jun	ratios	in	23-week-old	Ube3a	m−/p+	mice.	D-JNKI1	blocks	the	JNK	signalling	pathway	activation.	

The	treatment	had	no	changes	in	wt	mice.	n=10.	Significance	differences	from	control	***p<0.001,	****p<0.0001;	D-JNKI1	treated	

vs	untreated:	##p<0.01,	###	p<0.001,	####	p<0.0001.	Two-way	ANOVA,	Tukey's	post-hoc	test.	Data	are	expressed	as	mean	±	SEM.	
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4.2.7	D-JNKI1	normalizes	biochemical	PSD	changes	in	23	weeks	old	Ube3am−/p+	mice		
D-JNKI1	normalized	the	biochemical	changes	in	the	post-synaptic	element	of	the	hippocampus,	cortex,	

and	 cerebellum	 in	 Ube3a	 m−/p+	mice.	 In	 the	 hippocampus	 D-JNKI1	 reduced	 the	 p-JNK/JNK	 and	 p-

PSD95/PSD95	ratios	(to	49%	and	26%),	(p<0.0001,	p<0.05,	Fig.	37)	compared	to	untreated	Ube3a	m−/p+	

mice.	Shank3	and	Drebrin	levels	were	both	regularized	to	control	levels.	D-JNKI1	also	normalized	the	

levels	of	NR2B	(72%,	p<0.01,	Fig.	37),	GLUR1	33%	(p<0.05,	Fig.	37)	and	GLUR2	40%	(p<0.01,	Fig.	37)	

compared	 to	 untreated	 Ube3a	 m−/p+	mice,	 while	 there	 was	 no	 effect	 on	 NR2A.	 As	 regards	 D-JNKI1	

inhibition	on	wt	mice,	 there	were	no	 significant	 changes	 in	PSD	markers,	 suggesting	no	major	 toxic	

effects.		

	

	
Figure	37.	D-JNKI1	chronic	treatment	reduced	JNK	activation	in	the	hippocampus	TIF	fraction	of	23	weeks	old	Ube3a	m−/p+	

mice.	(A)	Representative	western	blots	and	quantifications	show	JNK	activation	in	the	hippocampus	TIF	fraction	of	Ube3a	m−/p+	

mice	at	23	weeks	of	age	with	higher	levels	of	p-PSD95/PSD95,	Shank3,	NR2A,	NR2B	and	GLUR2	then	in	wt	mice.	On	the	contrary,	

Drebrin	and	GLUR1	levels	are	reduced	in	Ube3a	m−/p+	mice	to	age-matched	wt.	D-JNKI1	reduced	JNK	activation,	the	p-PSD95/PSD95	
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ratio,	Shank3	and	NR2B	 levels	but	raised	Drebrin,	GLUR1	and	NR2A	(not	significant)	 levels	 in	 treated	compared	to	untreated	

Ube3a	m−/p+	mice.	The	treatment	did	not	cause	any	changes	in	wt.	n=10.	Significance	differences	from	control	*p<0.05,	**p<0.01,	

****p<0.0001;	D-JNKI1	treated	vs	untreated:	#p<0.05,	##p<0.01,	###	p<0.001,	####	p<0.0001.	Two-way	ANOVA,	Tukey's	post-

hoc	test.	Data	are	expressed	as	mean	±	SEM.	

	

D-JNKI1	also	rescued	the	biochemical	changes	observed	in	the	cortex	post-synaptic	element	of	23-week-

old	Ube3a	m−/p+	mice.	Briefly,	the	treatment	powerfully	reduced	(58%)	the	p-JNK/JNK	ratio	in	the	PSD	of	

treated	Ube3a	m−/p+	compared	to	untreated	mice	(p<0.001,	Fig.	38).	The	p-PSD95/PSD95	ratio	was	lower	

(35%,	p<0.01,	Fig.	38)	in	treated	Ube3a	m−/p+	compared	to	untreated	Ube3a	m−/p+	mice	(Fig.	38);	Shank3	

was	lower	as	well	(70%,	p<0.0001,	Fig.	38),	while	Drebrin	did	not	significantly	change.	D-JNKI1	restored	

NMDA	and	AMPA	receptor	levels.	NR2A	decreased	64%	(p<0.0001,	Fig.	38),	NR2B	49%	(p<0.01,	Fig.	

38),	GLUR1	39%	(p<0.01,	Fig.	38)	and	GLUR2	61%	(p<0.0001,	Fig.	38)	in	treated	compared	to	untreated	

Ube3a	m−/p+	mice.	D-JNKI1	normalized	the	biochemical	marker	levels	of	Ube3a	m−/p+	treated	mice	and	had	

no	significant	effect	in	wt	mice.		
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Figure	38.	D-JNKI1	chronic	treatment	reduced	JNK	activation	in	the	cortex	TIF	fraction	of	23	weeks	old	Ube3a	m−/p+	mice.	

(A)	Representative	western	blots	and	quantifications	show	JNK	activation	in	the	cortex	TIF	fraction	of	Ube3a	m−/p+	mice	at	23	weeks	

of	age	with	higher	levels	of	p-PSD95/PSD95,	Shank3,	NR2A,	NR2B,	GLUR1	and	GLUR2	then	in	wt	mice.	On	the	contrary,	Drebrin	

levels	are	reduced	in	Ube3a	m−/p+	mice	to	age-matched	wt.	D-JNKI1	reduced	JNK	activation,	the	p-PSD95/PSD95	ratio,	Shank3,	

NR2A,	NR2B,	GLUR1	and	GLUR2	levels	but	raised	Drebrin	(not	significant)	levels	in	treated	compared	to	untreated	Ube3a	m−/p+	

mice.	The	treatment	did	not	cause	any	changes	in	wt.	n=10.	Significance	differences	from	control	*p<0.05,	**p<0.01,	***p<0.001;	

D-JNKI1	 treated	 vs	 untreated:	 ##p<0.01,	 ###	 p<0.001,	 ####	 p<0.0001.	 Two-way	 ANOVA,	 Tukey's	 post-hoc	 test.	 Data	 are	

expressed	as	mean	±	SEM.	
	

Finally,	D-JNKI1	at	23	week	normalized	biochemical	marker	levels	in	the	cerebellum	of	Ube3a	m−/p+	mice:	

p-JNK/JNK	(38%)	and	p-PSD95/PSD95	(54%)	ratios	were	lower	in	the	post-synaptic	enriched	protein	

fraction	of	treated	Ube3a	m−/p+	compared	to	untreated	mice	(p<0.001,	p<0.0001,	Fig.	39).	Shank3	and	

Drebrin	levels	were	both	regularized,	while	the	treatment	raised	the	NMDA	(70%,	p<0.05	for	NR2B,	not	

significant	for	NR2A,	Fig.	39)	and	AMPA	receptor	levels	(GLUR1	62%,	GLUR2	38%,	p<0.0001,	p<0.01	

Fig.	39)	compared	to	untreated	mice.	No	significant	effects	were	seen	on	treated	wt	mice	(Fig.	39).	
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These	data	 indicate	 that	 the	D-JNKI1	normalizes	biochemical	PSD	alterations	 in-vivo	 in	all	 the	 three	

brain	areas	studied.	

	

	
Figure	39.	D-JNKI1	chronic	treatment	reduced	JNK	activation	in	the	cerebellum	TIF	fraction	of	23	weeks	old	Ube3a	m−/p+	

mice.	(A)	Representative	western	blots	and	quantifications	show	JNK	activation	in	cerebellum	TIF	fraction	of	Ube3a	m−/p+	mice	at	

23	weeks	of	age	with	higher	levels	of	p-PSD95/PSD95,	Shank3,	NR2A	and	GLUR2	then	in	wt	mice.	On	the	contrary,	Drebrin	levels	

are	reduced	in	Ube3a	m−/p+	mice	to	age-matched	wt.	D-JNKI1	reduced	JNK	activation,	the	p-PSD95/PSD95	ratio,	Shank3	levels	but	

raised	Drebrin,	NR2A,	NR2B,	GLUR1	and	GLUR2	levels	in	treated	compared	to	untreated	Ube3a	m−/p+	mice.	The	treatment	did	not	

cause	 any	 changes	 in	 wt.	 n=10.	 Significance	 differences	 from	 control	 *p<0.05,	 ***p<0.001,	 ****p<0.0001;	 D-JNKI1	 treated	 vs	

untreated:	#p<0.05,	##p<0.01,	###	p<0.001,	####	p<0.0001.	Two-way	ANOVA,	Tukey's	post-hoc	test.	Data	are	expressed	as	mean	

±	SEM.	
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4.2.8	D-JNKI1	rescues	cognitive	impairments	but	not	locomotor	defects	
To	evaluate	the	potential	neuroprotective	effect	of	D-JNKI1	on	cognitive	impairment	we	investigated	

untreated	and	treated	Ube3a	m−/p+	and	wt	mice	in	the	NORT	during	chronic	treatment,	once	a	month	at	

the	indicated	times	(from	7	to	23	weeks).	The	Ube3a	m−/p+	DI	was	always	lower	than	aged-matched	wt	

mice,	and	the	genotypic	difference	increased	with	the	severity	of	the	AS-pathology	as	expected	(159%	

p<0.0001,	Fig.	40A1-A2).	At	23	weeks	the	Ube3a	m−/p+	had	a	significantly	lower	DI	than	aged-matched	wt	

mice.	D-JNKI1	had	no	effect	 in	wt	 in	 fact	 the	 two	 curves	 (continue	and	dotted)	overlap	 (Fig.	40A4).	

However,	 with	 the	 chronic	 D-JNKI1	 treatment	 we	 found	 a	 significant	 difference	 between	 treated	

Ube3am−/p+	and	untreated	mice;	their	performances	were	significantly	better	(144%)	at	23	weeks	of	age,	

reaching	an	average	DI	of	0.31	compared	to	untreated	Ube3am−/p+	(average	DI	of	-0.1352,	Fig.	40A3).	D-

JNKI1	rescued	the	cognitive	impairment	in	Ube3am−/p+	mice.		

D-JNKI1’s	 effect	 on	 the	 locomotor	 defect	 was	 investigated	 in	 the	 Rotarod	 test.	 In	 the	 four	 groups	

previously	described	(untreated	and	treated	wt	and	Ube3a	m−/p+	mice)	from	7	to	23	weeks	of	age,	there	

was	an	overall	genotypic	difference	between	wt	and	Ube3a	m−/p+	mice	(p	<0.0001,	Fig.	40B1-B2).	At	the	

last	time	point,	Ube3a	m−/p+	mice	spent	13%	less	time	on	the	rotating	bar	than	wt	mice	Fig.	40B2).	We	

found	no	significant	effect	 in	 treated	Ube3a	m−/p+	and	untreated	Ube3a	m−/p+	(Fig.	40B3).	 In	conclusion	

chronic	D-JNKI1	treatment	had	no	positive	effect	on	locomotor	impairments.	
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Figure	 40.	 D-JNKI1	 prevents	 cognitive	 impairments	 in	 Ube3a	m−/p+	mice	 in	 the	 Novel	 object	 recognition	 test	 but	 not	

locomotor	 impairments.	 A1)	 Cognitive	 performances	 over	 time	 in	 treated	 and	 untreated	Ube3a	m−/p+	and	wt	mice.	 A2)	 The	

discrimination	index	was	significantly	lower	in	Ube3a	m-/p+	mice	(red	line)	than	wt	(black	line).	A3)	DJNKI1	treatment	restored	the	

cognitive	impairment	in	treated	Ube3a	m−/p+	(red	line)	mice	compared	to	untreated	Ube3a	m-/p+	mice	(black	line)	at	23	weeks	of	

age,	with	no	significant	effect	on	treated	wt	(dotted	black	line)	compared	to	untreated	wt	mice	(continuous	black	line)	(A4).	From	

7	to	23	weeks	of	age,	in	the	Rotarod	test,	treated	and	untreated,	Ube3a	m−/p+	mice	(dotted	line)	showed	locomotor	impairment	

compared	to	wt	(continuous	black	line)	(B1-B2).	However,	D-JNKI1	did	not	induce	any	significant	improvement	in	Ube3a	m−/p+	(red	
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line)	compared	to	untreated	Ube3a	m−/p+	mice	(black	line)	(B3)	or	in	wt	(dotted	black	line)	compared	to	untreated	wt	(continuous	

black	 line)	 (B4).	 n=10.	 Statistical	 significance:	 ****p<0.0001,	 ###p<0.001.	 Two-way	 ANOVA,	 Tukey's	 post-hoc	 test.	 Data	 are	

expressed	as	mean	±	SEM.	
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4.3	JNK	in	a	chronic	disease:	two	Alzheimer	in-vitro	and	in-vivo	models	

	

4.3.1	In-vivo	model-5XFAD	mice:	JNK	signalling	pathway	activation	during	time	in	the	

cortex	and	hippocampus	total	homogenate	

In	order	to	characterize	JNK	activation	in	5xFAD	mice,	we	performed	Western	Blot	analysis	on	the	total	

homogenate	of	cortex	and	hippocampus	in	three	different	time	points:	4,	6	and	10	months	of	age.		

We	measured	JNK	activation,	as	the	ratio	between	the	phosphorylated	and	the	total	form	of	the	kinases	

and	its	action	on	its	elective	target	c-Jun	and	APP,	using	a	specific	antibody	able	to	recognize	the	specific	

JNK	phosphorylation	site	on	this	protein	(T669).		

At	4	months	of	age,	representing	an	early	phase	of	 the	disease,	 in	 the	cortex,	 the	 JNK	signalling	was	

already	 activated.	 In	 fact,	we	 observed	 a	 significant	 increase	 of	 P-JNK/JNK	 and	 P-c-Jun/c-Jun	 ratios	

(1.61-	and	2.22-fold	increase	respectively,	p<0.01;	p<0.05,	Fig.	41A)	together	with	augmented	P-APP	

and	APP	levels	(3,97-	and	2,7-fold	increase,	p<0.001;	p<0.001,	Fig.	41A)	in	tg	vs	wt	mice.	JNK	activation	

persists	during	time	also	in	the	later	phases.	At	6	months	of	age,	we	found	1.72	fold	increased	ratio	of	P-

JNK/JNK,	2.01	of	P-c-Jun/c-Jun,	4,88	of	P-APP	and	2,12	of	APP	(p<0.001;	p<0.01;	p<0.001,	p<0.001,	Fig.	

41C)	while	at	10	months	of	age,	P-JNK/JNK	ratio	was	5.81	fold	increased	in	tg	compared	to	wt	mice,	P-

c-Jun/c-Jun	2.57,	P-APP	3,72	and	APP	1,58	(p<0.05;	p<0.05;	p<0.05;	p<0.05,	Fig.	41E).		

We	also	analysed	JNK	activation	in	the	hippocampus.	In	the	first	time	point	analysed	P-JNK/JNK	is	1.46-

fold	increased	in	tg	compared	to	wt	mice,	in	line	with	1.94	increased	in	c-Jun	activation	(p<0.01;	p<0.01,	

Fig.	41B).	In	addition,	also	P-APP	and	APP	were	increased	in	tg	compared	to	wt	mice	(2,7-	and	3,91-fold	

increase	respectively,	p<0.001;	p<0.001,	Fig.	41B).	At	6	months	of	age,	JNK	activation	persists	also	in	

this	area.	 In	 fact,	P-JNK/JNK,	P-APP	and	APP	were	significantly	 increased	 in	tg	compared	to	wt	mice	

(1.28-,	1.19-	and	3,37-	fold	change	respectively,	p<0.05;	p<0.001;	p<0.001;	p<0.001,	Fig.	41D).	Also	in	

the	last	time	point	analysed,	the	signalling	was	still	activated	with	3.22-fold	increase	in	P-JNK/JNK,	4,74	

in	P-APP	and	2,27	in	APP	levels	in	tg	compared	to	wt	mice	(p<0.01;	p<0.05;	p<0.05,	Fig.	41F).		
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Figure	41.	JNK	signalling	pathway	activation	in	cortex	and	hippocampus	total	homogenate	of	4-,	6-	and	10-months	old	

mice.	Representative	western	blots	and	relative	quantifications	of	total	homogenate	of	A)	4	months	old,	C)	6	months	old	and	E)	10	

months	old	mice	cortex	and	B)	4	months	old,	D)	6	months	old	and	F)	10	months	old	mice	hippocampus	show	higher	level	of	p-

JNK/JNK,	p-c-Jun/c-Jun,	P-APP	and	APP	in	5xFAD	tg	vs	wt	mice.	n=10.	Genotypes	are	compared	using	t-tests.	Statistical	significance:	

*p<0.05,	**p<0.01,	***p<0.001.	Data	are	expressed	as	mean	±	SEM.	
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4.3.2	Cognitive	Impairment	and	Synaptic	Dysfunction	in	4	months	old	5xFAD	mice		

	
Figure	42.	Cognitive	impairment	and	synaptic	dysfunction	in	cortex	and	hippocampus	of	4	months	old	mice.	A)	Time	and	

B)	number	of	errors	to	find	the	submerged	escape	platform	demonstrate	the	cognitive	impairment	in	5xFAD	mice	compared	to	wt.	

Representative	western	blots	and	relative	quantifications	of	TIF	C)	cortex	and	D)	hippocampus	of	4	months	old	mice	show	reduced	

levels	of	some	of	the	main	markers	of	the	excitatory	synapses	in	tg	compared	to	wt	mice.	n=10.	Genotypes	are	compared	using	t-

tests.	Statistical	significance:	#p<0.09,	*p<0.05,	**p<0.01.	Data	are	expressed	as	mean	+SEM.	

	

In	order	to	characterize	the	cognitive	impairment	in	5xFAD	mice,	we	performed	the	Radial	Arm	Water	

Maze	to	measure	the	spatial	navigation	learning	and	memory,	evaluating	the	time	spent	looking	for	the	

submerged	escape	platform	and	the	number	of	errors	made	doing	this	task.	Both	mice	groups,	wt	and	

tg,	displayed	a	learning	curve.	Nevertheless,	t-test	performed	on	individual	data	points	revealed	that	tg	

mice	 performed	 significantly	 worse	 compared	 to	 wt	 mice,	 suggesting	 an	 initial	 phase	 of	 cognitive	

impairment	(Fig.	42A-B).	
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We	then	characterized	the	synaptic	dysfunction	in	these	mice,	looking	for	the	biochemical	correlation	

with	this	initial	impairment,	by	Western	Blot	analysis	on	the	post-synaptic	enriched	protein	fraction	of	

cortex	and	hippocampus.	Also	in	this	cellular	compartment	we	evaluated	JNK	signalling	activation.	In	

both	areas	analysed	JNK	signalling	is	not	activated;	 in	addition,	we	did	not	find	any	changes	in	JNK3	

protein	levels	in	tg	compared	to	wt.	On	the	contrary,	we	found	increased	P-APP	and	APP	in	the	cortex	

(9.81-	and	12.31-fold	change)	as	well	as	in	the	hippocampus	(10.61-	and	6.59-fold	change)	of	5xFAD	

mice	compared	to	wt	(p<0.01;	p<0.001;	p<0.01;	p<0.001,	Fig.	42C-D).	In	this	time	point,	the	analysis	of	

the	 cortex	 of	 5xFAD	 mice	 displayed	 a	 deregulation	 of	 the	 main	 scaffold	 protein	 of	 the	 excitatory	

synapses:	P-PSD95/PSD95	ratio	(1.49	fold	change)	and	Shank3	(3.60	fold	change)	levels	were	increased	

in	 tg	vs	wt	mice,	while	Drebrin	 (0.60),	 a	marker	 for	mature	 spines,	was	decreased	 (p<0.05;	p<0.05;	

p<0.05,	 Fig.	 42C).	 Concerning	 the	 glutamate	 receptors	 levels,	 NR2A	 (0.46	 fold	 change),	 NR2B	 (0.17	

foldchange)	and	GluR1	(0.29	fold	change)	levels	were	decreased	in	5xFAD	mice,	but	we	did	not	find	any	

differences	in	GluR2	levels	between	tg	and	wt	mice	(p<0.05;	p<0.001;	p<0.05,	Fig.	42C).	On	the	contrary,	

in	the	hippocampus	we	found	reduced	Drebrin	(0.39	fold	change)	and	Shank3	(0.53	fold	change)	levels	

in	tg	compared	to	wt	mice	(p<0.01;	p<0.05,	Fig.	42D)	and	only	a	tendency	to	be	decreased	in	GluR2,	

NR2A,	and	NR2B	(~p<0.09;	~p<0.09;	~p<0.09	Fig.	42D).	Therefore,	cortex	and	hippocampus	displayed	

different	vulnerability	to	neurodegeneration	as	proved	by	the	biochemical	analyses	of	the	PSD	region	

on	the	post-synaptic	elements.	

	

4.3.3	Cognitive	Impairment	and	Synaptic	Dysfunction	in	6	months	old	5xFAD	mice		
We	then	performed	the	same	analysis	described	before	on	6	months	old	mice	 in	order	to	assess	the	

progression	of	the	disease.	5xFAD	displayed	a	worsening	in	the	learning	and	memory	performances	in	

the	Radial	Arm	Water	Maze	compared	to	wt	mice;	in	fact,	they	spent	more	time	and	made	more	errors	

to	complete	the	task	(Fig.	43A-B).	

Concerning	the	biochemical	evaluation	of	the	synaptic	dysfunction	in	the	cortex,	despite	we	did	not	find	

any	 differences	 in	 JNK	 activation,	 JNK3	 levels	 were	 1.33-fold	 increased	 in	 tg	 compared	 to	wt	mice	

(p<0.01,	Fig.	43C)	and	this	is	of	relevance	being	JNK3	the	most	responsive	isoform	to	stress	stimuli	in	

the	brain.	

In	line	with	what	observed	at	4	months,	P-APP	and	APP	were	increased	(3.18	and	1.78	fold	change)	in	

5xFAD	mice	compared	to	wt,	as	well	as,	Shank3	(0.27	fold	change),	NR2A	(0.33	fold	change),	NR2B	(0.28	

fold	 change),	 GluR1	 (0.06	 fold	 change),	 and	 GluR2	 (0.34	 fold	 change)	 protein	 levels	 were	 strongly	

reduced	in	tg	compared	to	wt	mice	(p<0.01;	p<0.001;	p<0.01;	p<0.001;	p<0.01;	p<0.01;	p<0.05,	Fig.	43C)	

demonstrating	a	strong	impairment	of	the	excitatory	synapses.		
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Figure	43.	Cognitive	impairment	and	synaptic	dysfunction	in	cortex	and	hippocampus	of	6	months	old	mice.	A)	Time	and	

B)	number	of	errors	to	find	the	submerged	escape	platform	demonstrate	the	cognitive	impairment	in	5xFAD	mice	compared	to	wt.	

Representative	western	blots	and	relative	quantifications	of	TIF	C)	cortex	and	D)	hippocampus	of	6	months	old	mice	show	increased	

JNK	activation	and	JNK3	levels	in	the	cortex	and	deregulated	levels	of	some	of	the	main	markers	of	the	excitatory	synapses	in	tg	

compared	to	wt	mice.	n=10.	Genotypes	are	compared	using	t-tests.	Statistical	significance:	~p<0.09,	*p<0.05,	**p<0.01,	***p<0.001.	

Data	are	expressed	as	mean	+SEM.	

	

On	the	other	hand,	in	the	hippocampus	we	found	increased	P-JNK/JNK	(1.66	foldchange)	and	JNK3	(1.37	

foldchange)	level	together	with	augmented	P-APP	and	APP	(14.20	and	5.71	foldchange)	in	tg	compared	

to	wt	mice	 (p<0.05;	p<0.05;	p<0.001;	p<0.01,	Fig.	43D).	Despite	 this,	 the	hippocampus	 continues	 to	

prove	to	be	a	less	vulnerable	area;	we	observed	only	a	statistically	significant	reduction	of	GluR2	(0.51	

foldchange;	p<0.05,	Fig.	43D),	a	tendency	of	reduction	of	NR2A	and	no	changes	in	the	levels	of	the	other	

markers	in	tg	vs.	wt	mice.	
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4.3.4	Cognitive	Impairment	and	Synaptic	Dysfunction	in	10	months	old	5xFAD	mice		
The	last	time	point	analysed	was	10	months.	At	this	age,	5xFAD	displayed	an	almost	flat	learning	curve	

demonstrating	a	great	difficulty	in	completing	the	behavioural	test	task	and	therefore	a	great	worsening	

of	cognitive	and	mnemonic	abilities	compared	to	wt	mice,	which	completed	the	test	with	performances	

that	can	be	stackable	on	those	of	the	previous	time	points	(Fig.	44A-B).	

	

	
Figure	44.	Cognitive	impairment	and	synaptic	dysfunction	in	cortex	and	hippocampus	of	10	months	old	mice.	A)	Time	and	

B)	number	of	errors	to	find	the	submerged	escape	platform	demonstrate	the	cognitive	impairment	in	5xFAD	mice	compared	to	wt.	

Representative	western	 blots	 and	 relative	 quantifications	 of	 C)	 cortex	 and	D)	 hippocampus	 TIF	 of	 10	months	 old	mice	 show	

increased	JNK	activation	and	JNK3	levels	and	reduced	levels	of	some	of	the	main	markers	of	the	excitatory	synapses	in	tg	compared	

to	wt	mice.	n=10.	Genotypes	are	compared	using	t-tests.	Statistical	significance:	*p<0.05,	**p<0.01,	***p<0.001.	Data	are	expressed	

as	mean	+	SEM.	
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Concerning	the	Western	Blot	analysis	of	the	TIF	fraction,	in	this	latter	time-point,	we	found	JNK	(cortex	

3.05;	 hippocampus	 1.87	 foldchange)	 signalling	 activation	 and	 increased	 JNK3	 (Ctx	 2.98;	 H	 2.23	

foldchange)	levels	in	both	areas	analysed	(cortex:	p<0.05;	p<0.05;	Fig.	5C;	hippocampus:	p<0.01;	p<0.05,	

Fig.	44C-D).	In	addition,	also	P-APP	and	APP	were	increased	in	tg	compared	to	wt	mice	in	both	areas	

(cortex:	10.74-	and	16.75-fold	change;	p<0.001;	p<0.001.	Hippocampus:	15.38-	and	64.77-fold	change;	

p<0.01;	 p<0.05,	 Fig.	 44C-D).	 Concerning	 the	 deregulation	 of	 the	 PSD	 marker	 levels	 cortex	 and	

hippocampus	still	displayed	several	differences.	In	the	cortex	post-synaptic	proteins	enriched	fraction,	

we	 found	 reduced	 level	 of	 all	 the	markers	 analysed:	 PSD95	was	 0.35	 fold	 decreased,	 Drebrin	 0.20.	

Shank3	0.53,	NR2A	0.63,	NR2B	0.66,	GluR1	0.46	and	GluR2	0.65	in	tg	compared	to	wt	mice	(p<0.05;	

p<0.01;	p<0.05;	p<0.01;	p<0.05;	p<0.05;	p<0.05,	Fig.	44C),	demonstrating	a	strong	synaptic	dysfunction	

well	 correlated	 with	 the	 performances	 in	 the	 behavioural	 test.	 Concerning	 the	 hippocampus,	 the	

synaptopathy	 results	 in	 the	 reduction	 of	 PSD95	 (0.59	 foldchange),	 Shank3	 (0.42	 foldchange),	NR2B	

(0.76	 foldchange)	 and	 GluR2	 (0.82	 foldchange)	 levels	 in	 tg	 compared	 to	 wt	 mice	 (p<0.05;	 p<0.05;	

p<0.05;	p<0.05;	Fig.	44D)	and	in	reduced	tendency	for	NR2A	and	Drebrin	levels.		

	

4.3.5	JNK3	correlates	with	APP	phosphorylation	and	cognitive	decline	

In	order	to	clarify	the	role	of	JNK3	in	AD	pathogenesis	we	performed	several	correlations	between	the	

biochemical	and	behavioural	results.		

Firstly,	we	 found	 that	 P-APP/APP	 levels,	measured	 in	 both	 cortex	 and	hippocampus,	 correlate	with	

cognitive	impairment	expressed	as	the	time	spent	in	completing	the	behavioural	task	(Fig.	45A).	This	is	

particularly	important	because	phosphorylation	of	APP	induced	the	production	of	Ab	oligomers	that,	in	

turn,	cause	synaptic	dysfunction	that	is	reflected	in	the	strong	cognitive	deficit	displayed	by	5XFAD	tg	

mice.		

Then,	being	JNK3	the	key	JNK’s	isoform	that	preferentially	phosphorylates	APP	in	T668,	we	correlated	

its	 levels	with	P-APP/APP	ratio	 in	the	post-synaptic	enriched	protein	fraction,	confirming	the	strong	

relation	between	JNK3	and	P-APP	in	the	cortex	as	well	as	in	the	hippocampus	of	5XFADtg	mice	at	4,	6	

and	10	months	of	age,	suggesting	that	JNK3	is	the	isoform	more	strongly	implicated	in	the	pathological	

phosphorylation	of	the	APP	(Fig.	45B).	

Finally,	having	verified	the	correlation	between	P-APP/JNK3	and	cognitive	impairment,	to	strengthen	

the	hypothesis	that	JNK3	is	the	isoform	of	JNK	most	involved	in	neurodegeneration,	we	correlated	its	

levels	with	the	time	spent	by	mice	finding	the	escape	platform	in	the	6	AWM.	As	expected,	JNK3	levels	

in	the	cortex	and	hippocampus	TIF	fraction	are	strongly	correlated	with	the	cognitive	deficit	(Fig.	45C).		
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Figure	45.	Statistical	Correlations	of	biochemical	and	behavioural	analysis.	A)	Statistical	Correlations	between	cognitive	

dysfunction	and	P-APP/APP	levels	in	the	cortex	(right)	and	hippocampus	(left).	B)	Statistical	Correlations	between	JNK3	and	P-

APP/APP	 levels	 in	 the	 tif	 fraction	of	both	 cortex	 (right)	and	hippocampus	 (left).	 C)	 Statistical	Correlations	between	 cognitive	

dysfunction	and	JNK3	levels	in	the	tif	fraction	of	cortex	(right)	and	hippocampus	(left).	N=10.	

	

4.3.6	Specificity	and	toxicity	of	the	specific	JNK3	inhibitor	peptide:	d-SIMBA2	
To	 test	 the	 possibility	 that	 JNK	 isoforms	 have	 different	 impact	 on	 AD	 and	 synaptic	 dysfunction	

development,	we	design	a	specific	JNK3	inhibitor,	being	JNK3	the	selective	JNK	isoform	in	the	brain	and	

the	most	reactive	to	stress	stimuli[101].	The	key	challenges	in	this	field	are	the	selectivity	profiles	and	

the	 passage	 through	 the	 blood	 brain	 barrier,	 as	 well	 as	 the	 evaluation	 of	 the	 optimal	 therapeutic	

index[373].	 To	 target	 JNK3,	 we	 took	 advantage	 of	 published	 evidence	 supporting	 that	 the	 scaffold	

protein	b-arrestin2	can	bind	specifically	to	JNK3	and	catalyse	its	activation,	by	recruiting	the	upstream	

kinases	 of	 the	 cascade[290,291].	 We	 synthetized	 a	 peptide	 containing	 the	 b-arrestin2	 sequence	

responsible	for	the	binding	to	JNK3	and	the	d-TAT	peptide	sequence	(D-form	of	the	aminoacids	of	the	

TAT	sequence),	to	allow	penetration	of	the	cell	membrane	and	the	blood	brain	barrier	(BBB).		

A	

B	

C	

1.6 1.8 2.0 2.2 2.4
0

1

2

3

4

CTX - Cognitive performances

p-APP/APP

Ti
m

e 
(r

at
io

 o
n 

W
T)

 

R2=0.9866

p=0,037

1.6 1.8 2.0 2.2 2.4
0

1

2

3

4

CTX - JNK3 (TIF)

p-APP/APP

JN
K3

/T
ub

ul
in

R2=0.9474

p=0,06

0 1 2 3 4
0

1

2

3

4

CTX - Cognitive performances

JNK3/Tubulin

Ti
m

e 
(r

at
io

 o
n 

W
T)

 

R2=0.9868

p=0,03

0.0 0.5 1.0 1.5 2.0 2.5
0

1

2

3

4

Hpc - Cognitive performances

p-APP/APP

Ti
m

e 
(r

at
io

 o
n 

W
T)

 

R2=0.9866

p=0,045

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.5

1.0

1.5

2.0

2.5

Hpc - JNK3 (TIF)

p-APP/APP

JN
K

3/
Tu

bu
lin

R2=0.9788

p=0,045

0.0 0.5 1.0 1.5 2.0 2.5
0

1

2

3

4

Hpc - Cognitive performances

JNK3/Tubulin

Ti
m

e 
(r

at
io

 o
n 

W
T)

 

R2=1
p=0,0007



 102 

	

	
Figure	46.	Specificity	and	toxicity	of	dSIMBA2	peptide.	Alpha	screen	test	showing	the	kinetics	of	inhibition	of	A)	JNK3	and	B)	

JNK1	phosphorylation	following	incubation	with	dSIMBA2	(blue	curve)	or	SP600125	as	control	(black	curve).	SP600125	was	able	

to	reduce	the	kinase	activity	of	all	JNK	isoforms,	while	dSIMBA2	was	specific	for	JNK3	at	low	concentrations.	C)	Cell	viability	was	

assessed	in	primary	neuronal	culture	treated	with	increasing	dose	of	dSIMBA2	for	24	hours	by	MTT	assay.	Data	are	represented	

as	mean	±	SEM	of	3	 independent	experiments	and	were	analysed	with	one-way	ANOVA	test,	 followed	by	post	hoc	test	Turkey.	

Significance	relative	to	ctr:	*	p<0.05,	n	=	6).	

	

To	assess	dSIMBA2	specificity	for	JNK3	we	performed	the	Alpha	Screen	Kinase	Assay.	Our	data	indicated	

that	dSIMBA2	inhibited	JNK3	activity	 in	a	dose	dependent	manner	(blue	 line,	Figure	46A).	The	ATP-

competitive	non-isoform	selective	JNK	inhibitor	SP600125	was	used	as	a	positive	control	(black	line,	

Figure	46A).	As	shown	in	Figure	25A,	dSIMBA2	achieved	comparable	levels	of	JNK3	inhibition	under	

these	 assay	 conditions.	We	 then	 tested	 the	 ability	 of	 dSIMBA2	 to	 inhibit	 the	 other	 JNK	 isoforms.	 In	

particular,	we	focused	on	JNK1	because	it	shares	the	highest	homology	of	sequence	with	JNK3	(about	

91%	 of	 homology	 and	 95%	 of	 similarity)	 compared	 to	 JNK2	 (about	 83%	 homology	 and	 90%	
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similarity)[353]	and	is	the	other	major	isoform	in	the	CNS.	As	expected,	dSIMBA2	had	no	effect	on	JNK1	

activity	(Fig.	46B).	This	data	was	a	first	proof	for	dSIMBA2	specificity	for	JNK3.		

Once	the	cell-free	activity	was	established,	the	toxicity	of	the	dSIMBA2	peptide	was	evaluated	in-vitro	

on	primary	neuronal	cultures.	To	this	end,	primary	cortical	neurons	were	treated,	in	control	condition,	

with	increasing	doses	of	the	peptide	(1	μM,	1.25μM,	1.5	μM,	2	μM	and	2.5	μM)	for	24h.	The	toxicity	was	

evaluated	by	MTT	assay	and	expressed	as	survival	rate.	The	results	of	the	MTT	assay	(Figure	46C)	show	

that	concentrations	higher	than	1μM	resulted	toxic	on	primary	neuronal	cultures.	On	the	contrary,	1	μM	

did	not	induce	significant	toxicity.	This	dose	was	then	chosen	to	continue	in-vitro	studies.	

	

4.3.5	Set-up	of	the	in-vitro	model	of	synaptopathy	induced	by	Ab	oligomers	(ABO)		

It	is	known	that	treatment	with	subtoxic	dose	of	ABO	induced	changes	in	the	synaptic	organization	with	

reduction	 in	 dendritic	 spines	 density	 and	 abnormal	 expression	 of	 scaffold	 proteins	 and	

neurotransmitter	receptor	levels[322,368].	We	used	a	previous	paradigm	developed	in	the	laboratory,	

with	minor	modifications.	We	were	able	to	induce	a	strong	synaptopathy	of	the	excitatory	synapses	in	

absence	of	neuronal	death.	Primary	cortical	neurons	 from	C57bl6	mice	were	 treated	with	a	dose	of	

soluble	ABO1–42	equal	to	3µM	for	3	hours.	In	order	to	assess	JNK	activation,	ABO	treated,	and	untreated	

neuronal	culture	were	processed	for	biochemical	analysis	of	the	total	homogenate	as	well	as	of	the	TIF	

fraction	representing	the	post-synaptic	proteins	enriched	fraction.		

	

Figure	47.	Analysis	of	 the	 total	Homogenate	of	cortical	primary	neurons	after	ABO	treatment.	A)	Western	Blot	and	B)	

relative	quantifications	show	that	the	treatment	with	ABO	3uM	for	3h	did	not	induce	any	changes	in	JNK	activation	in	the	total	
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homogenate.	C)	LDH	assay	indicates	that	the	ABO	treatment	did	not	induce	neural	death	too.	Data	are	shown	as	mean	±	SEM	of	3	

independent	experiments	and	were	analysed	by	Student's	t-test	followed	by	Tukey’s	post	hoc	test,	n=12.	

	

As	expected,	the	biochemical	analyses	on	the	total	homogenate	(Fig.	47A-B)	revealed	that	ABO	did	not	

induce	 any	 significant	 effects	 on	 the	 activation	 of	 JNK,	 measured	 as	 the	 ratio	 between	 the	

phosphorylated	and	the	total	form	of	the	kinase,	as	well	as	on	the	phosphorylation	levels	of	c-Jun.	These	

results	 are	 in	 line	with	 the	 LDH	analysis,	 performed	 to	monitor	 the	 cell	 death.	 In	 fact,	 there	 are	no	

differences	 in	 the	LDH	release	 in	 the	media	of	 ctr	 and	 treated	culture	meaning	 that	no	 cell	death	 is	

induced	by	ABO	(Fig.	47C).		

	

	
Figure	48.	Analysis	of	the	Triton	Insoluble	Fraction	(TIF)	of	cortical	primary	neurons	after	ABO	treatment.	A)	Western	

Blot	 and	 B)	 relative	 quantifications	 show	 that	 the	 treatment	 with	 ABO	 3uM	 for	 3h	 induced	 JNK	 activation	 and	 a	 general	

deregulation	of	scaffold	proteins	and	neurotransmitters	receptor	levels.	Significance	relative	to	ctr:	*	p<0.05,	**p<0.01,	***p<0.001.	

Data	are	shown	as	mean	±	SEM	of	3	independent	experiments	and	were	analysed	by	Student's	t-test	followed	by	Tukey’s	post	hoc	

test,	n=12.	

	

We	 then	 analysed	 the	 post-synaptic	 protein	 enriched	 fraction	 of	 the	 same	 culture.	 In	 line	with	 the	

experiments	previous	conducted	in	the	laboratory[322],	three	hours	after	treatment	with	ABO1-42,	the	

JNK	 signalling	 is	 strongly	 activated	 in	 treated	 compared	 to	 untreated	 cultures	 (p<0.05,	 Fig.	 48).	

Furthermore,	we	analysed	the	level	of	two	important	scaffold	proteins	of	the	excitatory	post-synaptic	

terminal:	PSD95	and	Drebrin,	also	a	marker	for	mature	spines.	PSD95	and	Drebrin	levels	were	40%	and	

48%	lower	in	treated	compared	to	untreated	cultures	(p	<0.001,	Fig.	48).	We	also	analysed	AMPA	and	

NMDA	glutamate	receptors	levels	finding	a	general	reduction	in	their	levels.	GluR1	and	GluR2	were	60%	
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and	54%	and	NR2A	and	NR2B	44%	and	57%	lower	respectively	in	ABO	treated	compared	to	untreated	

cultures	(p<0.01;	p<0.01;	p<0.001;	p<0.001,	Fig.	48).		

These	data	confirm	that	treatment	with	ABO1-42	3µM	for	three	hours	induces	a	strong	JNK	signalling	

pathway	activation	and	consequently	the	synaptopathy	of	 the	excitatory	synapse	 in	primary	cortical	

neurons.		

	

4.3.6	dSIMBA2	neuroprotection	in-vitro	against	ABO-induced	synaptopathy		
Having	proved	the	activity,	specificity,	and	the	maximum	non-toxic	dose	of	the	dSIMBA2	peptide,	we	

lastly	tested	its	neuroprotective	effect	in	preventing	the	synaptic	dysfunction	in	the	in-vitro	model	of	

synaptopathy	induced	by	ABO.	To	do	this,	primary	cortical	neuronal	cultures	were	pre-treated	with	1µM	

of	dSIMBA2	and	after	30	minutes	exposed	to	ABO	stimulation	for	three	hours.	

	

	
Figure	49.	Analysis	of	the	total	homogenate	of	primary	cortical	neuronal	cultures	pre-treated	with	dSIMBA2	and	ABO.	A)	

Western	Blot	and	B)	relative	quantifications	show	that	the	treatment	with	dSIMBA2	1µM	30	minutes	before	the	ABO	did	not	induce	

any	changes	in	JNK	activation	nor	neuronal	death.	Data	are	shown	as	mean	±	SEM	of	3	independent	experiments	and	were	analysed	

by	Student's	t-test	followed	by	Tukey’s	post	hoc	test,	n=12.	

	

We	firstly	analysed	the	effect	of	dSIMBA2	on	the	total	homogenate	of	ABO	treated	cultures.	In	this	model,	

as	previously	proved,	ABO	treatment	does	not	induce	JNK	activation	at	this	cellular	level;	consequently,	

the	peptide	does	not	 induce	statistically	significant	changes	in	JNK	phosphorylation	levels.	However,	

interestingly,	the	activation	of	 its	elective	target	c-Jun	shows	a	decreasing	tendency	in	the	dSIMBA2-
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ABO	 treated	 compared	 to	 untreated	 cultures	 (Fig.	 49A-B).	 Furthermore,	 to	 monitor	 the	 levels	 of	

neuronal	death,	 and	verify	 that	 the	concomitant	 treatment	of	ABO	and	dSIMBA2	do	not	 induce	side	

effects	 in-vitro,	we	performed	LDH	assay.	 In	 line	with	previous	 results	 (see	 fig.	 45	 and	47),	 neither	

dSIMBA2-ABO	nor	ABO	alone,	at	the	concentrations	used,	are	toxic	(Fig.	49C).	

	

	
Figure	50.	dSMBA2	protective	effect	against	synaptopathy	induced	by	ABO.	A)	Western	Blot	and	B)	relative	quantifications	

show	that	the	treatment	with	dSIMBA2	1µM	30	minutes	before	the	ABO	reduced	JNK	activation	and	prevented	the	reduction	in	the	

excitatory	 post-synaptic	 markers.	 Significance	 relative	 to	 ctr:	 *	 p<0.05.	 Data	 are	 shown	 as	 mean	 ±	 SEM	 of	 3	 independent	

experiments	and	were	analysed	by	Student's	t-test	followed	by	Tukey’s	post	hoc	test,	n=12.	

	

We	then	analysed	the	TIF	of	the	same	culture.	dSIMBA2	pre-treatment	induced	a	reduction	equal	to	72%	

of	 JNK	 activation	 in	 presence	 of	 ABO	 (p<0.05,	 Fig.	 50).	 In	 line,	 the	 peptide	 prevents	 the	 synaptic	

dysfunction	induced	by	ABO;	in	fact,	PSD95	levels	were	50%	(p<0.05,	Fig.	50),	GluR1	53%	(p<0.05,	Fig.	

50),	GluR2	54%	(p<0.05,	Fig.	50),	NR2A	40%	(p<0.05,	Fig.	50)	and	NR2B	42%	(p<0.05,	Fig.	50)	higher	

compared	to	dSIMBA2	untreated	cultures.	Only	Drebrin	levels	are	not	significantly	increased	in	treated	

compared	to	untreated	cultures.		

These	 preliminary	 analyses	 confirm	 the	 neuroprotective	 effect	 of	 the	 SIMBA2	 peptide	 against	 the	

synaptic	dysfunction	induced	by	ABO	in-vitro	and	pave	the	way	for	the	translation	to	the	in-vivo	model	

of	AD.	
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5.	Discussion	
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Neurological	disorders	are	the	first	 leading	cause	of	disability	and	the	second	leading	cause	of	death	

worldwide.	Numbers	that	are	expected	to	further	increase	as	a	result	of	population	growth	and	aging.	

There	is	no	way	to	escape	from	the	fact	that	brain	disorders	are	a	major	public	health	problem[374].	

Researching	 the	 pathways	 and	 the	mechanisms	 involved	 in	 the	 development	 of	 brain	 diseases	 are	

mandatory	 targets	 to	 explore	 in	 order	 to	 elucidate	 the	 causes	 and	 to	 improve	 diagnosis	 criteria,	

prevention	strategies	and	treatments.  

Although	brain	disorders	present	many	different	pathological/clinical	manifestations,	as	well	as	origins	

and	 causes	 transduced	 by	 different	 intracellular	 molecular	 pathways,	 they	 all	 present	 synaptic	

dysfunction	[101,375].	This	phenomenon	is	characterized	by	deregulation	of	neurotransmitter	release	

and	uptake	and	consequent	impairment	of	synaptic	plasticity	in	both	excitatory	and	inhibitory	neurons.	

These	 serious	 anomalies	 at	 the	 synaptic	 level	 are	 then	 reflected	 on	 the	 behavior	 and	 on	 the	 higher	

cerebral	 functions.	 It	 is	 therefore	 crucial	 to	 understand	 the	 intracellular	mechanisms	underlying	

synaptic	modulation	 in	order	 to	design	powerful	neuroprotective	strategies.	 In	 this	 thesis,	we	

decided	 to	 examine	 synaptic	 dysfunction	 as	 a	 common	 neurodegenerative	 mechanism	 from	

neurodevelopmental	 (Angelman	 and	 Rett	 syndromes)	 to	 chronic	 neurodegenerative	 diseases	

(Alzheimer	Disease).		

We	discovered	that	the	c-Jun	N-terminal	Kinase	(JNK)	signaling	pathway,	involved	in	stress	response	as	

well	as	 in	other	different	physiological	 functions,	 is	a	common	actor	 in	the	synaptopathy	of	all	 these	

brain	diseases.		

From	its	discovery,	over	30	years	ago,	JNK	was	firstly	found	to	be	strongly	activated	in	response	to	stress	

stimuli	playing	 crucial	 roles	 in	apoptosis.	Over	 time	and	with	 specific	 studies	on	knockout	mice	 the	

importance	of	JNK	has	also	been	revealed	in	a	number	of	physiological	processes,	particularly	in	the	

brain.	In	fact,	besides	regulating	neuronal	death,	it	is	involved	in	brain	morphogenesis	and	axodendritic	

design	during	development,	synaptic	plasticity	and	memory	formation[224].	 In	addition,	evidence	in	

the	literature	shows	its	deregulation	in	various	CNS	pathologies	but	also	in	cancer	and	in	autoimmune	

disease.		

JNK	modulates	3	major	actions,	very	important	specifically	in	neurons	that	are	highly	polarized	cells.	In	

different	cellular	compartments	JNK	plays	diverse	functions:	1	-	at	the	pre-synaptic	terminal,	it	regulates	

the	zipping	of	 the	vesicles	and	 the	release	of	neurotransmitter[376];	2	 -at	 the	post-synaptic	 level,	 it	

controls	the	correct	organization	of	receptors	and	scaffold	proteins	in	the	active	zone	of	the	PSD	region	

where	 takes	 place	 the	 reception	 of	 the	 neurotransmitter[250,320,323];	 3	 -in	 the	 soma,	 it	 governs	

apoptotic,	necrotic	and	autophagic	neuronal	deaths[377],	acting	on	different	targets	and	intracellular	

organelles.	All	these	physiological	mechanisms	are	vital	and	work	in	the	same	way	in	all	the	brain	areas	

controlling,	 with	 the	 same	 mechanism,	 all	 the	 different	 functions	 of	 the	 brain.	 JNK,	 by	 regulating	

neurotransmitter	release	and	contributing	to	the	organization	of	the	PSD	region,	plays	also	crucial	role	

in	driving	the	synaptic	dysfunction	process.	This	process,	despite	giving	very	different	behavioral	but	

also	biochemical	outcomes	in	different	diseases,	is	underpinned	by	the	same	basic	mechanisms	in	which	
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JNK	is	involved.	Since	it	acts	on	these	basic	and	shared	mechanisms,	by	inhibiting	the	action	of	JNK,	we	

have	shown	that	it	is	possible	to	block	the	process	and	reverse	the	specific	deficits	of	all	the	pathologies	

analyzed.	

Therefore,	JNK	and	its	pathway,	formed	by	a	myriad	of	upstream	activators	and	downstream	targets,	

represent	an	intriguing	subject	to	study	in	the	CNS,	especially	knowing	that	kinases	have	become	one	of	

the	 most	 important	 targets	 in	 drug	 discovery.	 In	 fact,	 there	 are	 68	 FDA-approved	 drugs	 targeting	

different	protein	kinases,	six	of	which	were	approved	in	the	last	year[378].	

In	the	following	chapter,	we	will	discuss	the	obtained	results	in	the	characterization	of	JNK	role	in	the	

synaptopathy	 associated	 to	 the	 three	 different	 diseases	 analysed,	 Rett,	 Angelman	 and	Alzheimer,	 in	

order	 to	 better	 elucidate	 their	 significance	 in	 their	 specific	 contexts	 of	 neurodevelopmental	 and	

neurodegenerative	diseases.		

	

5.1	Rett	Syndrome	

MECP2	mutations	can	lead	to	a	variety	of	neurological	and	psychiatric	problems,	the	most	known	being	

RTT,	through	a	plethora	of	molecular	and	neuronal	consequences.	Therefore,	for	RTT	and	other	MECP2-

related	conditions	it	is	important	to	discover	the	key	intracellular	pathways	that	can	be	targeted	with	

drugs	of	high	translational	value	[379].		

We	here	examine	stress-JNK	pathway	activation	in	three	RTT	models:	the	first,	Mecp2-knock	out	male	

mice,	 represents	a	severe	RTT-phenotype;	 the	second,	Mecp2-heterozygous	 female	mice,	 is	a	milder	

phenotype	model	of	this	pathology	but,	importantly,	replicates	the	X-linked	RTT	female	mosaicism,	and	

the	third	is	a	human	model	(hiPSCs	differentiated	neurons	from	female	MECP2-RTT	patients)	important	

to	assess	the	translational	value	of	animal	findings.	The	JNK	pathway	is	activated	in	all	three	RTT	models,	

indicating	that	Mecp2	mutation,	or	its	absence	(Mecp2y/-),	 induces	downstream	activation	of	the	JNK	

stress-signalling	pathway	in	both	mouse	and	human	RTT	models.		

The	specific	JNK	inhibition,	by	D-JNKI1,	reverses	RTT	pathological	phenotypes	in	all	three	models.	This	

is	the	first	demonstration	that	JNK	plays	a	key	role	in	RTT.		

In	 particular,	 in	 symptomatic	 Mecp2y/-	 male	 mice,	 there	 is	 powerful	 JNK	 activation	 in	 the	 total	

homogenate	and	in	the	post-synaptic	enriched	fraction	(TIF)	of	different	brain	areas.	It	is	important	to	

underling	that	synaptic	abnormalities	are	closely	correlated	to	the	RTT	symptomatology.	Importantly,	

D-JNKI1	 rescues	 the	 effects	 of	 the	 lack	 of	 Mecp2y/-	 in	male	 mice,	 showing	 the	 most	 severe	 RETT	

phenotype,	 improving	 the	 general	 well-being	 conditions	 and	 significantly	 rescuing	 the	 behavioural	

defects	and	decreasing	 the	apnea	numbers.	This	effect	 is	of	note	and	has	an	 important	 translational	

value,	in	fact,	apnea	occurs	in	65	to	93%	of	all	RTT	patients	[380,381].	Research	in	mouse	models	of	RTT	

suggests	that	different	areas	in	the	ventrolateral	medulla	and	pons	give	rise	to	different	aspects	of	this	

breathing	disorder	[163]	but	it	will	be	necessary	to	study	D-JNKI1	effects	in	these	areas	to	explain	its	

action.	Unfortunately,	 for	 ethical	 reasons,	we	 could	not	 study	whether	 the	 treatment	 prolonged	 the	
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survival	of	male	Mecp2y/-	mice	 treated	with	 the	peptide.	However,	 it	 is	worth	noting	 that	chronic	D-

JNKI1	treatment	significantly	improves	the	overall	well-being	condition	in	Mecp2y/-	mice.	In	correlation	

with	these	improvements,	D-JNKI1	rescues	the	molecular	disorganization	of	the	PSD	region	of	the	post-

synaptic	element	in	Mecp2y/-	mice	by	normalizing	PSD95,	PSD93,	NMDA-r	and	AMPA-r,	SHANK3	and	

Drebrin	levels.	The	key	role	of	JNK	in	the	regulation	of	AMPA	receptors	membrane	insertion	[382]	and	

in	PSD95	stability	[78]	as	well	as	the	D-JNKI1	neuroprotective	effect	has	been	previously	described	in	

Alzheimer’s	diseases	[366,367,383–386].	Here,	for	the	first	time,	we	link	the	Mecp2	absence/truncation	

to	the	downstream	activation	of	the	JNK	stress	signalling	pathway.	

The	link	berween	MECP2	and	AMPA	receptors	regulation	was	already	known,	in	fact	MECP2	recruits	

histone	 deacetylase	 to	 silence	 the	 transcription	 of	 GluR1	 and	 GluR2[387,388].	 As	 a	 result,	 AMPAR	

regulation	 deficiencies	 have	 been	 implicated	 in	 the	 ASD	 characteristics	 associated	 with	 this	

condition[389].	In	our	Mecp2y/-	model,	both	AMPA	subunits	display	a	tendency	to	be	increased,	and	D-

JNKI1	treatment	restores	their	physiological	levels.		

Thus,	 in	 severe	RTT	phenotype,	D-JNKI1’s	 powerful	 neuroprotection	 is	 achieved	 by	 joint	 functional	

(breathing	and	behaviour)	and	biochemical	effects	(key	players	of	degenerative	intracellular	pathways).	

These	functional	improvements	are	important	because	these	are	a	disabling	aspect	of	RTT	syndrome	

that	dramatically	impacts	the	patient’s	quality	of	life.		

D-JNKI1	effect	was	also	observed	 in	a	second	animal	model,	Mecp2+/-	 Jae	 female	mice,	which	mimic	a	

milder	RETT	phenotype,	expressing	both	the	mutated	and	wild-type	Mecp2	alleles,	and	thus	replicating	

the	 somatic	 mosaicism	 reported	 in	 female	 RTT	 patients.	 Mecp2+/-Jae	 female	 mice	 present	

phosphorylation	of	c-Jun,	indicating	activation	of	the	JNK	stress	pathway	in	the	cortex,	hippocampus,	

and	cerebellum	of	symptomatic	animals.	Our	data	also	provide	the	first	indication	that	the	molecular	

organization	of	the	PSD	is	profoundly	altered	in	Mecp2+/-	Jae	females.	These	mice	had	atypical	scaffold	

protein	 levels:	 PSD95,	 PSD93	 and	 SHANK3	 were	 high,	 while	 Drebrin	 is	 low,	 suggesting	 again	 the	

disorganization	of	the	PSD	region.	The	dysfunctional	spines	and	these	alterations	are	closely	correlated	

to	powerful	JNK	activation	in	the	post-synaptic	elements.	As	previously	seen	in	Mecp2y/-,	in	Mecp2+/-	Jae	

mice	 too,	chronic	D-JNKI1	treatment	 improves	behavioural	 impairments	and	rescue	PSD	alterations,	

compared	to	untreated	Mecp2+/-	Jae	mutants.	The	Mecp2+/-	Jae	display	different	changes	in	biochemical	

marker	levels	in	the	PSD-region	compared	to	Mecp2y/-,	however	these	are	both	JNK-dependent.	In	fact,	

in	both	models,	JNK	specific	inhibition	restored	their	levels	to	wt	animals.	We	speculate	that	this	is	due	

to	 the	 fact	 that	 JNK	 inhibition	 prevents	 its	 action	 on	 the	 PSD95	 scaffold	 phosphorylation,	 avoiding	

receptors	 deregulation.	 In	 addition,	 this	 normalization	 is	 well	 correlated	 to	 improved	 functional	

outcomes.	D-JNKI1	 treatment	 in	wt	mice	 induced	a	significant	 increase	of	PSD95	and	a	 reduction	 in	

SHANK3	 levels	 in	 the	PSD	 region	 of	 the	post-synaptic	 element,	 however	without	 a	 correlation	with	

changes	in	the	glutamate	receptor	levels,	supporting	the	normal	behaviour	of	control	mice.		

The	differences	found	in	the	molecular	dis-organization	of	excitatory	synapses	in	Mecp2y/-	and	Mecp2+/-	

Jae	and	their	comparison	was	never	achieved	before.	The	simplest	hypothesis	is	that	this	is	due	to	the	
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complete	absence	of	Mecp2	in	Mecp2y/-	male	and	by	the	presence	of	a	mosaic-like	expression	of	Mecp2+/-	

Jae	in	female.	Along	the	same	line,	a	previous	work	that	have	attempted	to	compare	the	morphological	

organization	 of	 dendrites	 and	 dendritic	 spines	 in	Mecp2y/-	 male	 and	Mecp2+/-	 female	 showed	 clear	

differences	in	several	neuronal	parameters	between	the	two	genotypes	[390].		

Importantly,	 this	 study	 reveals	 that	 both	 mouse	 strains	 present	 synaptic	 alterations	 leading	 to	 a	

common	over-activation	of	JNK,	both	in	the	absence	(Mecp2y/-)	and	in	a	mosaicism	expression	of	Mecp2	

mutation	 and	 wild	 type	 allele	 (Mecp2+/-	 Jae	mice)	 and	 the	 specific	 inhibition	 of	 JNK	 reverses	 RTT	

signs/symptoms	in	both	mouse	models.		

Excitatory	post-synaptic	compartment	anomalies	have	already	been	described	in	several	neurological	

disorders	 associated	 with	 cognitive	 decline,	 including	 Alzheimer’s	 but	 also	 in	 neurodevelopmental	

intellectual	 disabilities,	 autism	 spectrum	 disorders	 and	 in	 RTT	 as	 well	 [391–398].	 Being	 synaptic	

dysfunction	the	first	degenerative	event	in	brain	diseases	and	representing	an	important	therapeutical	

window	of	intervention,	potential	treatment	able	to	promote	the	maintenance	of	biochemical	markers	

of	the	PSD	region	and	to	restore	the	activity	of	spines	will	offer	one	of	the	most	exciting	therapeutic	

agents	against	many	different	brain	diseases.	Since	JNK	specific	inhibition	prevents	RTT	synaptopathy	

and	rescues	behavioural	and	breathing	defects,	treatments	that	target	the	JNK	pathway	represent	strong	

candidates	against	RTT	and	other	neurodevelopmental	disorders.		

To	verify	the	translational	value	of	JNK	inhibition	in	humans	we	studied	neurons	derived	from	iPSCs	

(hiPSCs)	obtaining	the	first	proof	of	principle	of	JNK’s	role	in	the	Human	RTT.	The	hiPSCs	technology	is	

important	to	discover	druggable	targets	in	human	diseases	and	for	testing	the	efficacy	and	specificity	of	

new	 therapeutic	 compounds.	We	 find	 JNK	activation	 in	hMECP2mut	differentiated	neurons	and	 this	

correlates	with	an	increased	neuronal	death,	importantly,	the	isogenic	hiPSCs	show	control	levels	of	JNK	

and	no	cell	death.	The	D-JNKI1	treatment	of	hMECP2mut	neurons	inhibits	JNK	activation	and	prevents	

neuronal	death,	 indicating	its	clinical	relevance.	In	this	initial	study,	the	characterization	of	neuronal	

cells	is	not	complete	since	it	is	focused	only	on	JNK	signalling.	It	will	be	important,	in	future	studies,	to	

assess	the	molecular	link	between	Mecp2	and	JNK.	This	could	provide	important	information	on	how	

the	Mecp2	loss/mutation	induces	JNK	activation.		

Notably,	 the	 JNK	 pathway	 cross	 talks	 with	 other	 intracellular	 pathways	 already	 known	 and	 more	

characterized	in	RTT,	such	as	PI3K/AKT/GSK3/NFkB[399–401]	and	BDNF[402].	It	will	be	important,	in	

future	 studies,	 to	 assess	 the	molecular	 link	 between	Mecp2	 and	 JNK.	 This	 could	 provide	 important	

information	on	how	the	Mecp2	loss/mutation	induces	JNK	activation.	The	connection	between	Mecp2	

and	 JNK	 pathway	 is	 a	 very	 intriguing	 issue;	 some	 indications	 from	 the	 literature	 showed	 that	 JNK	

inhibition,	 with	 SP600125	 (chemical	 inhibitor),	 decreased	 the	 bindings	 of	 MeCP2	 and	 histone-3	

trimethyl	 K9	 to	 the	 MOR	 promoter	 indicating	 a	 transcriptional	 regulation	 of	 MOR	 by	 JNK	

inhibition[403].	In	addition,	our	unpublished	results	of	the	system	biology	analysis	on	MECP2	network	

identify	JNK	as	a	signaling	pathway	implicated	in	RETT	synaptic	dysfunction.	Further	investigations	to	

identify	the	relation	between	Mecp2	and	stress	JNK	pathway	are	currently	ongoing.	
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Currently,	there	is	no	cure	for	RTT,	and	medical	management	is	aimed	to	provide	symptomatic	relief	for	

patients	through	a	multidisciplinary	approach.	Some	of	the	medical	concerns	that	need	to	be	addressed	

in	 RTT	 patients	 include	 a	 few	 disorders,	 including	 breathing	 irregularities	 such	 as	 apnea,	

hyperventilation,	 and	 breath	 holding	 [404].	 Successful	 management	 of	 these	 irregularities	 can	 be	

difficult,	and	sudden	death	in	patients	with	RTT	as	result	of	an	autonomic	dysfunction	is	a	potential	risk	

factor.	However,	precautions	should	be	taken	to	avoid	medications	that	alter	breathing	patterns,	 for	

example,	 opioid	medications	 [405].	 Management	 of	 these	 conditions	 can	 substantially	 improve	 the	

quality	of	life	of	RTT	patients	and	should	not	be	overlooked	[406].	In	such	as	context,	these	findings	are	

encouraging	 for	 further	 studies	 in	animal	models	 that	overt	breathing	abnormalities	 focused	on	 the	

efficacy	 of	 preventive	 administration	 of	 the	 D-JNKI1	 inhibitor	 reducing	 breathing	 disorders	 and	

potentially	encouraging	to	undertake	clinical	studies	on	brainstem	modulation	of	breathing	in	patients	

with	RTT.		

Finally,	 we	 suggest	 that	 these	 results	 can	 open	 the	 real	 possibility	 to	 D-JNKI1	 clinical	 application.	

Although	 there	 is	no	evidence	of	side	effects	of	 the	D-JNKI1	 inhibitor	 in	mice	 [360,371,407,408]	 the	

passage	to	humans	could	lead	to	unwanted	effects,	in	fact,	chronic	clinical	studies,	so	far,	are	restricted	

to	topical	usage	[409].	A	chronic	and	systemic	inhibition	of	the	JNK	pathway	could	generate	side	effects	

since	 JNKs	 family	regulate	a	myriad	of	cellular	 functions,	 some	not	 linked	 to	 the	pathophysiology	of	

diseases.	We	think	that	a	possible	solution	can	be	to	target	just	JNK3:	the	brain	specific	isoform	of	JNKs	

and	the	most	responsive	to	stress	stimulations	[410].		

	

5.2	Angelman	Syndrome	

The	Ube3a	maternal	deficient	mouse	model	recapitulates	different	pathological	symptoms	associated	

with	AS	syndrome	including	impaired	hippocampal	long-term	potentiation	and	reduced	dendritic	spine	

density,	together	with	cognitive	and	motor	deficits	and	inducible	seizures	[176,361,411–413].	

Although	mutations	in	the	UBE3A	gene	result	in	AS	pathology,	little	is	known	yet	about	the	role	of	UBE3A	

in	 the	 nervous	 system	 and/or	 how	 UBE3A	 mutation/loss	 induces	 neuronal	 degeneration,	 with	

consequent	cognitive	and	locomotor	impairments.	The	cellular	mechanisms	of	the	downstream	effects	

of	UBE3A	loss	in	neurons	are	still	lacking,	thus	there	are	still	no	effective	treatments.		

This	 study	provides	 the	 first	proof	of	principle	of	 an	 important	downstream	 JNK	role	 in	Ube3a	m−/p+	

pathology.	 In	 fact,	 in	Ube3a	m−/p+	mice	presented	high	 JNK	activation	 in	 the	 soma	and	 this	 activation	

persists	during	all	the	stages	of	the	pathology,	from	the	earlier,	7	weeks	of	age	(a	stage	comparable	to	

adolescence),	to	the	adulthood	(23	weeks),	suggesting	an	important	function	of	this	stress	pathway	in	

AS.	 In	 addition,	Ube3a	m−/p+	mice	 had	 higher	 levels	 of	 c-Jun,	 the	 elective	 JNK’s	 target,	 than	wt	mice,	

indicating	the	activation	of	neuronal	death	pathway.	

We	also	found	that	Ube3a	m−/p+	mice	had	changes	in	the	PSD	marker	levels	in	the	post-synaptic	enriched	

protein	 fraction,	 suggesting	 more	 immature	 and	 disorganized	 dendritic	 spines.	 These	 generalized	



 113 

alterations	of	the	PSD	markers	in	cortex,	cerebellum	and	hippocampus,	caused	by	the	loss	of	UBE3A,	are	

in	line	with	the	reduced	dendritic	spine	density	observed	in	AS	patients	[414]	and	AS	mouse	models	

[176,411,412,415,416].	With	the	PSD	marker	alterations	 in	the	post-synaptic	element	we	also	 found	

powerful	 JNK	 activation,	 at	 7	 and	 at	 23	weeks	 of	 age,	 confirmed	 by	 the	 specific	 increase	 of	 the	 p-

PSD95/PSD95	ratio	in	the	TIF,	suggesting	that	JNK	pathway	is	involved	in	synaptic	dysfunction	in	AS,	as	

reported	in	other	brain	disease	models	[385,417].		

In	addition,	also	AMPA	receptors	are	deregulated.	It	is	known,	in	fact,	that	Ube3A	regulates	excitatory	

synapse	 development	 by	 controlling	 the	 degradation	 of	 Arc,	 a	 synaptic	 protein	 that	 promotes	 the	

internalization	 of	 the	 AMPA	 sub-type	 of	 glutamate	 receptors.	 The	 disruption	 of	 Ube3A	 leads	 to	 an	

increase	in	Arc	expression	and	a	decrease	in	the	number	of	AMPA	receptors	contributing	to	the	cognitive	

dysfunction	that	occurs	in	Angelman	Syndrome	and	possible	other	ASDs[418].		

The	synaptic	defects	in	this	mouse	model	are	related	with	behavioural	impairments:	Ube3a	m−/p+	mice	

had	cognitive	deficits	starting	in	the	first	phase	of	AS	pathology	(7	weeks),	which	then	increased	with	

age	(23	weeks).	On	the	other	hand,	the	Ube3a	m−/p+	mice	also	show	a	locomotor	impairment;	however,	

these	deficits	did	not	increase	with	age	(from	7	to	23	weeks)	like	the	cognitive	one,	and	instead	remained	

constant	in	the	Rotarod	test.	The	OF	test	detected	locomotor	impairments	only	at	7	weeks	of	age,	while	

at	23	weeks	of	age	there	was	no	genotypic	difference	between	wt	and	Ube3a	m−/p	mice.	However,	despite	

this,	Ube3a	m−/p	mice	presented	synaptic	alterations	in	both	the	early	and	late	stages	of	the	pathology,	

suggesting	 that	 their	motor	 defects	 are	 not	 highlighted	 by	 these	 tests,	more	 sensitive	 and	 accurate	

behavioural	tests	are	needed.	

To	determine	the	importance	of	JNK’s	role	in	this	AS	model,	we	chronically	treated	with	D-JNKI1,	specific	

inhibition	of	JNK,	Ube3a	m−/p+	mice	to	see	whether	JNK	inhibition	blocked	AS	pathology	and	could	offer	a	

new	pharmacological	opportunity	against	AS.	

D-JNKI1	treatment	in	Ube3a	m−/p+	mice,	starting	at	7	weeks	of	age	and	ending	at	23	weeks	of	age,	inhibited	

c-Jun	phosphorylation	in	Ube3a	m−/p+	in	all	the	brain	areas	studied	in-vivo.	It	is	well	known	that	c-Jun	is	

the	elective	target	of	JNK	and,	 importantly,	 it	 is	phosphorylated	in	response	to	many	different	stress	

stimuli.	c-Jun	is	involved	in	multiple	cellular	processes	like	gene	expression,	apoptosis,	metabolism	and	

other	critical	physiological	responses	[419,420].	Notably,	JNK	inhibition	(D-JNKI1)	powerfully	prevents	

the	phosphorylation	of	c-Jun	 in	the	nuclei	of	cortical,	hippocampal,	and	cerebellar	neurons,	avoiding	

their	neurodegenerative	pathway.	In	addition,	the	treatment	also	normalized	the	previously	observed	

biochemical	PSD	alterations,	 and	 the	p-JNK/JNK	and	p-PSD95/PSD95	 ratios	were	 reduced	 in	 all	 the	

brain	areas.	

The	neuroprotection	on	the	PSD	is	paired	by	the	NORT	results:	D-JNKI1	rescued	Ube3a	m−/p+	cognitive	

impairments	to	the	control	level.	In	fact,	after	chronic	treatment	with	D-JNKI1	the	treated-Ube3a	m−/p+	

D.I.	 was	 0.31,	 while	 the	 untreated	 Ube3a	 m−/p+	 DI	 was	 -0.1352,	 D-JNKI1	 leading	 the	 Ube3a	 m−/p+	

performance	closer	to	control	level	(wt	DI	was	0.272).		
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Both	the	biochemical	and	functional	findings	strengthen	the	neuroprotection	obtained	with	D-JNKI1,	

giving	hope	for	a	possible	clinical	application.	Last	but	not	least,	D-JNKI1	treatment	in	wt	mice	did	not	

show	 any	 significant	 adverse	 effect.		

This	 is	 the	 first	 proof	 of	 concept	 that	 in	 the	 brain	 the	 E3	 ubiquitin	 ligase	 UBE3A	 loss	 induces	 the	

downstream	activation	of	the	JNK	stress	signalling	pathway.	UBE3A	and	JNK	link	may	be	indirect	but,	

evidence	demonstrated	that	loss of Ube3a leads to significant increases in PP2A activity, the protein 

phosphatase 2A, a well known regulator of JNK activity[421] and dendritic spine morphology and 

synaptic transmission. However, more investigations are needed to clarify the role of JNK in 

Angelman Syndrome that still remains pivotal	 since,	 its	 specific	 inhibition	 prevents	 c-Jun	

phosphorylation,	rescues	the	PSD	alterations	and	the	cognitive	impairments	in	Ube3a	m−/p+	mice,	tackling	

the	pathology.		

	

5.3	Alzheimer	Disease	

Alzheimer’s	disease	is	the	most	common	form	of	age-associated	neurodegeneration	characterized	by	

impairment	in	cognitive	functions	and	pathologically	defined	by	the	accumulation	of	β-amyloid	plaques	

and	neurofibrillary	tangles.	Despite	the	efforts	of	basic	and	pharmacological	research,	no	treatment	is	

available	to	definitely	cure	the	disease.	The	only	drugs	approved	are	the	use	of	cholinesterase	inhibitors	

(Donepezil,	 Galantamine	 and	 Rivastigmine),	 blockers	 of	 the	 NMDA-receptor	 (Memantine)	 and	

Aducanumab	to	enhance	the	clearance	of	Ab	oligomers.	Therefore,	there	is	an	enormous	need	for	drugs	

capable	to	prevent	or	modify	the	disease	progression,	especially	in	the	early	phase	of	the	pathology.	At	

the	same	time,	AD	is	a	synaptopathy,	and	changes	at	the	synaptic	level	occur	in	the	very	early	phases	of	

the	pathology,	when	the	symptoms	are	slight	and	can	be	trace	back	to	the	Mild	Cognitive	Impairment	

(MCI).		

To	characterize	this	process	and	JNK	involvement	in-vivo	we	used	an	AD	mice	model,	the	5xFAD	mouse,	

overexpressing	APP	and	PSEN1,	 containing	5	 familial	AD	mutations	 (APP	KM670/671NL	(Swedish),	

APP	I716V	(Florida),	APP	V717I	(London),	PSEN1	M146L,	PSEN1	L286V),	under	the	control	of	a	Thy1	

mini-gene.	These	mice	show	amyloid	pathologies,	with	plaques	deposition	starting	from	2–4	months	of	

age,	microgliosis	 and	 inflammation	 together	with	 synaptic	 and	 neuronal	 loss.	We	 chose	 this	model	

because	~10%	of	all	AD	studies	employ	this	strain,	and	it	is	considered	as	a	benchmark	reference	model	

in	this	field	[422].		

Already	at	4	months	of	age,	we	found	that	JNK	is	activated	in	the	total	lysate	of	cortex	as	well	as	of	the	

hippocampus	in	tg	mice,	with	augmented	level	of	APP	and	P-APP	in	the	JNK’s	specific	phosphorylation	

site.	 Importantly,	 at	 this	 time-point,	 we	 did	 not	 observe	 strong	 behavioural	 impairment,	 but	 only	

augmented	errors	number	in	completing	the	mnemonic	task.	These	results	proved	that	JNK	is	already	

activated	in	a	pre-symptomatic	stage	of	the	AD	in	mice	attributable	to	the	phase	of	MCI	in	humans.		
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JNK	was	activated	also	in	later	stages	of	the	pathology,	corresponding	to	6	and	10	months	of	age.	At	this	

stage,	amyloid	plaques	 in	5xFAD	progressively	propagate	 in	areas	associated	with	 the	hippocampus	

such	as	the	subiculum,	the	entorhinal	cortex	and	are	diffuse	in	all	six	layers	of	the	cerebral	cortex	[423].	

Accordingly,	both	APP	and	P-APP	levels	were	increased	in	all	time	points	and	areas	analysed	confirming	

the	strong	amyloid	pathology	in	5XFAD	mice	and	the	JNK	action	on	one	of	its	crucial	targets	involved	in	

the	AD	pathogenesis.	On	the	contrary,	the	activation	of	the	elective	JNK	target	c-Jun	resulted	steadily	

increased	in	the	cortex	of	tg	mice	but	not	in	the	hippocampus.	c-Jun	is	involved	in	neuronal	death	and	

neuroinflammation	[424],	[425],	[426]	and	this	difference	in	its	activation	could	be	due	to	a	different	

vulnerability	between	cortex	and	hippocampus	being	more	active	in	the	cortical	neuronal	population,	

and	therefore	causing	greater	damage	to	the	cortex.	This	scenario	would	also	in	agreement	with	the	

evidence	 showing	 that	 the	 brain	 area	 most	 commonly	 affected	 by	 AD	 is	 the	 cerebral	 cortex,	 with	

particularly	evident	damage	in	the	entorhinal	cortex[427].	

JNK	activation	during	time	is	accompanied	to	a	worsening	of	the	behavioural	performances	in	the	Radial	

Arm	Water	Maze,	corresponding	to	increased	time	and	number	of	errors	in	completing	the	task.		

JNK	activation	and	exacerbation	of	memory	impairment	in	these	mice	are	in	line	with	previous	results	

on	another	AD	mice	model,	simpler	compared	to	5XFAD,	the	CRND8	mice,	in	which	the	AD	symptoms	

appear	very	early	in	the	life	span	of	the	animals,	making	difficult	the	study	of	the	progression	of	the	

mechanisms	that	lead	to	the	mnemonic	deficit	[428].	Also	in	this	model,	JNK	was	precociously	activated	

both	in	the	total	homogenate	and	in	the	TIF	fraction	together	with	abnormality	in	the	PSD	composition	

[407],	 [429].	 In	 line,	 beyond	 the	 total	 lysate,	 we	 also	 found	 JNK	 activation	 in	 the	 dendritic	 pine	

compartment	 with	 strong	 abnormalities	 in	 both	 AMPA	 and	 NMDA	 glutamate	 receptors	 levels	 and	

deregulation	of	 the	main	 excitatory	 scaffold	proteins	 like	PSD95,	Drebrin	 and	Shank3	 in	both	 areas	

analysed.		

Interestingly,	some	of	these	alterations	are	already	present	at	4	months	of	age,	when	the	mice	are	almost	

asymptomatic.	 In	 particular,	 concerning	 AMPA	 receptors,	 in	 the	 presence	 of	 high	 concentrations	 of	

soluble	 oligomeric	 Aβ,	 AMPA	 receptors	 are	 constantly	 endocytosed	 and	 removed[430]	 in	 a	 dose	

dependet	manner.	This	is	clear	in	the	cortex	of	5XFAD,	where	both	GluR1	and	GluR2	are	progressively	

reduced	over	time.	On	the	contrary,	in	the	hippocampus	are	differently	regulated.	This	could	be	due	to	

a	different	vulnerabilty	of	these	brain	areas.  
This	data	further	supports	the	idea	that	AD	starts	with	dysfunction	of	the	synapses	occurring	in	the	very	

early	stages	of	the	disease.	Acting	in	this	phase,	when	the	damages	of	the	synapse	are	mild	and	reversible	

can	improve	the	prognosis	of	the	pathology.		

JNK	key	role	in	AD	was	already	proved	and	confirmed	using	D-JNKI1	in	the	CRND8	AD	model,	in	which	

JNK	inhibition	ameliorate	the	phenotype	and	rescue	the	synaptic	impairment	from	a	biochemical	and	

functional	point	of	view	as	well[417],	[431],	[432]	but	also	in	5XFAD	model[339,339].	However,	pan-

JNK	inhibition	may	lead	to	several	side	effects	in	long-term	treatment.	For	this	reason,	we	characterized	

the	levels	of	JNK3,	the	brain	specific	isoform	of	JNK	and	the	most	responsive	to	stimuli,	particularly	in	
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the	 post-synaptic	 enriched	 protein	 fraction,	 where	 its	 activation	 has	 more	 detrimental	 effects.	 We	

discovered	increased	JNK3	levels	in	the	TIF	fraction	starting	from	6	month	of	age,	and	this	increased	

persist	also	in	the	latter	time	point.		

To	 evaluate	 this	 assumption	 of	 JNK3	 as	 the	 isoform	 most	 involved	 in	 AD,	 we	 performed	 several	

correlations.		

First,	we	demonstrated	that	APP	phosphorylation	 in	T669	(the	specific	 JNK	site)	correlates	with	 the	

cognitive	 decline	 in	 5XFAD	mice.	 This	makes	 sense	 considering	 that	 phosphorylation	 promotes	 the	

amyloidogenic	cleavage	of	APP	enhancing	the	oligomers	(Aβ-oligomers)	production	that	are	the	most	

toxicity	species	for	the	synapses	in	the	brain	parenchyma.	Ab	oligomers,	in	addition,	participate	in	the	

creation	of	a	toxic	loop	of	JNK	activation:	JNK,	promoting	the	amyloidogenic	APP	cleavage,	augments	the	

oligomer	production	that	in	turn	stimulates	JNK	activation	itself.		

All	JNK	isoforms	can	phosphorylate	APP,	but	several	evidences	in	literature	demonstrate	that	JNK3	is	

the	major	 kinase	 involved	 in	 the	abnormal	 phosphorylation	 of	 APP	 at	 T668.	 In	 fact,	 in	 primary	

neurons,	levels	and	activity	of	JNK3	directly	correlate	with	APP	phosphorylation[433].	It	because	the	

module	that	regulates	the	Aβ	neurotoxicity	 is	mainly	due	to	MLK3-MKK7-JNK3	signal	cascades[327]	

rather	 than	 JNK1/2	 activation.	 In	 line	 with	 these	 observations,	 5XFAD	 mice	 crossed	 with	 JNK3-/-	

showed	 dramatically	 reduced	 p-JNK	 signals.	 In	 addition,	 in	 these	mice,	 insoluble	 Aβ42	 levels	 were	

reduced	 dramatically	 compared	 to	 those	 in	 5FAD/JNK3+/+[434].	The	 importance	 of	 JNK3	 in	 the	

pathogenesis	of	AD	has	not	only	been	demonstrated	in	preclinical	models	but	also	in	patients.	

Indeed,	mRNA	levels,	as	well	as	JNK3	protein	levels	are	significantly	over-expressed	in	the	brain	tissues	

of	AD	patients[435].	It	is	important	to	emphasize	that	a	significant	correlation	was	observed	between	

the	levels	of	Aβ42	and	JNK3	in	the	human	brain.	This	correlation	is	also	highlighted	by	the	co-localization	

between	 senile	 plaques	 and	 JNK3,	 suggesting	 that	 some	 JNK3	 proteins	 can	 accumulate	 during	 the	

formation	of	amyloid	aggregates[436].	These	data	strongly	corroborate	our	results	in	which	JNK3	levels	

correlates	with	P-APP	and	cognitive	decline	in	5XFAD	mice.		

We	therefore	speculate	that	inhibiting	only	JNK3	can	represent	a	potential	strategy	in	order	to	tackle	

synaptic	dysfunction	associated	to	AD.		

To	prove	this	hypothesis,	in	collaboration	with	prof.	Falconi,	we	developed	a	cell	permeable	peptide,	

using	a	similar	strategy	to	D-JNKI1	inhibitor,	able	to	selectively	inhibit	JNK3:	dSIMBA2.		

We	take	advantage	of	the	unique	38	aminoacids	of	JNK3,	absent	in	JNK1	and	JNK2,	that	selectively	bind	

β-arrestin2[437],	 [438]	 to	 generate	 a	 cell	 permeable	peptide	 able	 to	prevent	 these	 specific	 protein-

protein	interactions.		

This	bioactive	cargo	dSIMBA2	introduces	an	excess	of	β-arrestin2	sequence	that	links	JNK3,	preventing	

the	access	of	JNK3	to	β-arrestin2	and	to	the	other	cellular	targets	presenting	this	binding	sequence.	This	

results	in	a	competitive	substrate-type	mechanism	of	action.		

After	demonstrating	 the	specificity	of	dSIMBA2	 in	 inhibiting	only	 JNK3	with	Alpha	screen	assay,	we	

tested	 its	neuroprotective	effects	 in	an-in-vitro	model	of	cortical	primary	neurons	 in	which	synaptic	
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dysfunction	is	induced	by	Ab	oligomers.	Oligomers	have	the	ability	to	accumulate	in	the	synaptic	space	

and	disrupting	synaptic	 function[439],	 [440],	 causing	reduction	 in	 the	 levels	of	 the	NR2A	and	NR2B	

subunits	of	NMDA	receptors,	GluR1	and	GluR2	subunits	of	AMPAr,	PSD-95	and	Drebrin	and	loss	of		s	

dendritic[441],	[442],	[443].	

As	 previously	 demonstrated[417],	 [444],	 also	 in	 this	model	 subtoxic	 doses	 of	Ab	 oligomers	 induces	

strong	JNK	activation	and	reduction	in	AMPA	and	NMDA	receptor	levels	together	with	deregulation	of	

scaffold	proteins,	in	line	with	what	we	observed	in	the	in-vivo	5XFAD	model.	This	model	mimics	the	first	

phase	of	the	synaptic	dysfunction,	in	fact	in	the	total	homogenate	of	the	culture	we	did	not	observe	JNK	

nor	 c-Jun	 activation.	 Our	 results	 inference	 that	 dSIMBA2	 reduces	 JNK3	 activation,	 even	 if	 this	 is	 an	

indirect	evaluation.	We	speculate	that,	since	JNK3	is	the	JNK	isoform	most	expressed	in	the	CNS	and	the	

most	responsive	to	stress	stimuli,	the	contribution	of	the	other	isoforms	should	be	minor.	Given	the	high	

homology	of	 the	phosphorylation	sites	on	the	 three	 JNK	 isoforms,	 there	are	not	available	antibodies	

capable	of	recognizing	only	the	phosphorylated	JNK3,	thus	we	inferred	JNK3	activation	as	P-JNK/JNK	

ratio.	The	pre-treatment	with	dSIMBA2,	blocks	the	synaptic	dysfunction	preventing	the	loss	of	receptors	

and	scaffold	protein	in	the	excitatory	synapses	in-vitro	proving	a	powerful	neuroprotective	effect.		

Notwithstanding	further	experiments	are	necessary	in	order	to	better	elucidate	the	mechanism	of	action	

of	 dSIMBA2,	 target	 engagement	 and	 stability,	 these	 encouraging	 results	 open	 the	possibility	 to	new	

strategies	 to	 treat	 not	 only	AD	but	 also	many	 other	 synaptopathies.	 The	 specific	 inhibition	 of	 JNK3	

isoform	 offers	 the	 advantage	 of	 acting	 only	 in	 the	 nervous	 tissue	 (not	 in	 the	 rest	 of	 the	 body)	 and	

preventing	 in	this	way	only	the	pathological	action	mediated	by	the	stress	stimuli	(JNK3	is	the	most	

responsive	JNKs	to	stress-stimuli),	thus	preserving	the	physiological	actions	of	the	JNKs	family,	this	will	

avoid	the	potential	side	effects	of	the	inhibition	of	the	ubiquitous	action	of	JNK1	and	2.		

In	addition,	JNK3	was	found	in	the	CSF	of	AD	patients	and	its	levels	correlate	to	the	cognitive	decline	

[436].	This	is	particular	interest	because,	in	addition	to	reiterating	JNK3	as	a	target,	suggest	that	JNK3	

is	also	biomarker	of	neurodegeneration.	However,	to	date,	further	studies	are	currently	in	progress	to	

clarify	the	potentiality	of	JNK3	as	a	biomarker	of	synaptic	injury.		

	

To	conclude,	the	data	obtained	in	this	thesis	participate	in	the	reinforcement	of	JNK	as	a	central	actor	in	

the	 degeneration	 mechanisms	 of	 the	 synapses	 that	 characterized	 both	 neurodevelopmental	 and	

neurodegenerative	diseases.	

In	addition,	it	adds	new	elements	to	define	JNK3,	the	most	responsive	JNK	isoform	to	stress,	as	a	key	

player	in	the	AD,	and	an	important	target	for	the	treatment	of	synaptic	injury,	potentially	also	in	other	

brain	illnesses.		

In	fact,	developing	new	compounds	able	to	inhibit	one	of	the	most	responsive	kinases	to	stress	stimuli	

may	 be	 an	 intriguing	 field	 to	 explore,	 in	 light	 of	 the	 last	 reports	 of	 the	 FDA	 in	 the	 drug	 discovery	

matter[378].		
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