Molecole di adesione alla sinapsi

Adhesion
Molecules

Dendritic Spine



Lo sviluppo del cervello

Before birth (mostly)

Conception Gestation (weeks)

Birth

Adolescence

Adulthood
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Neurulation Neurogenesis Neural migration
and
gliogenesis

Initiation of haematopoiesis

Apoptosis

Migration of immune
stem cells and expansion
of progenitor cells

Synaptogenesis

Myelination

Synaptic pruning

Calenization of immune cells

1% trimester 2" trimester

= Synaptic pruning

3" trimester

Maturation of innate and
adaptive immunity




Lo sviluppo del cervello prima della nascita

Prevalentemente prima della
nascita (in utero)

Mutazioni in questo stadio si
moltiplicano e si espandono

Diagnosi € difficile e interven
anche.

Proliferazione
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Lo sviluppo del cervello dopo la nascita
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" Eliminazione sinaptica
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Dopo la nascita

Mutations can avere un effetto su
molti di questi processi

Diagnosi ed interventi possono
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Development of axons & dendrites
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Initiation of
synapse formation
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dysfunction N

1 largely during

embryonic/postnatal
= development

(canonical) (diverse)

| activity-independent

mostly during
embryonic/postnatal
development but at a
lower rate throughout life

activity-independent

throughout life

-

often activity-dependent

mastly during puberty/
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throughout live
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Cosa e la connettivita sinaptica?

A hallmark of CNS organization is the highly precise pattern of
connectivity between neurons.

The organization of many brain regions into distinct anatomical layers aids
wiring specificity = laminar specificity, limits the range of target cells
available for synapse formation.
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David S. Goodsell: lllustrating the Machinery of Life — The Neuromuscular Synapse



Come funziona e cosa e importante

. Non-neuronal
Neuronal functions functions
Neuronal migration ﬁ ﬁ ﬁ Vascular
Intracellular patterning
Axon and dendrite Pre-synapse signaling
branching ﬂ R _Cel:_
migration
Axon and dendrite
guidance Immune cell

ephrins, semaphorins, netrins, etc. . P
differentiation

Target recognition and function

Neurexin, Neuroligins, LRRTMS, etc.

Self-avoidance
Protocadherins

Disease related

Sunant _ functions
naptogenesis
Neurexi¥1, Nfuroﬁqgins, LRRTMs, Post-synapse .
SLITRKS, etc. Intracellular Autoimmune
signaling activity
Axon and dendrite
regeneration ﬂ Tumorigenesis &
Metastasis
Dysfunctions Therapeutic targets Neurotropic viral

ASD, schizophrenia, etc Rituximab (CD20), Herceptin (EGFR2) receptor




LA COMPLESSA ARCHITETTURA DI UNA SINAPSI
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Le molecole di adesione tengono insieme le membrane pre- e post-sinaptiche
attraverso lo spazio sinaptico, ma in realta fanno molto di piu’!



La sinapsi non ¢ omogenea
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* Synaptic nanocolumns are subcellular
structures that span across synapses.

* They help aligning and organizing key
components of the synapse

* Enhance synaptic efficiency by aligning
receptors directly opposite release sites

Increase the speed of
neurotransmission

Allow for modulation of synaptic
strength through reorganization

Nanocolumns are important for smaller
vesicles, as they help concentrate the

released molecutes near receptors



Come funziona e perche e importante

By engaging trans-cellular interactions, SAMs can:
1. nucleate nascent synapses,

2. drive synapse maturation,

3. control the properties of synapses,

4. regulate synapse elimination

But: No single “master” SAM likely controls everything;
instead, an orchestra of SAMs mediates assembly of diverse
synaptic junctions

Presynaptic SAMs are mostly “hub” molecules that are present in
excitatory and inhibitory synapses, like Neurexins

Postsynaptic SAMs are more diverse as ligands for these hub molecules
and are often specific for excitatory or inhibitory synapses.

Post-synaptic sites have receptors, more diverse than pre-synaptic




...INFATTI PARTECIPANO Al VARI STADI DURANTE LA
FORMAZIONI DI UNA SINAPSI

~ Synaptic

vesicles  Cytoskeleton

o

e
,,,,,,,,,,, Cell adhesion
moleculas
| HIH

folding molecules /7

Postsynaptic receptors and ,,,,
% scaffolding molecules /i
Cytoskeleton /i

Selezione Formazione della Maturazione e
del bersaglio sinapsi stabilizzazione
Reclutamento delle Plasticita sinaptica

specializzazioni pre e
post sinaptiche



RICONOSCIMENTO DEL TARGET
[l preciso indirizzamento degli assoni dipende dall’espressione di
molecole di adesione. Esempi:
Eph/ephrins
NEPH-1/nephrin (SYG-1 Droso)

SIDEKICK (famiglia delle immunoglobuline): formazione di sinapsi
selettive in zone stratificate (specificita laminare) nella retina di pollo

. O

{(a) Laminar specificity

O O

La sovraespressione di sidekick altera la connettivita



Dendrite Self-Avoidance

Sister branches from the same neuron recognize and repel each other - a)
preventing overlap and, b) ensuring uniform coverage of the receptive field.

Molecular Mechanisms

In Drosophila, Dscam1 (Down Syndrome Cell Adhesion Molecule 1) provide most
of the dendritic self-avoidance

Homotypic repulsion is mediated by binding of identical Dscam1 isoforms on
opposing sister branches

Dscam1 has huge molecular diversity (thousands of isoforms)

In mammals, Clustered Protocadherins (cPcdhs) play a significant part
Regulate contact-induced retractions upon filopodia self-recognition
Selectively mediate self-contact-induced retractions

Not enough molecular diversity?

Other molecular players are likely involved
Other mechanisms involved?




Dendrite tiling

Tiling is where dendrites of neighboring neurons of the same type avoid
overlap, ensuring complete but non-redundant coverage of the receptive
field.

Complete coverage: Dendrites of neurons belonging to the same type
cover their sensory field as completely as possible

Minimal overlap: Dendrites of the same neuronal type have little to no
overlap with each other.

Type-specificity: Dendrites of different neuronal types can coexist and
overlap extensivelv in the same territorv
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Self-recognition mechanisms in neuronal arborization development are critical for:
Establishing proper dendritic field coverage
Ensuring efficient sensory information processing
Shaping the overall morphology of dendritic arbors
Contributing to the formation of functional neural circuits
Rely on cell-surface adhesion molecules expression and interactions




SINAPTOGENESI E MATURAZIONE SINAPTICA

a Synaptogenesis

Stabilization of contacts
between neurons
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Recruitment of specific
Recruitment of specific «— ~7 postyNapiic fESE

presynaptiSEEtEE A Signalling to actin cytoskeleton

Adhesion
maolecules

Induction of dendritic

b Mature synapse spine maturation

Receptor

Maodulation of synaptic
function

Modulation of . .

presynaptic protem
function

Modulation of
postsynaptic
| \ protein function

~ Regulation of synaptic
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SAMs sono strategicamnte posizionate per contribuire alla plasticita sinaptica, infatti
possono maodificare la struttura della sinapsi e la sua funzione attraverso la loro capacita
di scolpire e regolare la rete delle interazioni proteiche alla sinapsi.
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Ancoraggio e segnalazione intracellulare delle molecole di
adesione sinaptiche: impalcature multimolecolari

Interazione fra proteine tramite domini citoplasmatici e/o proteine scaffold
Caderine: interazione con catenine e col citoscheletro di actina

Integrine: interazione col citoscheletro di actina tramite vinculina e spectrina
Segnalazione via attivita enzimatica propria o tramite interazione con altre
proteine (kinasi, fosfatasi)
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RAPPRESENTAZIONE CLASSICA DELLA SINAPSI

Presynaptic Nerve Terminal
{neurons only)

Synaptic™  pustsynaptic

s scaffold  Synaptic ~ Postsynapiic Parisynaptic
CAMSs: rECEpiS CAls
Transpon
vasicla
- Transg
vaginie Sl
G%

_,—-"" _,_,_,—'— _
e

Postsynaptic Cell #’___,_

(neurons + any other cell iype)

Tutte le sinapsi contengono
componenti pre-sinaptici
simili independentemente
dal tipo cellulare, sebbene
isoforme specifiche
pOSSONO variare.

Mentre la componente
post-sinaptica ha meno
omologie

Le specializzazioni pre-
sinaptiche sono formate da
neuroni mentre quelle post-
sinaptiche possono essere
formate da cellule anche
diverse.



DOMINII DI INTERAZIONE INTRACELLULARE: IL DOMINIO PDZ

Domini PDZ: lunghi 90 residui,
identificati come regioni omologhe
in diverse proteine di segnalazione

Il nome PDZ deriva dalle prime 3
proteine in cui il dominio & stato
identificato: PSD-95 (proteina di 95
kDa nella densita post-sinaptica;
Dlg (the Drosophila discs large
protein), and ZO1 (proteina della
zonula occludente).




DALLE MOLECOLE DI ADESIONE Al COMPLESSI SINAPTICI

REGOLAZIONE DELLA
STRUTTURA E FUNZIONE

- Le molecole di adesione sono |
regolatori centrali della polarizzazione
cellulare, della migrazione e
dell’'organizzazione tri-dimensionale
della sinapsi

- | complessi sinaptici composti da
molecole di adesione cellulare ed altre
molecole sinaptiche sono regolati in
maniera dinamica per modificare la
architettura e la funzione cellulare.




Si stima che nell’'uomo ci siano 470 molecole di adesione sebbene non sia noto
Quante di queste siano espresse nel cervello e quante siano quelle sinaptiche.

Come e raggiunta la diversita:

-La maggior parte ha una regione extracellulare con un’organizzazione modulare che
alterna differenti moduli strutturali.

-In pid, la maggior parte delle famiglie di molecole di adesione sinaptica contengono
diversi membri che pur presentando strutture conservate hanno un certo grado di
diversita nella sequenza aminoacidica.

- possono assumere funzioni diverse durante fasi diverse dello sviluppo mentre

le connessioni si stanno formando e nel cervello maturo:

Es. in fasi precoci dello sviluppo: neuroligins and LRRTMs si compensano;

Ma una volta formate le sinapsi, hanno effetti diversi sulla trasmissione di tipo eccitatoria

Intracellular ligand Adhesion molecules

Catenins

- Cadherin - e db db db dk d

Fyn, Dab1, PP1 - Protocadherin ?

Spectrin OO0 000 -neav-  OOOOOLH

| @
Cadherin Fibronectin Immunoglobulin Laminin Glycosaminoglycan PDZ-domain-
Extracellular type 1l globular binding motif

Sebbene ad oggi si conoscano molte molecole di adesione sinaptica, di molte di loro
ancora non si conosce l'esatto ruolo funzionale....



MOLECOLE DI ADESIONE
(CAM/SAM) CONCENTRATE
ALLE SINAPSI
NEURONE-NEURONE

e possibile raggrupparle

in base alla loro struttura in
sottofamiglie.

Quelle principali sono:

- Caderine

- Immunoglobuline CAM
- Recettori Eph-efrine

- Neurexine-neurolighine

La classifica delle

famiglie di molecole di
adesione puo’ avvenire

in base a diversi criteri,

uno dei quali e’ il tipo

di legame che i componenti
di ogni famiglia mediano

Intracellular ligand

Adhesion molecules

presynaptic

Catenins .- - - - Cadherin - EIEIEIEIE] —
Fyn, Dab1, PP1 L _4[._ __][_ j[_ _j[_ __]L _j - Protocadherin ?
Spectrin OO0 000 -neav- O OOO@LIE
CASK, syntenin — (_)(_)(_) - SynCAM - (.)(.)(_) I
Afadin 000 - Nectin - QOO0 —
LO® - IgLON - QOO
SHP-1,SHP-2 — @) @D @) Pa4 spicDa7r @) ——
Nephrin
syG-1iNEPHT @O OO O
- Sidekick-
— IDIDEODOODOOONe00e0e
COOOOOLILILILILILILILILILIRILIE]
BEEEEONC @@ rreiar ?
Liprin-o
BB ephe2 kinase ephring -
PSDg5, S-SCAM ©— - Neuroligin MNeurexin B 5 ,
ynaptotagmin
— - — ; — ——~ CASK
o o Dystroglycan v
SN-Agrin — — — —jj——
CASK, syntenin
synectin, synbindin Syndecan ?
Talin )
FAK, vinculin Integrin ?
- - @
Cadherin Fibronectin Immuneglebulin Laminin Glycosaminoglycan PDZ-domain-
Extracellular type 11l globular binding motif
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LEGAME OMOFILICO ED ETEROFILICO

cis heterophilic

binding
Omofilico: legame con la
stessa molecola sulla
membrana della cellula
adiacente

trans homo- and
heterophilic binding

Eterofilico: legame con una
molecola differente sulla
membrana della cellula
adiacente
kinase-associated

receplor

Le molecole di adesione possono interagire in maniera etero- o omofilica tra due
cellule diverse (interazione in trans) o sullo stesso piano della membrana di una
singola cellula (interazione in cis)



Legame omofilico: caderine, famiglia delle immunoglobuline (NCAM)
Legame eterofilico: recettori Eph/ Efrine, neurolighine/neurexine

Presynapse
Axon

@ Cadherin repeats

. Ig repeats

. Fibronectin type Il

8
=
=
3
3]

Cadherins
MCAM

PDZ-binding motif

Homophilic
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Heterophilic
e
Homophilic

o

Cadherins

Meuroligin
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Catenins  Afadin Spectrin PSD-95 S-SCAM

Dendrite-side

Intra-cellular binding proteins



LEGAME OMOFILICO
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LA SUPERFAMIGLIA
DELLE CADERINE

Presenti sia ai terminali presinaptici
che post-sinaptici

Legano altre Caderine
sia in cis che in trans

Legame calcio dipendente

Dimeri in cis che poi associano con
altri dimeri in cis nello spazio
sinaptico per formare complessi di
adesione in trans (legame a
cerniera)

Interazione con il citoscheletro
tramite catenine



Si formano dimeri in cis che associano con altri dimeri in frans nello spazio

sinaptico per formare complessi di adesione altamente resistenti

Formation of a cis-dimer
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MOLECOLE DI ADESIONE SUPERFAMIGLIA IMMUNOGLOBULINE

Maggiori rappresentanti: NCAM, L1, Sidekick, SynCAM, Nectina

N-CAM: An Ig-Like Cell Adhesion Molecule

— MNH

Disulfice grolps n o
g Rnglapl®iniete o wclil gl =
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Extraceliular Domain P

1. Structure commaon L_E
to all N-CaAM Types

2. Viariable amounts Og
of giycosylation -]

3. As many as 100+
SCIC O residuss I:'

Single membrane-pass

Transmembrane Domain
Fciromhobic domain

Infracellular Domain

(C 1) |1. Varable length
Cvioskeletal _—" ) |2. Interacts with cytoskeleton
Interactions ﬁw'f 3. Mediates some

infracelluiar signaling

Legami di tipo omofilico sia in
trans che in cis

Legame indipendente dal calcio

Il dominio extracellulare ha 5
dominii tipici delle
Immunoglobuline seguiti da
dominii tipici della
fibronectina (in blu)

Dominio Ig media legame
omofilico



L'acido polisialico (PSA) regola il legame omofilico di NCAM

NCAM e glicosilata e viene modificata post-traduzionalmente per aggiunta di
acido polisialico al quinto dominio lg, questo sembra ridurre la sua capacita di
adesione in eventi di migrazione cellulare

Neural Cell Adhesion Molecule (NCAM) a N, B
a28-linked polysialic acid o sonid (,
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transmembrane GPI membrane
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“Con-nectin axons and dendrites”

Le nectine fanno parte della famiglia delle immunoglobuline e si associano
principalmente tramite legami di tipo omofilico che ricordano le interazioni tra le
caderine, ma possono anche legarsi in maniera eterofilica con nectine di tipo diverso
(principalmente nectina 1 con nectina 3).

Formation of a cis-dimer

Afadin Formation of a trans-dimer

C
C} Nectin
1

i
U

Monomer cis-Dimer
gl e—

In maniera analoga al sistema caderine/catenine, nectine interagiscono con
con il dominio intracitoplasmatico con le afidine



COMPLESSI DI NECTINE E CADERINE SONO CONNESSI
DA INTERAZIONI INTRACITOPLASMATICHE

COMPLESSI COMPOSTI COMPLESSI COMPOSTI
DA NECTINE DA CADERINE
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MOLECOLE DI ADESIONE SPECIFICHE FRA NEURONE E GLIA

Le proteine Necls (Nectin
like) sono molecole di
adesione di tipo omofilico
con struttura simile alle
Nectine, non richiedono
calcio per adesione e sono
importanti per la interazione
neurone-glia

—

:;F&c{te

|
|

Dendrite

Astrocyte

& Necl-1

s
Homophilic :

T

Axon

Table 1 Lists of the neuron-neuron and neuron-glia

interactions in the nervous systems

Classification

Cadherin Super
Family

Ig-like Molecules

Others

Adhesion molecules

Classic cadherins

Proto-cadherins
MNectins

Nectinlike molecules
[Necls)

NCAM
Syg-1, Syg-2
Sidekicks

Integrins

Neuroh’g'ms, neurexins

Eph receptors, ephrins

Localization
Synapse [PAJs),

Neuron-Glia
Synapse (2)

Synapse (PAJs),
Neuron-Glia

NeuronGlia

Synapse
Synapse
Synapse

Synapse,
Neuron-Glia

Synapse (S)s)
Synapse (S)s)




SynCAMs (synaptic cell adhesion molecules)

subfamily of the immunoglobulin superfamily of cell adhesion molecules.

They were first identified as cell adhesion molecules at the synapse which were
sufficient to trigger synapse formation.

axon guidance,

synapse formation,
synaptic plasticity. SynCAM1

Sensory neurons grown
on SynCAM1 substrate
exhibit

a striking axonal
flattening compared to
Laminin.

The growth cones on
SynCAM1 are three
times larger than those
on Laminin.




dorsal root ganglia and dorsal
roots. Silencing SynCAM3 in neural
crest cells by in ovo

RNAI resulted in aberrant
arrangement of dorsal root

ganglia (compare position of
arrowheads in the embryo lacking
SynCAM3, shown in A,

with a control-treated embryo
shown in B)




MN-Cadherin

Modulate synaptic function

SALM
Cluster postsynaptic molecules

NCAM
Hegulate synaptic plasticity

4 SynCAM1 knockout

. Y

SynCAM1 overexpression

= Density of excitatory synapses s « Density of . o . .
* Mini (mEPSC) frequency + « Induction of LTD .
# Induction of LTD + .S .-1; :I,lﬁﬂ'nifig_i Faiier s

.\_- Spatial learning behavior + _./




LEGAME ETEROFILICO




| RECETTORI EPH e LE EFRINE
* Recettori tirosin chinasici (EphA, EphB)

* Legano proteine di membrana, le efrine (efrineA,
efrineB)

Extracellular Intracellular

e =D == cooH

B Ephrin receptor ligand binding domain (27-204)
W EGF-like domain (262-277)
M Fibronectin type lll repeat (332-437, 446-53%5)
Transmembrane domain (548-570)
M Tyrosine kinase domain (624-884)
Sterile alpha motif (913-976)



Reverse signaling

g -,
GP anchor PDZ target site
Stam ragion
EphrinA EphrinB
RED
LED
Cysteine-rich domain
Eph Fibronectin type |1l domains

Juxtameambrans region

Tyrosine Kinase domain

SAM dormain

FDZ target site

. 3

Forward signaling

TRENDS in Cell iciogy

L'INTERAZIONE RECETTORE EPH-
EFRINA NON E’ UN ESEMPIO CLASSICO
DI ADESIONE PERCHE’ PUO’ MEDIARE
ANCHE REPULSIONE

| RECETTORI EphB SONO STATI
LOCALIZZATI ALLA SINAPSI
ECCITATORIE NELLE DENSITA’ POST-
SINAPTICHE DOVE LEGANO |
RECETTORI DEL GLUTAMMATO DI TIPO
NMDA

——____ Presynaptic neuron

— ? T
— Y —

™~ O (:} S
ephrinB \h& L - _) -
EphB
S {’ %\. m NMDA receptor
/
[ %
\ } ku/
| ,/
I ___\_\__----_ J II
. _

Postsynaptic neuron T — |

Current Opinion in Cell Biology




Neurolighine e Neurexine

Ll - - -
- O aaaa Y B el

ETHAE-EPEGIFIGGGMPLEIEE ne

o Lin2d Band 4.1

POSTSYNAPTIC

Baudouin and Scheiffele,
2010



The Neuroligin Family

* 4 genes: NL1, NL2, NL3, NL4 :
(NL3 e NL4 map on X chr in humans)

* Form non-covalent dimers

* Extra-cellular cholinesterase-like domain:
2 splice inserts
An oligomerization domain
Several N- and O-linked glycosylation sites | -
Binds to the Neurexins yF %

High degree (~99% identity) of conservation among mammals ¥ ~.

* High degree (~60% identity) of conservation within the NL 4 '__
family

* NL1 to 4 mainly expressed in the CNS

NL3 and 4 also in heart, lung, pancreas, muscle, placenta,
etc.




NEUREXINE E NEUROLIGINE MEDIANO ADESIONE ETEROFILICA ALLA SINAPSI
NEUREXINE

. SatinEhaie Dendrte | * Espresse nel SNC a livello
pit invagination |
P H . .
t;f:-.!::;pt:cﬂi ; Dendritic spine preSIHaptICO
L * Esistono neurexine o e f3
i ! o o o o
e :;OINRXN;H‘::-NLGNS Transport | Golei * Differiscono nel dominio

| \ vesicle
aly | 2 ) )0 gl extracellulare
endosome | ) Eeocytosing o 01 Postsynaptic \ ma hanno identici dominii

UES”: - | density
. @ O 5 j: Fj transmembrana e citoplasmatico.
Synaptic @_ﬁ > - NEUROLIGINE

yosices %.' * Espresse nel SNC a livello
e postsinaptico

Recepigs * Dominio extracellulare e’ simile
all’acetilcolinesterasi e lega le

neurexine

NLGNs CHOE  GUKqC

CHO N { ?’— 3
f-NRXNs
: ? Esterase-homology SHANKs
domain 3 N
AMPA-type

Synaptic cleft glutamate receptors PSD95




Cosa regola il legame tra Neuroligine e Neurexine?

Membrana Membrana
plasmatica plasmatica
5 4 3 2 1
NRXNTa v ¥ v v
NRXN2
NRNZa - 090 010040~
NRXN3aSSC 010 000000 .
b NLGNI1
b NG —C N2
NRXN1 1 .1 NG —— C | GN3
NRXN2pB o NLGN4
NRXN3[
NRXN3B |c o

Proteine Sito di splicing N" di varianti

NRXNs 1 3-63
2 2-4
3 2-3
4 2
> 2-16
NLGNs A 2-4
B 2

Il dominio
extracellulare delle
o-NRXNs contiene 5
sit1 di splicing e 2
nelle B-NRXNs

Questo significa che
esistono piu di 3000
isoforme delle
Neurexine!

Le Neuroligine
contengono solo 2 siti
di splicing alternativo



NLGN-NRXN

c —
Presynaptic = Postsynaptic
nerve terminal . neuron
PRESYNAPTIC CA10/ Nm;- Neurexophiling SYNAPTIC POSTSYNAPTIC
NERVE CA11 f . CLEFT NEURON
TERMINAL e
'4-;. I./SS!Z:\ g
d \35}5'2'./ Dystroglycan |
o Y T —
veslicle ‘ a-Neurexins

e T -em
3 =GiuDHD2

- T l.._-““ ‘ -{ssn

Neurexins :.'.
T AMPAR
- LE LS-SH 5] ARs = 1-_‘ ‘a
. . " T
PN S, : PSD-95
: " (Y Y Y YY) f
H . MOINt LARS ot C4---
4‘ : o DOTHOTTION SAPAPs
a8 ' \ 2 . 1
- : b 4 .J_.‘Hm_:,_g e R
a a2 ' <
=L sostihsiisi : .\ Neuroligins ‘."’ ."
TN S EE . ;
A A
-\/ssu-‘ : :
I ~— MDGAs T '
Rl MAM '

» G-proteins

.“ Latrophilins * and arrestins

+ COORITIE

Neurexins (blue ovals) bind many protein partners tethered to the postsynaptic membrane including neuroligins,
LRRTMs, a-dystroglycan, calsyntenins (CLSTN), and the GABAA-receptor, as well as

partners that are secreted such as neurexophilins. (
b) NLGN1 and LRRTM2 can both bind neurexins at an overlapping binding site generating

two competing trans-interactions.
(c) Neurexins and MDGA1 can both bind NLGNZ2 at an overlapping binding site generating competing

cis- and trans-interactions.

Sudhof TCS, 2017



Le Neurexine non
legano solo le Neurolighine

leucine-rich repeat (LRR)
domains

LRRTMs and Slitrks

Presynaptic

f Neurexing s—==—o

o Neurexing  s—+——

LAR PTPRs —M—{_—IIIIIII-I-..—_— .

Metrin-G1,532 g (+7)

EphrinB1,2 +——— e

EphB2 —e—t=ati-4—

Frizzled 5 g

LNS © EGF & Leucine-rich repeat
* Protein kinase

Postsynaptic

Meuroligins

- unnu;;;—a—-—-n;; LRRTM1,2
Clbn1 —r—

PR YT YYYYYYCS —'-—é—".h NGL-3

d—p Ahdhi .il..l-i—,_.—;-___—_:—‘-" NGL-1,2

-+ uiau..t-_-l——i‘-'—.-:-—-u SALM3
- uuau__fl—é—;— SALMS

-—> . —#——— EphB2

EphrinB3
SynCAMs
APP
SIRPa,py

GFRal

—r 026-1

== ‘ _é’l GluRs

w lg-like ¥ Fibronectin 11 like VWF repeat

¢ Phosphatase °Class | PDZ = Class Il FDZ

Current Opindon in Newrcbiology




Pre-synaptic
nerve ending

Post-synaptic
nerve ending

Comoletti et al., 2007




Distribuzione di Neuroligina 1, 2, 3 ¢ 4 alle sinapsi

_ Protein domains
Glutamate Ciroz Osam O o
Ejsnj T 3iewdw O PH

[] ox  mom ankyrn
() ww £ actin binding

F-——F 4 HIIIM

[

Lortadin

GABA/Glycine

HiLE 2

TAENLES In Meurosciences




Interazione in trans: Neurexina/Neuroligina

Band4.1 Synaptic

Pre-synapse

channel Intracellular

B-neurexin Extracellular

Neuroligin
NMDAR 7 AMPAR

1 N Y Intracellular
Stargazin
PSD95
S-SCAM

Post-synapse

NEUROLIGINE E NEUREXINE LEGANO CON LA REGIONE CITOPLASMATICA
PROTEINE CHE PRESENTANO DOMINII PDZ, IN PARTICOLARE CASK PER
NEUREXINA E PSD95 PER NEUROLIGINA CHE HANNO IL RUOLO DI
“ANCORARE” LE MOLECOLE DI ADESIONE ALLA RETE DI PROTEINE
SOTTOSTANTI LA MEMBRANA

TRENDE in Neurosciences



ALCUNE MOLECOLE
CAMs HANNO PIU’
INTERATTORI

*GENETIC
ASSOCIATION WITH
NEUROPSYCHIATRIC DISORDERS

Presynaptic Synaptic cleft

C1qls O i

—

Postsynaptic
BAI3

GluK
(Kainate

Receptors,

GluD1*
GluD2

Cbin1-3 ‘ MDGA1%*
MDGA2

Neurexo-
philins

Neurexins*

CA10

CA11
/

> >
\ &=

Cbin4 .

PTPRD
PTPRF
PTPRS

Netrin-G1
Netrin-G2

Neuronal
Pentraxins

H /
Ll

Neuroligins*

Dyslroglycan*

LRRTMs*

GABA-A
Receptors

Calsyntenins

Latrophilins*

DcC
Neurogenins

TrkC

SALMs
SliTrks”™
IL-1RAPs*

Netrin-G Ligand 3

Netrin-G Ligand 1
Netrin-G Ligand 2

GluA1-4
(AMPA-
Receptors)

SynCAMs

Type VIl
cadherins

Unknown

Eph-Receptor|

% = genetic association with neuropsychiatric disorders

boxed = also implicated in developmental functions unrelated to synapses




The LRR-containing proteins

mainly localized to postsynaptic sites and bind across the synap-tic cleft

to their presynaptic partners

-leucine-rich-repeat transmembrane neuronal proteins (LRRTMs) (Linhoff et al.,2009),
-netrin-G ligands (NGLSs)

-SLIT and NTRK-likeprotein (Slitrks)

-synaptic adhesion like molecules (SALMs)

-fibronectin leucine richtransmembrane proteins (FLRTSs)

Emerging LRR proteins: LRRTMs & Slitrks

v

O, . LPHNs R
) AN L LRR L
Neurexins  ges» e LRRTMs

=x—= LD LRL LGN

== L=~ Slitrks

) o : | NN | LRR| | CaN| | LRI
F\F‘\ = a o L 4

( "“PIIII

S




Table 1

Leucine-rich repeat containing synapse organizing proteins and their presynaptic binding partners.

Proteins Protein domains Presynaptic partner
LRRTMs
LRRTM1  LRRNT, LRR1-10, LRRCT, TM, C-terminal MNeurexin 1,23 afp (-54)
LRRTM2 LRRNT, LRR1-10, LRRCT, TM, C-terminal Neurexin 1,23 of B (—54)
LRRTM3 LRRENT, LRR1-10, LRRCT, TM, C-terminal Neurexin 1B (-54)
LRRETM4 LRRNT, LRR1-10, LRRCT, TM, C-terminal Heparan sulphate proteoglycans
Slitrks
Slitrk1 LRRNT1, LRR1-6, LRRCT1, LRENT2, LRR7-12, LRRCT2, TM, C-terminal  PTPo, PTPG
Slitrk2 LRRNT, LRR1-6, LRRCT1, LRRNT, LRR7-12, LRRCT2, TM, C-terminal PTPo, PTPG
Slitrk3 LRRNT, LRR1-6, LRRCT1, LRRNT, LRR7-12, LRRCT2, TM, C-terminal PTP®
Slitrk4 LRRNT, LRR1-6, LRRCT1, LRRNT, LRR7-12, LRRCT2, TM, C-terminal PTPo
SlitrkS LRRNT, LRR1-6, LRRCT1, LRRNT, LRR7-12, LRRCT2, TM, C-terminal PTPo, PTPG
Slitrk6 LRRENT1, LRR1-5, LRRCT1, LRRNT2, LRR6-11, LRRCT2, TM, C-terminal PTPo
NGLs
NGL-1 LRENT, LRR1-9, LRRCT, Ig, TM, C-terminal Netrin-G1, LAR
NGL-2 LRRNT, LRR1-9, LRRCT, Ig, TM, C-terminal Netrin-G2
NGL-3 LRENT, LRR1-9, LRRCT, Ig, TM, C-terminal LAR-RPTPs
SALMs
SALM1 LRRNT, LRR1-7, LRRCT, Ig, ENIII, TM, C-terminal
SALM2  LRRNT, LRR1-7, LRRCT, Ig, FNIII, TM, C-terminal
SALM3  LRENT, LRR1-7, LRRCT, Ig, FNIII, TM, C-terminal LAR-PTPs
SALM4  LRRNT, LRR1-6, LRRCT, Ig, FNIII SALMA4
SALMS  LRRNT, LRR1-7, LRRCT, Ig, FNIII SALMS, LAR-RPTPs
Trks
TrkC LRRNT, LRR1-3, LRRCT, Ig1, Ig2, TM, C-terminal PTPo
FLRT
FLRT1 LRRNT, LRR1-7, LRRCT, Ig, FNIII, C-terminal Not known
FLRT2 LRRNT, LRR1-7, LRRCT, Ig, FNIII, C-terminal LPHN3
FLRT3 LRRNT, LER1-6, LRRCT, Ig, FNIII, C-terminal LPHN3, Unc5




Tecniche di studio per le molecole di adesione sinaptica

Tecniche di guadagno di funzione (gain of function)

- Saggi di adesione cellulare (sopra-espressione della
molecola in studio in cellule non-neuronali in coltura)

- Saggio di formazione di sinapsi artificiali (co-coltura di
neuroni e cellule non-neuronali trasfettate)

- Saggio di trasfezione di neuroni

Tecniche di perdita di funzione (loss of function)

- RNA interference. Limitazione: knockdown inefficiente;
redundancy; reazioni compensatorie

- Manipolazione genetica (animali transgenici), costitutiva o
condizionale. Limitazioni per quella costitutiva: fenotipo di
malformazione o morte embrionale

- Inibizione farmacologica. Limitazioni: mancanza d’inibitori
per tutte le molecole sotto studio



ESPRESSIONE ESOGENA DI NLGNs E NRXNs

“Saggio di formazione di sinapsi artificiali”

Emi-presinapsi Sinapsi Emi-postsinapsi (¢
I 2 Dend rite ) j.’ﬁ“.'fi_}i f_{i
—t OOO) o Lalda '
¢ B L2 0l )
v : ST \_,.‘435;(')0.
P RS . Fibroblasto +
v i O X " neurexina
— PSP o i o

(@, ‘.*__,‘ \ .;\“\, ¢
. Fibroblasto +
Ky neuroligina

+ Neuroligina = Vescicola GABA , B-Neurexina Specializzazioni postsinaptiche



* Esperimenti di RNAIi knockdown delle NLGNs correlano un decremento di
NLGNs con un decremento nel numero di sinapsi (Chih et al., 2004).

* Overespressione di NLGN1 in neuroni in coltura aumenta il numero delle
sinapsi eccitatorie mentre NLGN2 aumenta il numero delle sinapsi inibitorie
(Chih et al., 2005).

* Overespressione di NLGN1 in neuroni in coltura aumenta il numero delle
sinapsi eccitatorie e queste nuove sinapsi sono funzionali (capaci di evocare
neurotrasmissione). NLGN1 e’ selettiva per le sinapsi di tipo eccitatorio.
Mentre NLGNZ2 incrementa il numero delle sinapsi inibitorie (Chubykin et al.,
2007).



MOLECOLE DI ADESIONE E SINAPTOGENESI

Table 1 | In vitro evidence for trans-synaptic signalling in synaptogenesis

SAM

Neurexins/
neuroligins

EphBs/
ephrin-Bs

SynCAM

SALM2

NGL2

MN-cadherin

Excitatory postsynaptic differentiation

Direct associationwith PSD-95 via PDZ
binding domain interactions'*; NMDARs
recruited by neuroligin'’<?, but mechanism
unclear; AMPARSs recruited in co-culture only
in the presence of glutamate®

Direct extracellular domain interaction
of EphB2 with NMDARs*; EphB2 also
associates with AMPARs via PDZ binding
domain interactions*&s0

Direct associationwith PSD-95 via PDZ
binding domain interactions®’

Direct associationwith PSD-95 via PDZ
binding domain interactions**; AMPARs
recruited in co-culture, but NMDARS less so®®

Direct associationwith PSD-95 via PDZ
binding domain interactions®®; NMDARs
recruited in co-culture, but not AMPARs®™

Fewer clusters of PSD-95 with inhibition
of cadherin signalling™; evidence for
interaction with AMPARs"™

Inhibitory postsynaptic
differentiation

Recruitment of GABAR
and gephyrinin co-
culture?; fewer inhibitory
synapseswith neuroligin
knockdown?

ND

ND

ND

ND

ND

Presynaptic
differentiation

Induced in co-culture?!;

neurexin associates
with CASK/MINTLS18.25

Induced in co-culture
and requires ephrin
binding domain®®;
mechanism unknown

Induced in co-culture®;

SynCAM binds CASK/
MINT

No induction in co-
culture®; presynaptic
ligand is unknown

Induced in co-culture
and requires NGL2
extracellular domain®;
mechanism unknown

Mo induction in co-

culture® (but see in vivo

evidence in TABLE 2)

Dendritic spine formation

Induced with overexpression
of neuroligins'’; mechanism
unknown

Induced by EphBs/ ephrin-
Bsviamultiple signalling
pathways (Rho GEFs, syndecan,
FAK)#49515254 Fewer spines
form with expression of EphB2
kinase inactive mutant®!

ND

Induced with overexpression®;
mechanism unknown

Induced with overexpression
of NGL2 via PSD-95-
dependent and -independent
mechanisms®

Fewer spineswith N-cadherin
dominant-negative’®; o-catenin
stabilizes spines®; p120
required for spine formation
and maturation®



FUNZIONE: PROVE IN VIVO

THz: neuroni di controllo (tripli eterozigoti)
TKO: neuroni con triplo knockout per le NLGNs 1-3

THz TKO

THz TKO
Nt T B
g ra ST AR
._ A A Rty N '

K

e
!!!!!Illllll
PSD-95 T

Sinapsina: marker presinaptico
PSD-95: marker postsinaptico

Espianti corticali
dopo 2 settimane in coltura

Topi KO per Neuroligine 1-3 muoiono per insufficienza respiratoria, ma il
numero delle sinapsi € normale ed anche la ultra struttura al microscopio
elettronico



Proposed roles for the Neuroligins proteins

(a) VGlut (b) VGAT
Synaptophysin Synaptophysin
Munme-_ Munci18

— Minp-.ﬂ. |

Synaptic
vesicle

Synaptic
vesicle

Gephyrin
scaffold

Current Opinion in Meurobiology

Krueger et al.,

In vitro studies: 2012
Neuroligins and Neurexins may induce synapse formation
(Artificial synapse formation assay, Neuronal transfection assay )

Gene Knock out studies:
Neuroligins and Neurexins are essential for synapse function

Role in the specification and identity of synaptic connections



LA TEORIA CORRENTE

Immature Synapse

Initial Contact

Mature Synapse

Activity-
Dependent]
Synapse
- [Maturation

—

Initial
Synapse
Formation

G

Contatti sinaptici iniziali coivolgono diverse molecole di adesione che
conferiscono specificita. La sinapsi immatura € funzionale ma ha bisogno di
acquisire proprieta specifiche attraverso processi dipendenti dall’attivita.

Le neuroligine possono mediare la stabilizzazione dipendente dall’attivita
dei contatti sinaptici transienti. Neuroligine e neurexine non sono
fondamentali per la formazione della sinapsi ma sono importanti per
formazione di complessi sinaptici funzionali.



MOLECOLE SINAPTICHE E
DISTURBI DELLO SPETTRO AUTISTICO

@ @ Synaptic vesicles
@

Presynap

CASK

Catenin

Spectrin?

A
Glutamate

Neurexin
Neuroligin receptor

(X catenin g™
pspes——_ ) S

l Cadherin o & \L1CAM

o

Proto-
cadherin

Spectrin?
. TAOK?2
arar G mapka () Src
kinases
SHANK
Cortactin Actin cytoskeleton

Postsynaptic

TRENDS in Meurosciences




Autism Spectrum Disorders

A e e -'c.'u'n'.'.!f
\Sh o/
?‘ﬁi Cre Speech and
Language
Aulism :
Disorder Retls Childhood _
Asperger's  Disorder Disintegrative  PErvasive :
e Disarder Developmental Movement Social
L Disarder - Mot
Otherwise
Specified

Onset by the age of 3

Male to female ratio: 4 to 1
Prevalence: once 1/1,000; recently up to 1/68 (USA)

* Diagnosis is based on behavioral criteria

Strong genetic background interlinked with unknown environmental influences



The genetics of autism spectrum disorders

d Inheritance

Inhented e mowo
Mother Father Mother Father Mother  Father Mother Father Mother Father
@l
Child with ASD Child with ASD Child with ASD Male child with ASD Child with ASD
Autosomal recessive Autosomal dominant Xdinked Additive risk
Smith-Lemli-Opitz syndroms Fhelan-McDemid syndrome  Velo-cardial facial syndrome Fragie ¥ syndrome Common vaniation
Cohen Timathy syndrome Meurofibromatosis type 1 Duchanne muscular
Deficsencies in AMT, PEXT, Tuberows sclercais complex Pobocki-Lupshd syndromse
SYNE1, BCKDK CHARGE syndrome
CHDOB, DYRK1A SCN2A ARIDMEB, ANK2, GRINZB,
EYNGAP{, ADNP, TBR1, POGZ, KATNALZ
b Variation
1 | tective Environm*l
factors
del dup
Copy number variation Translocation
Phelan-McDemid Fhelan-McDemid
Velo-cardial facial Tuberas eclerosis
Pobocki-Lupski
16pi1 2 deletion
16p11 2 duplication
15g13.3 deletion
15q11 2q13 duphication
NAXN{ deletion

De la Torre-Ubieta et al, 2016 unique and recurrent CNV as significant contributors to



Genes and cellular pathways dysregulated in
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Chromatin modification &
Transcription regulation

8002 gya.4 ATFIE

Pinto et al., Am J Hum Genet. (2014)

No single genetic mutation accounts for more than 1% of ASD



Molecular Signaling involved in

P

d Molecular

(1) Protein translation (2) Wnt signaling (3) Synaptic signaling
NMDAR (7 n]]m]mﬂlﬂﬁ vanclz (el e - _ CNTNAP2==
Homar /-r ﬁmKLE@“ @ W || NMDAR p Y=COPPE S:Nhﬁ.ﬁ"?'f'ﬂ
| AMPARNL {4 17— —{INLGN -
; - GKARR As By
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1. Activity dependent transcriptional and traslational regulators are associated with
ASDs.

Wnt signaling is known to regulate neurogenesis

Dysregulation in synaptogenesis and synaptic trasmission.

N

De la Torre-Ubieta et al., 2016



MUTAZIONI RISCONTRATE NEL DOMINIO EXTRACELLULARE DELLE
PROTEINE DELLA FAMIGLIA DELLE NEUROLIGHINE
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The R451C mutation maps in the extracellular domain of Neuroligin3

Axon
C
Presynaptic terminal |'|
Ca” channels I_::'_'_t. ==toec a-Neurexin
i
- ic cl
; Synaptic cleft N R451
N
Neuroligin
Postsynaptic terminal  ~~ AMPA C
glutamate receptor

Dendritic spine

More than 30 genetic alterations have been
associated with autism including a Neuroligin3 point
mutation and a deletion

Jamain et al., 2003



Structure of a cell and trafficking principles

Chromatin Nuclear envelope
Nucleclus s b Nucleus

Plasma

Smooth endoplasmic membrane

reticulum

Cytosol
Lysosome

Mitochondrion

Centrioles

Rough
endoplasmic

Centrosome reticulum
matrix -
i
?"‘}‘f” il 5 f Ribosomes
/ S et * ) Golgi apparatus

'+ T==—F Secretion being released

Microfilament from cell by exocytosis

Microvilli M/r

Microtubule

Intermediate
filaments
Copyright & 2004 Paarsan Educalion, Ins., publishing as Benjamin Cummings,
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Extracellular proteins needs to be stably folded to maximize their chance to
recognize (or be recognized) by other molecules and not be subjected to random
proteolysis that would occur if folding was partial and unstable.




Posttranslational modifications (PTM)

1) Removal of leader peptide — necessary to enter
the ER, not needed afterward

2) Formation of disulfide bonds (Cys R
isomerases) - Maintain folding and stability by  riosome
holding two segments of the protein together,
biasing the protein towards the folded topology

3) Addition and processing of N- and O-linked
carbohydrates - Primarily involved in the folding
and the maintenance of protein conformation &
solubility. Protect against premature protein
degradation and can be receptors for other
proteins or pathogens

Secretory
protein
inside trans-
port vesicle

Sugar chain

Rough ER

4) Assembly into multimeric proteins - channels, pores, etc.

5) Formation of GPI linkage - if GPI anchor

6) Controlled proteolytic cleavages — pro-peptide activation, ectodomain shedding
and other hydrolytic cleavages, e.g. Furin, ADAMS, etc.)

7) Other PTM include phosphorylation, hydroxylation in collagen, sulfation -
uncommon.




N- linked Glycosylation processing in the
GOLGI

Mannose-trimming enzymes in

the ER prepare the e 13
Glc,Man,GIcNAc, precursor for 5'5 ’5(’; éogg “":5%3'“2 &0 g%
subsequent processing in the 30\0 oo O e O e O S g g §
Golgi il Bl Badl Ihbdlv roggpe. SR
> generate the %ES e 223
Man5GIcNAc2-Asn @ E ERads
intermediate : —R= o e b
Glycoproteins, acquire their Gmemen | "FY adan
final sugars in the Golgi. Gol Tl

In mammals, there are >250 0

: i
glycosyltransferases in the J

Golgi catalyzing the transfer of
one sugar to another on a
glycan chain.

Whereas the ER contains many soluble proteins, all the Golgi-resident
protein (glycosydases and glycosyltransfereases) are Type I proteins



Basic architecture of cell surface molecules

-N
Signal/leader
peptide
N-Glyc
Ectodomain
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Cell
membrane

MAWLGVVIFALVIALFPSAPVLVTVRHLKANSAVVSWDVLEDEVVIGFATSQOKKDVRMLRFE
IQEVNTTTRSCALWDLEEDTEYIVHVOQATISTIQGOSPASEPVLFKTPREAEKMASKNKDEVTM
KEMGRNQOQLRTGEVLITVVVLEFMWAGVIALFCRQYDI IKDNEPNNNKEKTKSASETSTPEHO
GGGLLRSKI

MAWLGVVIFALVIALFPSAPVLVTVRHLKANSAVVSWDVLEDEVVIGFATISQOKKDVRMLRE
IQEVNTTTRSCALWDLEEDTEYIVHVQAISIQGQSPASEPVLFKTPREAEKMASKNKDEVTM
KEMGRNQQLRTGEVLIIVVVLFMWAGVIALFCRQYDITIKDNEPNNNKEKTKSASETSTPEHQ
GGGLLRSKI

MAWLGVVIFALVIALFPSAPVLVTVRHLKANSAVVSWDVLEDEVVIGFAISQQKKDVRMLRF
IQEVNTTTRSCALWDLEEDTEYIVHVQATISTIQGOSPASEPVLFKTPREAEKMASKNKDE PTM
STTPRNSSLRTGEVLIIVVVLEFMWAGVIALFCROQKDRIKDNEPNNNKEKTKSASETSTPEHQ
GGGLLRSKT

MAWLGVVIFALVIALFPSAPVLVTVRHLKANSAVVSWDVLEDEVVIGFATISQOKKDVRMLRE
IQEVNTTTRSCALWDLEEDTEYIVHVOAISIQGQSPASEPVLFKTPREAEKMASKNKDE PTM
STTPRNSSLRTGEVLIIVVVLFMWAGVIALFCRQKDRIKDNE PNNNKEKTKSASETSTPEHQ
GGGLLRSKI

MAWLGVVIFALVIALFPSAPVLVTVRHLKANSAVVSWDVCLKFCSGRGQCTRHGCKCDPGE'S
GPACIQEVNASTTRSCALWDLEEDTEYIVHVQAINDTGQSPASEPVLEFKTPREAEKMASKNK
DEPTMSTTPTNSSLRTGEVLIIVVVLFMWAGVIALFCROQKDRIKDNEPNNNKEKTKSASETS
TPEHQOGGGLLRSKI




Intracellular retention of R451C mutant soluble Neuroligin3
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Cellular secretion of wild-type and mutant NLGN1 and NLGN3

kDa £ £ £ £ =
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Wild type R471C  Wild type R473C R473T R473E
NL3-639  NL3-639 NL1-691 NL1-691 NL1-691 NL1-691

* Arg451 to Cys mutation in NL3 and Arg453 in NL1 compromises the export of NL1 and NL3.
When Arg451 is mutated to Thr or Glu the protein is nhormally expressed.

Comoletti et al, J.Neurosci,, 2004



Co-localization staining of Neuroligin3 and calnexin

a_
calnexin

Endo H - + - + Lactacystin - S - +

NLGN3 -: - - NLGN3

GAPDH s e amtum

Proteasom

WT R451C

WT R451C

Neuroligin3 R451C is in the Endoplasmic Reticulum De Jaco et al,, 2006



SURFACE PLASMON RESONANCE

SPR angkes lﬁﬁ' E_g Eé EE %:E
N R Bl
Lagphi . W I,"'".F - Bufies _\\\Ejlﬂ.-;r::lqu £
SOUFCE S

=
Prigm 1
e Glazs — Sansor chip
_!::r o a1 e —Gold lapes
MAnE h .;'_'H-::I--\-.--""'.{:"i:"l '\-' # _—'\. .__-
Pl —— T2 Time

La variazione dell’angolo di risonanza e’ direttamente proporzionale alla quantita’ di
Ligando legato alla macromolecola immobilizzata



The mutation is affecting Neuroligin3 function
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Misfolding of NLGN3 R451C mutant protein:

protease sensitivity
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Processing of NLGN3 in HEK-293 cells

. ” ” “ “ it Processed
Unprocessed

Lﬂ
NLGN3 R451C 115 |
. !

R451C Mutation in NLGN3 affects glycosilation processing of the protein in the ER

NLGN3wT 115

[ Sk ‘-'

£

Processed
Unprocessed

De Jaco et al., 2010



Trafficking of fluorescent Neuroligin3 in hippocampal

Protease inhibitor

WT

R451C

*
Neuroligin —
Protease
inhibitor

Before drug + BILN High expressing cells
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¥
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Neuroligin3 protein is represented by the green dots.

Neuroligin

Dendritic/ER-Golgi ratio
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Dr. ogé; Tsien

WT R451C

Protein translocation from the soma to dendrites was quantified by the ratio of the

measured fluorescent signal!

De Jaco et al., 2010



R451C mutation in Neuroligin3 causes misfolding and ER retention

R451C NLGNS3 is mainly retained in | I membrane
the Endoplasmic Reticulum (ER). _4 \
\ S
‘1 :

R451C mutation causes a local \J ) ‘ ()”":;(')
misfolding of NLGNS. - m

- . N A _4" C®
The majority of the protein is L o

degraded by the proteasome o .
=ty

A small protein fraction reaches the
cell surface to incorporate into
synapses.

Proteaso
‘;J@ me
)

NLGN3 NLGN3
R451C WT

Comoletti et al., 2004, De Jaco et al.,
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Neuroligin3 R451C Knock In mouse model of autism
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Unchanged mRNA levels 90%-Protein reduction

Behavioural and electrophysiological alterations of R451C Neuroligin3 KI mouse:

* 90% decrease in Neuroligin3 protein levels (adult)

* Autism-like behaviors (impaired sociality, enhanced spatial learning)

* Imbalance excitatory/inhibitory neurotransmission (hippocampus, cerebral cortex)

* “Gain of function” phenotype compared to Neuroligin3 Knock Out mice

Molecular mechanisms by which NLGN3 R451C may give
rise to ASDs are not completely known

Tabuchi et al., 2007, Etherton et al., 2011; Pizzarelli and Cherubini, 2013; Favaloro et al. In preparation



Table 1 Mouse models of ASD

Social
Social  communi-  Repetitive Molecular, cellular and
Molecular function  Mouse model  interaction  cation behavior Other symptoms circuit phenotypes Treatment
Multiple dup 15g11-  Impaired 1Calls Behavioral inflex- NA Altered serctonergic signaling, NA
ql3 (refs. ibility Yspine dynamics
267,268}
Transcriptional Torl HT Impaired Impaired Beha\_'iqrgil CTﬁ_. c_IeFects. leaning  Axonal projection defects in amygdala  DCS {adult)*’?
regulator STFP inflexibility deficits LNMDAR function clioguinol (A)?59
Translational Fmrl K055 Impaired 1Calls Hand flapping PPl of startle, audiogenic TmGluR function, immature protrusion MPEP (p)233,237
regulator seizure, learning deficits
Leaming impairment PI3K signaling, spine density, impaired 5-HT and DA
AMPAR-mediated synaptic plasticity compound
U,']EYD.'.’?]
Audiogenic seizure Hypersensitivity to ERK1/2 pathway SL32T7 (A)272
activation, tprotein synthesis
| Calls NA 1Fetal or early postnatal GABA and CI",  Bumetanide, oxyto-
abmormal EEG cin (P13-15)%51
Tscl HT, Impaired tCalls Grooming, behav- Ataxia Cerebellar deficits Rapamycin (P7)'82
TscICh KO ioral inflexibility
Tsc2 HT Impaired tCalls Increased Lethality, leaming deficits Brain enlargement, hyperactive mTOR  Rapamycin
marble burying signaling, autophagy deficiency (140,240
Pten cKD Impaired MNA NA Leaming deficits, seizare, Macrocephaly, cellular hypertrophy, Rapamycin (46
amxiety PI3K pathway hyperactivation woaks) 114,154
Neuron-glia Cninap2 KO Impaired 1Calls Grooming Seizure, hyperactivity 1 Interneuron number, abnormal Risperidone (a)109
interaction, K+ neuronal migration
channel clustering Impaired Grooming Hyperactivily L Oxytocin neurons Oxytocin (P7-P2L;
)28
Na* channel Scnla KO Impaired MNA Grooming Seizure, leaming L GABAergic internenron firing Clonazepam (A)}3°
impairment
Synaptic adhesion Nrm!a: Impaired, NA Grooming Anxiety, sensory-gating | Glutamatergic trans. and synaptic NA
maolecule Koz aggression deficits, motor leaming  density
in males
Nign3 R451C Impaired tCalls NA Enhanced learning Context-dependent impaired glutama- NA
K|275.276 tergic and GABAergic trans
Nign3 K077 Impaired LCalls Normal behav-  Hyperactivity 1Brain volume, cerebellar deficit NA
ioral flexibility, 1GABAergic trans. in D1-MSN in NAc ~ NLGN2 expression
Stereotyped motor in D1-MSN211
routine
Nignd K078 | Impaired, |Calls Normal NA 1 Brain volume NA
aggrossion
Synaptic scaffold-  Shank2 Impairad 1Calls, Grooming Hyperactivity, anxiety  {NMDAR function, tLTP NA
ing molecule exon? KO279 pattern
change
Shank2 Impaired 1Calls Jumping Hyperactivity, anxiefy | NMDAR function, |LTP and LTD CDPPE,
exons 67 DCS (a232
Ko clioquing| (A)?5%
Shank3E Impaired NA Grooming Anxiety Siriatal dysfunction NA
K210
Shank3 Impairad Pattern Grooming Learning deficits JActivity-dependant AMPAR distribu-  NA
eqons 4-9 change tion and LTP
K280
Shank3 Impairad 1Calls MNA Motor coordination | Glutamatergic trans. by presynaptic IGF1
HT281 mechanism, [LTP (P13-P2R)177
Shank3+aC  |mpaired NA Grooming NA JNMDAR function, Rac1, PAK, cofilin TAT-p-cofilin
(ref. 282) signaling defects, peptide (A)
Impaired Grooming F-actin dysregulation in PFC CA-Racl (A}




Neuroligin 3 R451C Knock In

mnllgneal model to study a monogenic form of ASD

* Autism-like behaviors (Impared social interactions)
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New inhibitory and excitatory
synapses regulate behavior,

Tabuchi et al., 2007



| test delle TRE CAMERE per
studiare il comportamento sociale
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Neuroligin 3 R451C Knock In

ice ] -
mnlmal model to study a monogenic form of ASD \2‘:;;:2:“;,?5’;:*’;’;;“;&?“

* Imbalance of excitatory - inhibitory neurotransmission
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Tabuchi et al., 2007
Etherton et al., 2011



The excitatory/Inhibitory balance is altered in

Presynaptic
inputs (excitito

71/

™. | S | / :
N ' Iy 4 £\ EPSP
N j | //
<4 WO /4 ¥ \J resP
—. - - Postsynaptic cell T
+) (+) Action Potential?

i Presynaptic ’ llll,.r 'u_l . '.:"
input (inhibitory) * oW

Neuronal excitability relies on the summation of excitatory and inhibitory signals a
process regulated by the number of excitatory vs inhibitory (E/I) contacts received by a
single neuron.

Impaired glutamatergic and GABAergic transmission, as has been reported in several
mouse models of ASD, can result in ASD-like behaviors that can be alleviated by
modulators of AMPA receptor (AMPAR), NMDA receptor (NMDAR) and GABAAR.



IN UNA SINAPSI| ECCITATORIA MOLECOLE DI ADESIONE DIVERSE
COESISTONO E PARTECIPANO ALLA FORMAZIONE DI COMPLESSI
SINAPTICI CHE MANTENGONO LA SINAPSI ALTAMENTE ORGANIZZATA

Veli mint

Synaptic
vesicles
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