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Abstract

CDKL5 deficiency disorder (CDD) is a severe neurodevelopmental disease,
characterized by eardgnset seizures, intellectual disabilities (IRYtistic
feature, stereotypical behaviours and cortical visual impairments (CVI). CDD
is caused by mutations on cycliependent kinasiéke 5 (CDKL5) gene
encoding a serine/threonine kinase protém the synapticcompartment,
CDKL5 contributes to dendic spines formation, synaptic transmission and
plasticity probably through its action on the network of proteins forming the
postsynaptic densityPSD) It has been shown that the interactiothe PSD
betweenCDKL5 andthe palmytoilated form of postsgptic density protein

95 (PSD95) allows the phosphorylation of net@il ligand (NGL1),
inducing excitatory synapses formation. Although these findings are
intriguing, they @ not reveal pharmacologically targetable mechanisms, that
are required to tryreverting the effects of lossf-function mutations of
CDKL5. Thus, with thdinal goal to findputative therapeuti@rgetsor CDD,

| investigated the role @DKLS5 in the molecular mechanisms underlying the
organization of synaptic contacts amelironakircuits.

The aimsof my thesisareto: 1) study the impact d€DKL5 loss on
synapse organizatiandfunctionas well asortical connectivity; 2) identify
novel synaptic interactors of CDKLS5; 3) characterize druggable molecular
mechanismaffected byCDKL5 loss 4) test preclinical therapies for CDD.

In the first part of my studyl contributed toanalyse themolecular and
morphologicabrganization of the primary visual cortex (V1)@DKLS5 null-
mutantmice. This study revealed thatfos expression irthis brain area is
strongly reducedn CdkI5” mice, suggestinghat lack of CDKL5 produces
cortical hypoactivity. To evaluate the mechanisms underlying phistive

hypoactivity, both excitatory and inhibitory neurongreanalysed

In the second part of myesis using bothn-vitro andin-vivo approaches,
found for the first time thatShankl a synaptic scaffolg can interactwith
CDKL5. Moreovermy resultddemonstrate that the kinase activity of CDKL5
enhance¢hestrengthof thebinding between Shankl and Homerldw likely



the latter recruitment at synapsasd thussuggestinghese asiew CDKL5-
mediatedmechanisrain dendritic spines formatiomMMoreover, the disrupted
localization ofHomerlbc resulted in sharpdownregulationin the synaptic
expressionand functionof metabotropic glutamate receptoraGIluRY in
CDKL5-KO mice Finally, the treatment wittCDPPB, a positive allosteric
modulatorof mGluRS5 was able to rescueGluR5mediated NMDA currerst
in KO neurons andormalizdboth neuronal and behavioural impairmants

CDKL5 null-mutantmice.

In sum with this thesis provide evidencefor a novel CDKL5dependent
molecular mechanism which crucially orchestrates the meiyninctional
organization of excitatory synapseésportantly, my results providestrong
support fora new promising therapeutic approach for CioDe futher tested

in future studies



Introduction

l.AiSynapt opat hi esymaptic proteiesinr ol e of
neurodevelopmental disorders

Since their discoverysynapsesepresent thenostly investigatecheuronal
compartmentin neurobiology becauseat these subcellular specialization
neurons can communicate wehchotheras well as with other cellSynapses
continue to generaténcredible interest among neuroscientisbecause
increasing evidence®ave demonstrated that theifaulty activity and
morphology, soméimes caused by mutations ogenes encodingynaptic
proteins arethe major determinant of many neurological disorders foat
thisreasonhaves t art ed t o be cal ltaetdl. 20l6ylthapt opat
has been found that these synaptopatlisgeciallyASD-related disorders
(i.e. RETT, Fragile X, and PheladcDermin syndromésare characterized
by an unbalancketween excitation and inhibitid&/I) that is tipped in either
directions suggesting thtan interest point thateed to be deeply dissected is
the excitatory/inhibitorysynaptic dysregulatiothat will help to resolve the

underlying causes of ASOkepdacet al.,2016)

During these yearsaadvanced imagingnd electrophysiologyechniques
together with molecular biologyand genetics are greatly helping
neuroscientists to better understand the structure of the synapse and the role
of eachprotens that are present in this compartment.

Recently a consortim of neuroscientistspublished a unique public
knowledge base for synapse, SynGO (Synapses Gene Ontology), including
both geneontology and annotation of synaptic proteingKoopmans et al.,
2019)with theintent toprovide a comprehensive definition of synapses, new
features of dendritic spines, novel links between synapses and brain disorders
SynGOcontainsannotations for 1112 geneshich are described based on
thar synaptic localization and functiprithat resulted to be significantly
overrepresented among gene variations assoamdtbcheurodevelopmental
disorders (i.e ADHD, autism), intellectual disability and schizophrenia

(Koopmans et al., 2019)



Synapses are highly specialized intercellular junctions between neurons that
allow nervous information floimg in thecircuitsforming thecentral nervous
system (CNS). They arsformationprocessingbase units in the CNS
responsible foreither excitatory or inhibitory neurotransmission via the
release of glutamate/aspartate or glycine/garamanobutyric acid (GABA),
respectively, and theimodulation permits the maintenance of brain
homeostasis (Costa et al., 2017). Each synapse is composed ofiadoee
postsynaptic compartment, the first specialized for the release and the latter
for the binding of neurotransmitters. The{sggaptic caonpartment, localized
at the axonal terminals, is specialized in transforming the electrical signals
into chemical signals, by regulating the release of the neurotransmitters. In
this compartment, both in excitatory and inhibitory synapses,
neurotransmittey are stored in the synaptic vesicles and then released in the
synaptic cleft in response to neuronal depolarization. This process depends on
Ca2+ entry through specific channels localized in thespraptic membrane
and on many regulatory and structupabteins acting in a coordinated
network such as: synaptogamin I, SNARE complex and Rab interacting
moleculeqfig. 1) (Sudhof, 2012)
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Figure 1 Representation of the molecular model of the gyneaptic active zone a
its relation to the synaptic vesicle fusion machinery, Ca2+ channels, and synap
adhesion molecules (Sudhof, 2012).

Oncereleased in the synaptic cleft, neurotransmitters can bind to specific

receptors inserted in the postsynaptic membrane and thereby modifying the
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neuron membrane potential and/or activating multiple signalling molecules
residing in postsynaptic compartmetitat depenthg on the activated
pathway,mediate the communication between the synapse and the nucleus
(Cohen and Greenberg, 2008).

Because the main goal of my thesis is to reveal causative mechanisms of the
Cdkl5 deficiency disorder (CDDyccurring at excitatory synapses, | will
hereafter describe thpostsynaptic compartmengxcitatory postsynaptic
proteins and their involvement in neurodevelopmental disorders. Indeed,
recent proteomic studies, performed on human postsynaptic density (PSD
combined with systematic mapping of human mutations, showed that about
200 mutations of genes expressed in the PSD can cause up to 133 different

brain diseases (Bayés et al., 2012)

1.1 The excitatory post synaptic compartment

The PSDwasfirstly described asnelectrondense specialization present
at all mature glutamatergic synapseslocalized just below the synaptic
membrane opposed to the presynaptic active @aoeman et al., 1974; Gray,
1959) Thesizeis heterogenoyswith its diametewarying between 200 and
800 nmwhile its thicknessspandetween 30 and 60 n(€arlin et al., 1980)

The PSDis a scaffold of modular proteins thedn differ in molecular
composition and morphology aitds preferentially located in smalendritic
protrusionof postsynaptic cells called spinéstreceive input typically from
one excitatoryaxon terminalGray, 1959) Spinesare composed by head
(volumeD0.00%1  £) spnnected to thdendriteby a thin neckdiameter
< 0. 1 (Namechinsky et al., 2002)They differ in shape and sizand have
been classified as: (8)s t u thdse/whichare short and thick with nmeck;
(b)6 t hthose &viththin and elongated ne@nda small headc)o mu s hr 0 o md
thosewith a large head and @nstricted neck(d)o b r a nthosesvidiah
branch into two headthat share the same ne@&ipson and Olive, 2017;
Lippman and Dunaevsky, 2008ig.2).

11
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Figure 2. Morphology of dendritic spineqA) Example of a hippocamj
pyramidal neurorfilled with green fluorescent protein (GFP) imaged with 4
photon microscopy. (B) High magnification image of a hippocampal de
showing the diversity in the morphology of dendritic spines. (C) A schi
representation of morphological classifications of dendritic spines. Scale
20mm (A) and 2.7 mm YBLippman and Dunaevsia005)

The PSD which size correlatelsoth with the dendritic spinevolumeand
with the number of moleculekerein localized(Kasai et al., 2003)is
composed by hundreds of signalling, scaffolding and cytoskeletal proteins,
which role goes fromanchoring glutamatergic receps in the postsynaptic
membrane to functionally organize and regulate receptors activity
Scaffolding proteins link neurotransmitter receptors with signalling
moleculesan essentiahechanisnior synaptic transmissioandplasticity, it
is therefore nosurprising thatheseproteins are highlyepresergd within the
genetic causes okeurologial disorderqgSoler et al., 2018)

Interestingly, althougliboth the proteincomposition and structure te
PSD changén response tgynaptic activity proteomic analyses on purified
PSD fractions showed approximately 400 protdimst are present in all
excitatorysynapsesTheseproteins aralivided into 13 functional categories
(Fig 3A) and anong them thenost abundant aractin, kinaséphosphatases
and regulatorgi.e. CaMKIl), post synaptic density protein95 (PSD95),
followed by Shank and Homarotein families and ionotropic as well as
metabotropiglutamatereceptorsin Figure3B aschematigepresentation of
the PSDis illustrated

12
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Figure 3. Proteins inside the PSA) The table reports thpercentage of 8C
proteins in variais functional classes (Sheng and Kim, 20(B).Representation
the complex organization and composition of the PSD. All the proteins report
scaffolding, receptors, adhesion molecules, kinases) are showelth@ittiomain:
(Feng & Zang 2009).

In the bllowing sections| shall describethe functional relevance ahostly
representativescaffolding proteins and glutamate receptanew their
coordinated actiopromotesthe maturatiofstabilization ofdendritic spines
andtheir role insynaptic transmissiceind plasticity In addition, | willoutline
their involvementin neurodevelopmental disorderand in particular in

conditionsassociated with autistitke behaviours
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1.1.1 Scaffolding proteins
1.1.1.1 Postsynaptic densitprotein-95

PSD95 is themost abudantscaffolding protein expressed at tAR&8D It
containsthree postsynaptic density protein ©discs large homologuei 1
zonula occludens 1 domain (PDd&mairs thatpermiteitherselfassociation
or, by binding to a short region of th€-teminus of other specific proteins
the formation of multiprotein complees that includeother scaffolding
proteins and receptors generalthe main function of PSD5 is to bind and
anchor bothmembrane proteins and signalling molecutethe PSD(Sheng
and Kim, 2011)Specifically,PSD-95 binds th&IluN2 sulunit of theNMDA
glutamate receptorNMDARS) promoting its membraneinsertion and
facilitating the assembly between NMDARasnd downstream signalling
molecules(Aarts et al., 2002; Cheet al.,1998; Kimet al.,1998; Penzest
al., 2008 Prybylowski et al., 2005; Roche et al., 2pMloreover,PSD95
mayalso recruitAMPA glutamate receptol®MPARS)throug its interaction
with the AMPAR subunit GIuR1 (Schnell, 2002) suggesting that-BSD
could be a key regulator of synappiasticity and glutamatergic transmission
(Bustos, 2014jhusdeterminingsynapticstrengh (Bats et al., 2007; Chen et
al., 2000; Coley and Gao028; Nicoll et al., 2006; Schnell et al., 2002)
Consitent with its role in regulating synaptic strenghihas beeriound that
the lack of PSEB5 induces alterations in bothhippocampallongterm
potentiation(LTP) and longterm depressionLTD) (Migaud et al., 1998)
while its overexpression indes spines enlargement, an increase in the
number of AMPARsandan enhancement of LT{Berry & Nedivi, 2017; H
Husseini et al., 2000)These synaptic processes are strongly involved in
spines maturation suggesting that P3D represents a key synaptic
component that controls dendritic spine formation and/or spine

elimination/pruningColey and Gao, 2018)

Moreover PSD95, throught its PDZ and SH3 domaimsmmnteractwith and
stabilize many adhesion molecules such as neuroligins, {@&tfigands
(NGLs), synaptic adhesietike molecules (SALMs), and leucisreeh repeat

transmembrane neuronal protein (LRRTMIs)s regulating the molecular

14



organization of thee proteinss showedin figure 4(Craig and Kang, 2007;
Irie etal., 1997; Sudhof, 2008)
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Figure 4. Representative images of adhesion molecules that interact wittOBSB
Leucinerich repeat transmembrane neuronal protein (LRRTMs) binds at thx
synaptic siteb-neurexin (A) and netrinG ligands (NGLs) that bind netrinG1
presented at the preynaptic site (B) (de Wit and Ghosh, 2014)

PSD95 capabilityof binding adhesion, scaffoldingnd signallingoroteinsas
well as glutamate receptoriighlight how crucial is this protein in the
formation and maturation of dendritic spinésng with synaptic transmission
and plasticityHan and Kim, 2008)

Interestingly, i has beemlsofoundthat PSDB95 isinvolved in neurologial
disorders such as schizophrenia and ausipattrum disorders (AS¥Xing
et al., 2016)In particular, PSEB5 KO mice showed repetitive behaviae.
excessivegrooming), cognitive deficits, disrupted motor coordination and
defects in the social exploration. At the molecular level, the lack of#5D
induces an aberrantdensity of dendritic spines and a decrease in
AMPAR/NMDAR current ratio leading to an abnormal synaptic plasticity
underling the behavioural defects show by PEDmutant micgColey and
Gao, 2019, 2018)

1.1.1.2 Shankproteinsfamily
SHANKSs are key scaffolding proteins located within the excitatory
synapse, where they are crucial for maintaining the correct architecture of the
postsynaptic compartment, bgonnecting and organizing intermediate

scaffolding proteins and receptors.
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The Shank family is composed by three proteins: Shankl, Shank2 and
Shank3each containing the followingomains: ankyrin repeat (ANK), PDZ
prolinerich region (PRQ)sterile alpha motif (SAMand SRC homology 3
domain superfamily (SH3). In the CNtBe expressn ofthese three proteins
largely overlapsn the cortex, thalamuand hippocampuségrea CA1, CA3
and dentate gyrjisHowever, these proteins show also distinctive localization
patterns, beingShankl expressed in the Purkinje calfsthe cerebellum
(Bockers et al., 20045hank?2 in Purkinje cells, kidney and livgim et al.,
1999) while Shank3 is enriched in the striatunm the granules of the
cerebellum and it is also present in both heart and spleen t{B&gss J. et al
2001; Les at al 2015; Wang et al 201bim et d., 1999) The scaffolding
functionof Shank proteings possible througthe interactiorwith bothPSD
95 and Home(Kim and Sheng, 2004; Sheng and Kim, 20@yspitetheir
differertial localization all three Shank proteirfferm amultiproteincomplex
with PSD95, GKAP and Homeproteinswhich represents the core structural
framework of the PS[@Baron et al., 2006; Tu et al., 1998y. 5) and that
facilitates the crosstalk betweemetabotropic and ionotropic glutamate
receptorgMonteiroand Feng, 2017)

Figure 5. Simplified
representation of Shank
interacting proteins
within the postsynaptic
compartment (From
Monteiro et al., 2017).

The role of Shank was firstly evaluated imyvitro approachesit was
initially found that overexpression of Shahkin hippocampal neuronal
cultures promotes the maturation and growth of dendritic spines, suggesting
its central role at the PS(bala et al., 2001, 2003frurthermore, the sae

group found that the enlargement of the dendritic spine heads, a sign of

16



functional maturation, is dependent on the binding between Shank and
Homerl(Sala et al., 2001)

It has been found thatbout 1% of individuals affected by ASD carry
mutations in the Shank gene famifyrther sypporting the idea thatShank
proteins are crucial for correcircuits formation andynaptic functiorfArons
et al., 2012; Berkel et al., 2010; Durand et al., 2007; Gauthier et al., 2009;
Moessner et al., 200/\Vhile deletionsand point mutatiogon Shankl and
Shank2 genesre thecauseof ASD-like behavioural abnormalitiesoth
frameshift and poinhutationson Shank3 gene acarried by individuals with
ASD andis responsible foPhelaiiMcDermid syndrome (PMS a rare
genetic condition caused by a deletion of the terminal estirolnosome 22
in the 22913 regiorontaining the Shank3 gerfarons et al., 2012; C. M.
Durand et al., 2012; Leblond et al., 2014)

In order to study the role &hank proteinn-vivo, severalmouse models
have been generatedls expectedall Shankproteinsmutant micepresented
significantalterationsn spine number and sizbat werecorrelatedwith the
downregulation of Homer, NMDARs and AMPARS$Iung et al., 2008;
Vicidomini et al., 2017)In particular, Shankl K@nice exhibit a selective
loss of thelarge PSDs in thehippocampusCAl area a morphological
altarationunderying deficits in both frequency and amplituae miniature
excitatory postsynaptic current (nEPSEpreover, hese morpo-functional
defectsare associated withmpairmentin hippocampusiependent memory
mechanismsandcontextual fear memorfHung et al., 2008)

Similarly, alsoShank3null mice display both synaptic and behavioural
defectsIn the absence of Shank3 the amount of several PSD proteins, such as
Homerlbc, GKAP/SAPAP proteins, mGIluRs, NR2A and GlsaAbunis of
NMDARs and AMPARsis affected(Guang et al.,, 2018)Furthermore,
Shank3 deletion alters dendritic spmis&ze andhumber synaptic transmission
and NMDA -dependentLTP in the hippocamps (EbrahimiFakhari and
Sahin, 2015)and weakens mGIluR1/nediated intracellular signallingan
effect probably produced lihe reduced ctocalization between Homerlbc

17



and PSDBO5that is observed in Shank3 muta®reover,Shank3 KO mice
display ASDlIike signs, argelyrecapitulating the defecshownby PMSand

ASD patients such as impaired social interaction, restricted interests,
avoidance behaviours, increased aggressiveness, increased repetitive and
anxietylike behavioursas well as impaired learning (Monteiro and Feng,

2017; Vicidomin et al., 2017)

1.1.1.3Homerproteinsfamily

Homer proteins share witfShank and PSD5 the role of scaffolding
proteirs that areinvolved in the regulation of spine morphologspecially
throught their co-operation with Shank that induces the enlargement and
consequently theinctionalmaturations of dendritic spin€Sala et al., 2001)
As Shank, also Homer belong to a family that is compo$éaree proteins:
Homerl, 2 and 3. Homerl @2 share the sanmattern of expression dsey
are present in cerebral cortex, thalamus, hippocangmascerebellum
Differently, Homer3 expressionis limited to te hippocampus and the
cerebellum(Shiraishtyamaguchi and Furuichi, 200lomerproteins come
in two different isofoms: Homer b/gs the long isoform with aonserved N
terminal Ena/VASP homology 1 domain that allows the binding the
proper membrane insertion ofGluRs,as well aghe interaction wittboth
IP3 and ShanKTu et al., 1999; Xiao et al., 1998)oreover, this long isoform
also containsa C-terminal coiledcoil (CC) domainthat induces theself
multimerization ofHomer b/¢ a complex that facilitatesgnal transduction
and downstream pathwaysactivation Differently, Homer 1a, the short
isoform, acts aan immediate earlyene (IEG), lacks the CC domain and it
competes with the constitutive long isofdoydisrupting themultimerizatino
of Homer b/cand negatively regulatingynaptic activity(Fig. 6; Wang et al.,
2015)

18
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Studies on knockout mic# all the Homegenesshowed thathesemutants
exhibiteddefects in thenemoryformationas well agnotivational, emotional,
cognitive and sensorimotoabnormalities, closely mimicking the sighs
showed by patients affected by schizophrdha presented mutans on
Homerl and 2 gengbioue et al., 2009; Norton et al., 2003; Soler et al., 2018;
Spellmann et al., 2011¥oreoverit has been reporteétdat Homeis also been
i mplicated in Fragi |(Eoaad GaspkrinA20@®@h ei mer 6 s

In sum, thefamilies of scaffolding proteins PSDB5, Shank ad Homer
form a multiprotein complex that is necessary, besidi structural function,
for the correct membran@rotein stabilization and activity of glutamatergic
receptors, thugpartecipating intocrucial mechaniss for correct brain
development antunction.

1.1.2 Glutamate Receptors
The glutamate receptors are divided into ionotropic liggated
heterotetrameric ion channels (iGluRg)at include AMPA, NMDA- and
kainatetype receptors, and the metabotropic receptors (mGluRs). AMPARS
and NMDARs mediated basal synaptic transmisgiGarakas et al., 2015)
while the postsynaptic mGluRgsponse isslower and have longdasting

cellular effects. These two types of glutamate receptors doifefoundly in
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their molecular structureGluRs are channels that, once the liganioosnd
changs their conformation and allow the eahce of speéic ione charges
Differently, mGIluRs are 7 tranmembrane (TM) proteins that, when the
ligand isbound initatessignalling cascadethatcan influence, either locally
or in the nucleus, the expression of other proteins to prameot®nal activity
and plasticity In addition, these two groups receptorsdiffer for their
localizationin the PSD: whileéGluRs are highly enriched in the cood the
PSD opposing the presynaptic release site, the mGIluRs are preferentially
enriched in the perisynaptmembranemore distant than iGluRsom the
vesicle release site, and seem to be largely excluded from theaBSBown

in figure7 (Scheefhals and MacGillavry, 2018)

Because during myhesis work | focused my interest orechanisms that
mGIluRsmediatel regulation of NMDARsI shall hereafter describe in more

detailsthese twaclas®sof glutamategic receptors.

CHANNELS

ADHESION
COMPLEXES

mGIuR1/5

RECEPTORS

\ | postsynaptic density *+

Figure 7. Representative image that show the subsynaptic distribution of the A
NMDAR and mGIluR1/ype. On the right, the zoom of the synapse inside
reveals the positioning of the glutamate receptor types: AMPARs and NMD#
located in the core of the PSD, while mGIluRs are out of this zone (Scheeft
MacGillavry, 2018).

1.1.2.1 NMDAr receptors
The main role of NMDARs is to allow the entrance of?Camto the
postsynaptic compartment, in response to neuronal depolarization caused by
AMPA receptors activation, that undgpecificcircumstances generates LTP

of synaptic connections, a form of plasticity that is though to reprélsent
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neuronalcode for learning andhemory storagé€Blanke and VanDongen,
2009; Sheng and Kim, 20Q2Jhese receptors are composédour subunits,
two NR1 subunit@and two NR2 subunitthat are encoded by two different
genes. GRIN1 and GRIN2, respectively. The two NR1 subunits are
constitutively expressed while the two NR2 subunits are developmentally
regulated. NR2A subunits are expressdter birth and rises stddy to
become widely and abundantly present in all CNS in the dualh In
contrast,the NR2B subunitsare present from the embrionic stage ahdir
expressiorpeak around the first postnatal week and progressoketyine
Despite the differeil stageexpression, both NR2 subundan directly bind
the PDZ domain of PSDB5 (Al-Hallaget al., 2001; Okabe, 2007; Paoletti et
al., 2013; Sornarajah et al., 2008; Sorokina et al., 20hlgvaluate the role
of NMDARs, different mutant mice have been generated: all of them show
schizophrenydike behaviouraland memorydeficits even if they do not
present any defects in either synaptic morphology or protein composition,
despite the activetn of NMDAR induces the phosphorlyation of over 100
PSD protein§Okabe, 2007; Sheng & Kim, 2011Yoreover, mutations on
GRIN2A and QRIN2B, genes encoding the NMDARSs subunits, are found in
ASD patients shoimg defective communication and sociability in addition to
repetitive behaviorf_epeta et al., 2016)

Moreover, the modulation of NMDARscan be regulatedalso by the
activation of the mGluRsthrough mechanisms that involve Shank, Homer
and PSDB95, agllustratedin the following paragraph.

1.1.2.2 Metabotropic glutamate receptors
The mGluRsare 7TMreceptors that belong to the class C epiGtein
coupled receptor (GPCR) family anidat based on the second messenger
pathways that they initiate upon activation, they have been subdivided into
three classegBaude et al., 1993; Nakanishi and Masu, 1994; Pin and
Duvoisin, 1995; Shigemoto et al., 1998roup |includesby mGIuR1 and
MGIuRS5 which are primarily localized at thetiphery ofthe PSDin neurons

andalso in glial cells These receptorare positively coupled tahe GUg-
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linked pathway, which generates diacylglycerol (DAG) and inositol 4,4,5
trisphosphate (IP3jConn and Pin, 1997; Han and Kim, 2006&youp |l
consists of MGIuR2 and mGIuR3 expressed at both pre andygttic sites

while group lll, that is composed by mGIuR4, mGIuR6, mGIuR7 and
MGIuURS, is predominantlylocated predominantly at the psgnaptic site
where they have been reported to regulate the release of neurotransmitters
(Baude et al., 1993; Shigemoto et al., 198)th group Il and lllarelinked

to the QJ/o which inhibits adenylate cyclasthus preventing cAMP
formation (Kolber, 2015; Niswender and Conn, 2010; Pin and Acher, 2002;
Schoepp, 2001)Figure 8 shows the synaptic and glialocalization of the

differentmGluRsgroupsand therespectivecoupledG-proteins
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Figure 8. (A) Schematic representation of mGIuRs at the synapse. In g
group | mGIuRs (green) are localized postsynapticaltlyd group Il (blue) ar
Il (red) receptors are localized in presynaptic locations. In presynaptic loca
MGIuRs 2, 3, 4, and 8 are generally found in extrasynaptic locations, and n
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glutamate (left, yellow circles) or GABA (right, red circles), whereas grt
receptors promote release when present. There are also present
glutamatergic and gabaergic recepto(8) Representation of the of-@oteir
couple the mGIuRs. Group | mGIuRs signal via Gq proteins to inci
intracellular calcium and induce also protein phosphorylation; whereas Gr¢
and lll couple to cAMP inhibition. (Kolber, 2015; Niswender and Conn,201

Importantly, mGIluRs play key roles in various forms of synaptic plasticity,
such as those underlyimgarning and memory as well as in neuraciaduits
developmen{Citri & Malenka,2008; Gladding et al., 2009; Lee et al., 2006;
Ronesi & Huber, 2008; Tsanov & ManakRgaughan, 2009)Among group |
metabotropic receptorsnGIuR5 has beerintensively studiedlately also

because ofits involvement in severalneurodevelopmental diseasélhe
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activation of mGIluRSinitiates varioussignalling pathwag including the
PISK/AKT/mTOR pathwaythat is crucially involved in activitgepenént
protein synthesis and cytoskeleton remodelling at the syndfmeover,
mGIluR5alsotriggers theexpression ofEGs, such as-d¢os and ARCwhich
upregulationis required for several forms okuronaland syaptiglasticity
(Minatohara et al., 2015pifferently from cfos, which expression is confined
inside the nucleous, AR@RNA istransported to dendrites and subsequently
in spineswhere it can be rapidly translatééarris et al., 2014)

Among the consequences of mGIuR5 activation the modulation of
NMDAR function, that ismediatedthroughinteraction with Homer, Shank
and PSDB9I5 (Figl10), is one of the most investigated. This crtzdk between
ionotropic and metabotropic receptors reinforces excitatory synaptic
transmissionNWei Guo et al., 2004; Heidger et al., 2002; Ribeiro et al.,
2017) as it has been found thdtoth abnormal nmabrane insertn and
disruption of mGIuR5 downstreamignalling pathway produces severe
dysfunctiors of NMDAR-mediatedsynaptic transmissioffloisi et al., 2017;
Reiner and Levitz, 2018; Vicidomini et al., 2017)
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Figure 9. The crosstalk between mGlughd the NMDAR at the postsyna
compartment is mediated by Homer, Shank and-BSOModified from Santini
al., 2014).
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1.2 The involvement of mGIuR5 in neurodevelopmental

disorders

During the past years, manyevidenceshave emergedsuggesng that
alterations in mGIuR5 signalling pathway are sharedhéyrodevelopment
disorders associated with ID and ASD, such as PM&gile X Syndrome
(FXS) andRettsyndrome (RTT)

PMS is a syndromitorm of ASD caused by mutations ¢ime Shank3 gene.
Shanlk3 haploinsufficient patients manifested neonatal hypotonia, ID, severe
delayed or absent speech and autssgmssuch as impairment in the social
interactions and structural brain abnormaliiéslevzon et al., 20145hank3
KO mouse modeltargely recapitulate these sigdsplayng excessive self
grooming, impaired social interaction and restrictedra@sts. The absence of
Shank3 affects both the amounts and the activvfymGIuR5 as well as
synaptic transmission. In particulahese studies showeatiat the loss of
Shank3 prevents theformation of the HomerlbmGIuR5 complexand
disrups mGluR5downstreansignallingwith consequeces such asnpaired
C&* releaseand atmormal NMDAR function (Vicidomini et al., 2016)
Moreover,Verpelli and colleaguefund that by knockingdown Shank3n
neuronal culturesa specificimpairment ofsynapticmGIluRS5 signding was
causedthat induces abnormal LTExpression(Verpelli et al., 2011)
Interestingly the Shank3 KO mictreatedwith amGIluR5positive allosteric
modulator (PAM), CDPPBshowed very promising amelioration of both

behavioural and morphkimnctional defectgVicidomini et al., 2017)

The neurodevelopmental disord€iXS is caused bynassive CG@epeat
expansion mutationr by point mutationgn theFMR1 gene(Garber et al.,
2008) Patientsaffected byFXS show deficits in working and sheirm
memory, executive function, language, mathematics and visuospatial
processingbeside presenting botutistic behaviourandincreasednxiety
(Saldarriaga et al., 2014; Bagni & Zukin, 2019; Ciaccio et al., 20BMRP
is a regulator of protein synthesis blocks the translation of several target

MRNASs by interacting with CYFIP1, a protein essential for actingieleton
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remodelling(De Rubeis et al., 2013)n addition, he lack of FMRP induces
the hyperactivation of PI3BK/AKT/mTOR pathway and decreasedronal
autophagic activity. IFMRP KO miceneurons thenGIuR5 signallingis
altered causing uUmalanceé protein synthesighat leads to an excessive
translation of several synaptic or plastieiglaed proteins, and, therefore, an
increased synaptogenedixaggeratedeuronalprotein synthesiss thought

to explainalsothe highfrequencyof immaturedendritic spines one main
morphologicalcharacteristishown by pyramidal neurons frofMRP KO
mice (Bear et al. 2004)Another process impaired in FMRP KO mice is the
MGIluR5-dependent LTDOwhich is enhanced in thesace likely because the
rate of AMPAR endocytosiss increased(Huber et al., 2002; Waung &
Huber, 2009)In addition,FMRP KO mice recapitulates behavioural defects
shown by FXS patients such as hyperactivity, epileptic seizures, cognitive
deficits, impaired social interaction, hypersensitivity to the stimuli, repetitive

behaviours and anxief¥8agni and Zukin, 2019)

Aloisi and colleaguefAloisi et al., 2017have recently demonstrated that the
mGIuR5Homerlbc complexan be disruptedby the absence of FMRRn
alterationthat impactson mGIuR5 celsurface dynamicéncreasing their
activation Thewealerinteraction betweemGIuR5 and Homerlbc causas
increaseof MGIUR5NMDARSs colocalizatinonat synaptic sites, increasing
theamplititude ofmGIluR5-dependent LT¥Aloisi et al., 2017)Whenthese
mice where treated wit@TEP, anegative allosteric modulators (NANf
MGIuR5,the excessive protein synthesias reducedhe mGluRdependent
LTD normalized(Michalon et al., 2012)indicating that reducing mGIuR5
activity could rescue several critical pathological sjgegch as protein
synthesis and behavioural defects showiirK¥$ mouse models.

So, given the mcouraging results obtainddom preclinical studies, large
clinical trials were conducted between 2008 and 2014 using the mGIuR5
NAM, mavoglurant. However, phase llb studies failed to replicate the
behavioural improvements observed in previous phases. Beavs and
colleagues recently tried to explain this failubme aspect to consider is the

degree of translation from preclinical to clinical studies: low rates explain why
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studies have often different outcomes in animal models than in humans
(Berry-Kravis et al., 2016)

RTT is caused by mutations on MECP2yemeencoding arepigenetidactor
that binds to methylated DNA CpG islands regulating gene expre@d$en
and Monteggia, 2011)RTT patientsshow featuresoverlagping with
idiopathic forms of ASOn addition toverbal and notverbal communication
deficits, disrupted gait dynamics, characteristic hand stereotypies,
developmental regression and ID that appeared around 2 yedioohdira,
2005) Signs of abnormal expression ofmGluRS5 and a decrease of its
downstream signallingathway have beefound both in the motor cortex
from autopic RTT patientstissue and in the mouse model of tisease
(Gogliotti et al., 2016)suggesting that a succesgitclinicalstudycould be
readily ranslatednto humansTo this aim,Gogliotti and colleagues treated
RTT mice with the PAM VU0462807 and foundthat amelioraté both
behaviourabnd signallinglefectsan these mutant€Gogliotti et al., 2016)In
contrastTao and colleagues (201&)und that loss of MeCP2 leads to an
aberrant upregulation of mRNA& hippocampal CA1l neuronshat
overlapped with FMRP dgct targets and autism susceptibility genes. Given
this similarty with FMRP KO mice these authorgreated Mecp2 KO mice
with CTEP, themGIuR5 NAM. They found that a chronic treatmaegitthese
mutants with CTEP, induces a downregulation of theibosomebound
MRNAs, animprovement of lifespan arescwe of thereduced soma size
CALl hippocampal neurondyut it does not have angffect on motor and
anxiety deficitTao et al., 2016)

In conclusionjt is becoming more and more cléhata crucial linkexist
between ASDs, synapses and mGl@Rbnglysuggeshg that it is important
tothoroughlyassess the validityf these receptors asitativetheraputic target
for pharmachological approachésrgeting diseases without cure that are

identifiedasisynapt hopati eso.
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2. Cycline dependent kinaselike 5 (CDKL5)

The PSD not only contains scaffolding proteins, but also signalling
moleculesand kinasessuch asfor instancesCamKIll, ERK, MAPK all
important determinants ofheuronal morphology, communication and
plasticity thusalsoinvolved in neurodevelopmental disorddrsthis second
chaptey | am going to describe one pfotein knasesrecently described in
the PSD cycline dependerkinaselike 5 (CDKL5), whichmutations arg¢he
cause ofcDD (OMIM 300203, 300672)thecentre of my PhD studies

2.1 CDKL5: the gene andthe protein

CDKL5 (GenBank accession number Y15057) was identified in 1998 by
positional cloning method that mapped and isolated genes present in the Xp22,
a region associated with several genetic disor@dantini et al., 1998)
Originally, Kalscheuerand colleagues (2011) found that CDKL5 was
composeadf 23 exonshowever, moreecentlynew exons containing distinct
coding region$ave been found whidhn total generate fivdhCDKL5_1 to
hCDKL5_5) human CDKL5 transcript isoforms(Hector et al., 2016)
Recently, Hector and colleagues evaluated the expressiothede five

isoforms analysinglifferent tissuesising through RTPCR(fig.10).
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Figure 10 Human CDKLS5 gene and transcript isoforms. Image showing the stri
of human CDKL5 gene and the exon composition of the five isofb@DKL5 1 tc
hCDKL5_5). For each isoform lines linking exons indicate the splicing events w
asterisks close to exon numbers indicate the location of the differences betv
isoforms. Dotted lines indicate alternative splice sites (image takemHiector et al
2016).
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This study showethathCDKL5_1 encodes the 960 amino a€l®KL5
protein (107kDa), the most abundantly isoform expressed in the CNS
althoughit is also present in other tissues such as testis, prostate glands,
kidney, thymus and thyroid gland. hCDKL5_2 differs from the hCDKL5_1
since it includes other 17 exonsiceding for a protein that is longer than
hCDKL5_1, and it is mainly expressed in the brain. hCDKL5_3 and
hCDKL5 4 sequences are similar to hCDKL5 1 and hCDKL5 2,
respectivel vy, but they Il ack 51 bases
encode for transcrip that are 17 a.a. shorter than hCDKL5 1 or
hCDKL5_ 2. Both hCDKL5_ 3 and hCDKL5 4 have been found in brain,
testis, lung and kidney, but at lower levels compared to hCDKL5_1. Finally,
differently from the other hCDKL5 isoforms, hCDKL5 5, previously
known @& CDKL5115, is the only CDKLS5 isoform containing exons 19, 20,
21 and 22 and its transcript is composed by 1030 amminoacids. This isoform

is only present in testis.

CDKLS5 transcrips are evolutionary conserved between species, dmakit
been foundhatmouse sequencesCdkl5 1 and mCdkl5 ,Zre orthologous
to hCDKL5_1 and 2 respectively as shown in figlitgFichou et al., 2011;
Hector et al., 2016)Specifically, mCdkI5_1 is the most abundant isoform in
the mouse brain, even if lower legeverefound in the spleen, heart and testi
mCdkI5_2 is expressed also in the brain butower leves compard to
mCdkli5_1. No orthologuesequencesvere foundfor hCDKL5 3 and
hCDKL5_4 in the mouse, while three alternative mouse isofarm@slk|5 6,

_7 and _8 have been identified. mCdkl5_6 and mCdkI5_fighly enriched
in the testis ofhe adult mousesimilarly to hCDKL5_5, whereas mCdkI5_8
is found in the spleen and at very low levels in brain, heart, liver, lung and

testis.

1 1a 1bicdle 2 345 6 78 9 101 12 13141516 1718 19 202122
Human [ H_HHH]

1a 2345678 91011 12 1314 15 16 17 18 19 2021 22

Mouse -I—D—.-I+I—I+I—I—I—I_-I-I-I-I-I-I-"-D-D—D-

[l Orthologous (>80% sequence identity)

Figure 11. Comparison between human and mouse Cdkl5 gene structures (image taken
from Hector et al., 2016).
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CDKL5 gene encodes for a protein that belongs to the CMGC family of
serine/threonine kinases that includes cydi@pendent kinases (CDKSs),
mitogenactivated protein kinases (MAP kinases), glycogen synthase kinases
(GSK), and CDKlike kinases (CDKL). The MNerminal domain of all the
CDKLS5 isoforms contains the catalytic domain characterized by<aa¥Tyr
(TEY) motif. At the Gterminal domain there are two nuclear localisation
signals (NLS) and one nuclear export signal (NES), which are involved in
CDKL5 cdlular localization as suggested by molecular analysis on
fractionated cytoplasmic and nuclear extrg&ssconi et al., 200g¥ig. 12
A-B).

A
113 297 905 1030
N ; 7 T~
ATP-binding TEY motif NLS) _ NLS; NES
(aa 19-43) (aa 169-171) (3127315) (aa 784-789)  (aa 836-845)
S/T kinase active site
(aa 131-143)
B
Cytoplasm Nucleus
Hip. Ctx. Hyp.Th. Str. Cer. Hip.Ctx. Hyp.Th. Str. Cer.
— — [ «l CDKL5 — — .
MeCP2 [ - ——
— | GAPDH

Figure 12. (A) Schematic representation of CDKL5115 protein with its funct
domains. NLS: nuclear localization signal; NES: nuclear export sigiigl.The
subcellular distribution of CDKL5 varies between the individual areas of the
mouse brain. Fractionated @plasmic and nuclear extracts were prepared |
different brain areas (as indicated in the image) of P120 mice and CDKL5
determined by Western blotting using MeCP2 and GAPDH as nuclee
cytoplasmic markers (upper, middle, and lower panels, rs@dy); (image take
from Kilstrup-Nielsen et al. 2012 and Rusconi et al., 2008).
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Cellular and biochemical analysis showed that CDK_Bostlypresenin
NeuNpositive neurons, while its expression in pleells is quitelow.
Moreover, Rusconirad colleagues found that birth CDKL5 is mainly
localized in the cytoplas while from postnatal day 14 it progressively
appearslsoin the nucleus. In additiothis CDKL5 subcellulatranslocation
is brain area specific: for instance, in the cerebellum most of CDKL5 remains
cytoplasmic while in cortical neurons it is equally distributed between the

cytoplasm and the nucle@Rusconi et al., 2008)

The pathogenic mutations, that are mainly missense, occur within its
catalytic domain suggesting the importance of the enzymatic activity of
CDKL5. Furthermore, some pathogenic truncated mutations esermrat the
CDKL5 C-terminus domain indicating that this part is as well as the catalytic
domainis relevant for the correct function of CDKI(Kilstrup-Nielsen et al.,
2012)(fig 13).
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Figure 13. The image showed the localization of all the CDKL5 mutations discovere
Above are showed deletions and frame shift mutations as well as splice variants inc
with cDNA nomenclature. In fuchsia are represented missense while in black nonse
mutations(image taken from KilstruNielsen et al. 2012).
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2.2. CDKLS5 functions

2.2.1 CDKLS5 in the nucleus:a modulator of epigeneticfactors

As mentioned above, CDKLS5 is a kinase that shuttles between the nucleus
and the cytoplasm suggesting that it could péayole in both cellular
compartmentdn the nucleus, CDKLEs localized in the nuclear speck]ese
subnuclear structures involved in the storage prutessingdf premRNA
splicing factors. Ithe nucleuDKL5 mayalso interacts and phosphorylates
MeCP2 that is exclusively expressed in this compartment, suggesting that
these two proteinsould bdong to the same molecular pathw@jari et al.,
2005; Ricciardi et al., 2009EDKLS5 also binds and phosphorylates the DNA
Methyltransferase 1 (DNMT1), an enzyme implicated in the correct
maintenance of DNA methylatiopattern (Bestor 2000;Kameshita et al.,
2008) The involvement of CDKL5 in the epigenetic processes was further
supported by Trazzi and colleagues (2016) who demonstrated that CDKL5
directly controls the subcellular localization and activity of the histone
deacetylase 4 (HBC4). Specifically, CDKL5 phosphorylation activity
maintains HDAC4 inside the cytoplasm thereby blocking its translocation
preventing its transcriptional repressor activity. All these data suggest that
CDKLS5 plays a relevant role in those mechanisndeullying gene expression
by regulating epigenetic processes through MeCP2, HDAC4 and DNMT1, as
well as postranscriptional processes by controlling the -pri@NA
machinery. However, whether CDKL5 produces direct effects on gene
transcription is still unclar and it will need further wdepth investigation.
Finally, due to CDKL5 nuclear localization it was reported that in human
neuroblastoma it may also contrdloth cell cycle and the neuronal
differentiation(Valli et al., 2012) Indeed, CDKL5actively blocks the cell
cycle and promotes nerve cells differentiation. Accordingly, mice lacking
CDKL5 exhibit a higher proliferatin rate of neural precursors and a
concomitant reduction of fully differentiated neurons in the hippocampus
(Fuchs et al., 2014)
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2.2.2 CDKL5 in the cytoplasm: a regulator of neuronal

morphogenesis and synaptic activity

It has been suggested thattoplasmicCDKLS5 is critically involved in
neuronal morphogenesis and dendritic arborisatiants interactiorwith F-
actin in the growtlcone and, upon BDNF inductiomjith Racl activity, a
member of the Rho GTPasesportant forcytoskeletal reorganizatiqi©hen
et al., 2010; Rciardi et al., 2012)Recently,the laboratory of SildJltanir,
using affinityzdased purification of phosphorylated substraterived
peptides,identified by mass spectrometrydirect CDKL5 phosphorylabn
substratesuch asmicrotubulesassociated proteirthat are involved in the
control of the actin cytoskeletofBaltussen et al., 2018)Particularly,
Baltussenand colleagues discovered three microtwadsociated proteins:
MAP1S, EB2 and ARHGEF2 whigbhosphorylations impaired in CDKL5
mutant mice(Baltussen, et al., 201L.8Moreover, Mufioz and colleagues
(2018), through a phosphoproteomic screen, identified validateother
CDKLS5 cellular substrates: CEP131 and DLGS5 in addition to MARAIS
proteinsinvolved in the regulation of microtubule and centrosome function
(Muiioz et al., 2018) Furthermore,they also reported that pathogenic
mutations in CDKL5 geainhibit the phosphorylation of MAP1S and EE31
(Mufioz et al., 2018)Thesemolecular abnormalitieimduced alterationf the
microtubule dynamics and in the cargansport regulatigntwo defects that
likely explainstheatypicaldendriic arborizationof pyramidal neurons that is
produced by CDKLS5 lossf-function mutation§Amendola et al., 2014; Chen
et al., 2010; Tang et al.,, 2017; Zhou &t, 2017) Importantly, he
identificationof these new substrates disclosed the consensus RIBXS*,
that isrecognized by CDKL5providing with a powerful tool in order to
further explore for othephosphorylabn substrateof CDKL5. Figure 14
shows all the substrates of CDKL5 and the cytoskeletal function in which they

are involved.
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Figure 14. The image shos\CDKLS5 substrates and their cytoskeletal function (A)
(auto)phosphorylation of CDKL5 induces the phosphorylation of various ce
pools of substrates in the consensi
dependent changes in microtubule ayrics and cargo transportation. (B) Exam)
of pathogenic CDKL5 CDD mutations which reduces the kinase activity of CDK
consequently block the phosphorylation of CDKL5 substrates. Changes in cyto
dynamics, including loss of targeted EB2 andR1S phosphorylation, promi
abnormal microtubule functions and neuronal phenotypes associated witt
(Eyers, 2018)

It has been recently shown tHaIDKLS5 is targeted at the PSD through its
direct interaction with the palmitoylated form of PSB (Zhu et al., 2013)
Interestingly, tis interaction induces thEeDKL5-mediatedof NGL-1, a cell
adhesion molecule (CAM) that plays a crucial role in synapse formation and
homeostasiéLin et al., 2003) Furthermore, Ricciardi and colleagues (2012)
demonstrated that NGL phosphorylation stabilizes its association with PSD
95 promoting dendritic spine maintenance as well as excitatory
neurotransmission. Importantly, the same study revealed that neurons
edablished from fibroblastlerived pluripotent stem cells (iPSCs) of CDD
patients show abnormalities in dendritic spine struc({iReciardi et al.,
2012) suggesting that CDKLS5 is implicated in the structural organization of
dendritic spines. The involvement of CDKL5 in dendritic spines asseisibly
also supported by an vivotwo-photon microscopy study that diesed the
role of CDKL5 in the dynamic of spines tuaver in the cerebral cortékella
Sala et al., 2016)Specifically, this study shows thahe loss of CDKL5
induces an increase in the rate of spine elimination in comparis@pittes

growth/stabilization leading to a significant reduction in the density of mature
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spines confirmed also by the downregulation of FESDlocalization at
synapses Importantly, hese anatomical defects were associated with
functional alterationdn the cortexsuch as impaired excitatory synaptic
transmission and LTP maintenan(®ella Sala et al., 2016)These data
followed by others reported in more recestiidies,strongly indicatedthat
CDKLS5 plays a central role in both the regulation of dendritic spine stability
and in the synaptic plasticifAmendola et al., 2014; Della Sala et al., 2016;
Tang et al., 2019While in postmitotic neurons, CDKLS5 is involved in the
dendritic arborization, axon outgrowth, spine formatonl stabilizationits
role is still largely unknown in proliferative cell®ecently,Barbiero and
colleagues analysed the role of CDKL5 irdlcells and they found thas
localizedin thecentrosome and at the midbaafyproliferating cell{Barbiero

et al., 2017)Theyalsorevealedhat an aute inactivation of CDKL5 by RNA
interferenceinducesa multipolar spindle formatiorand cytokinesisfailure
due to the concomitant absence 1B8fPK2 from the midbodyand its
cytokinesis targethistone H2B. So, these results suggested a new role of
CDKLS5 in regulating faithful cell division byegulating correcHIPK2/H2B
functionin the midbodyBarbiero et al., 2017Because o€DKL5 important
role in proliferativecells, these data alsuggest thatlefects in cellcycle
progressioncould contributeto the pathologicalfeaturesassociated with
CDD.

2.2.3 CDKLS5 activity regulation

It was originally found that the activity @DKL5 canbe regulatedia its
autophosphorylationa modificationthat allows CDKL5 to phosphorylate
MeCP2 (Mari et al., 2005) The functional significance oEDKL5 auto
phosphorylation is still not wellnderstoodbut it islikely that this mechanism
is responsibldor theself-activation of CDKL5 Interestingly it wasrecently
found in mouse neuroblastoma Neuro2a cdlgmt the dual specificity
tyrosinephosphorylatiorregulated kinase 1A (DYRK1A), which is only
present in the nucleus, phosphorylates CDKL5 on the serine 308 close to the
NLS, promoting cytoplasm localitan of CDKL5 (Oi et al.,, 2017)
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Furthermoreit has been reported by the groups of Prof. Landsberger and Prof.
Kilstrup-Nielsen that CDKL5 dephosphoryl@&n is necessary for the
proteasomal degradation alis protein, a process that is promotey
phosphatase enzymes, i.e. PP1 phosphdasausehis process is under the
control of the NMDAR activation this suggestd that CDKL5 regulation
involved in activitydependent neuronatsponses both durirdgvelopment
andin the adultLa Montanara et al., 2015; Rusconi et al, 2011)

Indeed, similarly to DYRK1A actioralso the stimulation of extrasynaptic
NMDAR promotes the translocation of CDKL5 into the cytoplasm through
an active nuclear export mechanism mediated by the CRM1 re¢@ptmoni

eta al., 2011) Once in the cytoplasm, CDKL5 can be targeted to, and
maintained at, the synapse by ltinding to the palmitoylated form of PSD
95 (Zhang et al., 2014)In turn, NMDA receptor activation activates
temporarily C&'/calmodulin (CaM) that birslthe PSDB95 N-terminus,
preventing PSED5 palmitoylation, and promoting its release from
postsynaptt membranes. These mechanisms also hamper the binding
between PS5 andCDKLS5, a step thatfacilitates the removal of CDKL5
from the synapsandpromogs itsproteasomal degradati¢ba Montanara et

al., 2015; Rusconi et al., 2011)

In sum,based on these evidences, it can be proptsadCDKL5 plays
important rolesn neuronal ells, both in thenucleus and cytoplasmhere it
takes part irseveralcrucial mechanismsenderlyingthe correct organization

and function of excitatory neuroasd synapses.
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3. CDKL5 DEFICIENCY DISORDER

CDD is a Xlinked neurodevelopmental condition tiveds identified until
not long agaasi Brly onset seizureariant of RTO fHanef elol vari ant
RTTo becausét shars severalfeatures with the classical form of RTthat
is caused by mutatiornf methylCpG-binding protein 2 (MeCP2) gen€éhe
involvement of CDKL5 alsocalledserinethreonine kinase 66TK9), in the
onset ofCDD dateso 2003whenVeraKalscheuer and colleagugerformed
cytogenic studiesysing FISH, on two young girls with mental retardation,
infantile spasms and other neurological featuaes] they found that these
patientscarriedmutaions on STK9 genéalscheuer et al., 2003)ater on,
Tao and colleagues (2004) revehte novo mutation on CDKL5/STK3n
two other patients witlearly-onset infantile spasms and clinical features that
overlapto thosetypical for Rett and Angelman syndropsupportinghe idea
that CDKL5is involved in the onset of harmful diseas€Tao et al., 2004)
As expectedduring thesdastyears other mutations on CDKL5 have been
found in patients that show early onset seizures and mental retardation
(Rademacher et ak011).

Indeed,CDD and RTT patients present hand stereotypies, laughing and
screaming spells, breathing and peripheral vasomotor disturbances and a
range of dysmorphic features. Howevar;depth clinical investigations
demonstrated that onfynequarter of femalaffected by CDD sharsimilar
characteristicsvith typical Rett patientshus for this reason, CDD has been
recentlydefined as an independent dise@sehr et al., 2013)n contrast to
RTT individuals,CDD patients do not show apgriod ofapparently normal
development followed by a regression phasen the case of RTbutinstead
they display high rates of infantilenset refractory epilepsy. Hypotonia,
developmental delay, motor, visual, autonomic and sleep disturbances,
stereotypies, gastrointestinal disturbances, abnormal muscle tone and bruxism
almost invariablyare also assated with CDD. In addition, intellectual
disability and autism spectrum disorder phenotypes are present in CDKL5
patientsN BahiBuisson & Bienvenu, 2012; Fehr et,&013; Mangatt et al.,
2016; Olson et al., 2019; Weaving et al., 2004 incidence of CDD varies
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from ~1:40,000 to 1:60,000 live birth, the affected patients are mostly
heterozygous females, even though few hemizygous males were reported
showing amore severe pathological phenoty(gia et al., 2008; Fichou et

al., 2011; Kothur et al., 2018; Lindy et al., 2018; Sartori et al., 2009; Van Esch
et al., 2007)Among the female affected by CDihe clinical variabilityis

very highgiven theskewedX chromosomanactivationexplaining whynot

all patients shared the same characteristics.

Right now, no cure is available for CDD patien@&ven that he most
devastating pathological sign shoty CDD patients is drugesistansevere
epilepsy, the drugsurrently tested inthe ongoingclinical trials are
antiepileptics One of this drugs isAtaluren, already approved for the
treatment of Duchenne Muscular DystrofgBwshby et al., 2014; Finkelet al.,
2013)and cystic ibrosis disorderg§Shoseyov et al., 2016)ow it is in Phase
Il (pilot) to treat drugresistant epilepsy for CDD patients that present non
sense mutations. Ataluren is a small molecule (also referred as PTC124) that
facilitates the translation ghRNA carrying nonsense mutationhis drug
action underliesthe insertion of neatognate tRNAs at the site of the
nonsense codon thus leading to the producti@nattive fulklength protein
(Roy et al.,, 2016) Another drugcurrently under trial for CDDis the
Ganaxolone which is in phase 3 (pivotal study)his positive allosteric
modulator (PAM) of GABAa. receptos acts by restoing the
excitatiorfinhibition balance (Gasior et al., 1997)and protects against
epileptic seizures in FXS patients and in people with PCDiMl®ations
reducingthe brain hyperexcitabilityCDD patients treatedith Ganaxolone
between the ages of 2 and 21 hatewnbenefits on seizuregognitive
functionsand sleepquality. In a third ongoing clinical trial (phase 2, pilot)
CDD patients received TAR35/ OV935 that is an experimental drug not yet
approved for any other pathology. Aanaxolone TAK-935/0V935 binds
GABA. receptos increasingtheir activity thus counteractingexceswe
excitation in thebrain Finally, CDD patientsare beingrecruitedfor new
clinicaltrial with Fenfluramine ZX008a drug that has producesme positive

effectsin Dravet and LennaxGastaut syndromegatients Differently from
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Ganaxoloneand TAK-935/0v935, Fenfluramine enhangdhe serotonin
receptorgo redue@thefrequencyof seizure (RodriguezMufioz, et al., 2018)
althoughhow serotonin receptors are involved in epilepsy is still betindied
(Bagdy et al., 2007)
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4. CDKL5 mouse models
To investigate the role of CDKL5 in the nervous systdiffierent CDKL5

KO mouse modelshowing high construct and face validity weyenerated
(Amendola et al., 2014; Okuda et al., 2017; Wang et al., 2012)

In 2012 Wang and colleaguegenerated a CDKL5 KO midey deletng the
exon 6 of CDKL5 gengWang et al., 2012)This mouse model shown
hyperlocomotionjmpairedmotor control assessed within a honecagelike
envionmentand with accelerating rotarod test respectivBgcauseleficits
in social interaction are a hallmark feature of ASDs and are preval€btin
patientgBahi-Buisson et al., 2008)heyalso examinedociability by probing
these mutants in in ththreechamber test and they foutitat mice lacking
CDKL5 demonstrate profound impairment in social interactloraddition,
these mice showmpairedhomecage social behaviour assessed with-nest
building test hindlimb @ad forelimb clasping decreased anxietyand
impairments in learning and memdi@Ison et al., 2019; Wang et al., 2012)
Usingthe same mouse rdel, Jhang and colleagustudied bothautisticand
ADHD-like behavious in juvenile CDKL5 mutant miceThey found that
already at 46 weeks of ageCDKL5 KO mice show impa@&d social
interactionin thethreechamber sociabilitynaze,aberrant motobehaviouy
hyperactivty andincreasd repetitive behaviours such dgging (Jhang et
al., 2017) Altogether these results suggeabat CDKL5KO micerepresent a
valid modelfor studying autisticlike traits.

In2017, Tanakads | ab generated another
the exon 2 from CDKL5 gen@kuda et al., 2017)These authorsalidates
this modelusinga batteryof behavioural testdhe oucome of which resulted
in spatial and working memoryleficits together with aberrangocial
interactionand anxietylike behaviour(Okuda et al., 2018)

Even if the generation of these two mouse lines was different, their phenotypes
almost overlapbecauseboth models recapitulate most of the behavioural
abnormalities found in CDD patients. Indeed, these rsie®v motor and
cognitive deficits but in contrago the human condition, they do not exhibit

neitherbehavioural seizures nor epileptiform activity in the EEG t(@teida
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et al.,, 2017; Wang et al., 201X owever, the absence of epileptic seizures,
which can produce some confounding effects, makes these mouse models
appropriate foboththe identifcation of the molecular and synaptic defects
caused byhe lack of CDKL5 and for theequiredbehaviourakcreenings.

More recently other mouse modehave been generated to evaluaw¢hthe
region and cell specificrole of CDKL5, i.e CDKL5 Nex-cKO in which
CDKLS5 is deleted only in the excitatory forebrain neur@reng et al., 2017)
and CDKL5 DIx-cKkO where CDKL5 is absent only in GABAergic
intemeurons(Amendola et al., 2014; Tang et al., 2019preover, b these
two conditional miceit hasbeen recently addianother CDKL5 mutant mice
that brings a CDEassociated nonsense mutation, R5@&Xthe catalytic
domain of CDKL5(Tang et al., 2019)The forebrairNex-cKO conditional
mice ae characterized by impairment in hippocaraga@bendent memory
associated witllecreased dendritic complexity the pyramidal neuronsf

this area that also show trend toward increased spine density. This
morphological change is accompanied by an inereéasthe frequency of
spontaneous miniature EPSCs and interestingly, miniature IR3$hsg
voltagesensitive dye imaging it has been found that the CA1 pyramidal
neurons lacking CDKL5 show hyperexcitability in their dendritic domain that
is constrained bylevated inhibition in a spatially and temporally distinct
manner(Tang et al., 2017)nstead, the Dbcre CDKL5 mice show autistic

like phenotypes accompanied by excessive glutamatergic transmission,
hyperexcitability, and increased levels of postsynaptic NMDA recépémy

et al.,2019) Finally, the R59X CDKL5 mutant micexhibit repetitive and
social interaction behaviour defedtisat is associated witkearning and

memory deficit(Tang et al., 2019)

In my thesisall studies were performed on t6®KL5-KO strain developed
in Dr. Cornelius Gross laboratory (EMBL, Romieltaly) and described
originally in Amendola et al. (2004 Hence,in the following sections | will
describe thatrategy used tgenerat this mousdine as well aghe results of
the behavioural molecular and morphofunctional assessments so far

achieved
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4.1 Generation and validation of CDKL5 KO mice

The constitutive CdkHKO allele was produced by germline deletion of exon

4 of a Cdkl5 conditional KO allele generated by standard gene targeting in
embryonic stem cells (Figl4A). BecauseCdkl5 is localized on the X
chromosomgthe deletion of the Cdkl allele leads to the generation of
homozygous females/{), heterozygous femalegX) and hemizygous males
(-ly). The absence of the Cdkl5 gene and protein was confirmed by molecular
biology and biochemicalapproacheqgi.e semiquantitative PCR analysis,
western blahg) in addition to morphological analyses (i.e.

immunofluorescengd-ig.15 B-D).
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Figure 15. (A) Genomic organization of the Cdkl5 locus showing critical exon 4
(ENSMUSE00000346596), the targeting vector that targeted Cdkl5 locus, FRT
deleted conditional CdkI5 knockout allele, and Cdeleted constitutive CdkI5
knockout allele used in the presenidst.(B) Semiquantitative PCR analysis on total
brain RNA confirmed the absence of eddiut normal levels of exon 2,3 and 5 in all
the mice(C) Western blot analysis of whole brain protein extracts from WT (X/X),
heterozygous (X), and homozygous/{) female Cdkl5 KO mice and WT (X/Y) and
hemizygous-(Y) male Cdkl5 KO mice confirmed the absence of CDKL5 in mutant
mice. (D) Micrographs showed examples of CAl hippocampus brain sections fron
CdkI5 WT and KO mice processed ifmmunostaining for CDKL5 (red signal). Cell
nuclei were counterstained with Hoechst dye (DAfe signal). Scale bar: 40 pm
(images from Amendola et al., 2014)
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4.1.1 Behaviouralanalyses ofCDKL5 knockout mice

Both heterozygous and homozygous femalaval as hemizygous male
CdklI5 knockout mice have been validhiifdmendola et al., 2014; Fuchs et
al., 2018b)However, toassess the loss fafnction effects of CDKL5 and to
find endophenotypes and biomarkers relevant to the human digheder
majority of the experiments were performed on CDKL5 KO male jrace
condition that recapitulate only the male CDD patients buitteatves athe
mostefficienttool to studyCDKLS5 functionsin-vivo.

Amendol ads exbihits broachspectuim of behavioural defects
such assevere locomotor deficits hiddnb clasping Fig. 16) and
hypolocomotion only in the home cage but not in a novel open arena
(Amendola et al., 2014Moreovermale and femalenutant animals exhibit
gait impairments, motor learning and coordination abnormalities on the
accelerating rotarod testhen comparetb wildtype (WT) littermate$Sivilia
et al., 2016)

Figure 16. CDKL5 KO mice showing hind
limb clasping (Image taken from Amendola
etal., 2014)

To evaluate cognitivabilities, CDKL5 KO mice weretestedin Y-Maze,
Morris water mazeand inthe passive avoidance teststerestingly, these
analysesrevealed that null micehow consistent deficits in hippocampus
dependent learning and memayggestinghat CDKL5 has a role in the
correct circuit formation underlindneseprocesseéuchs et al., 2014; Trazzi
et al., 2016, Fuchs et a2018) All these defects were also found in CDKL5
heterozygous and KO fema{@mendola et al., 20%4Fuchs et al., 2014,
2018) Since CDD patients showed autislike behaviours, CDKL5 mutant
mice were tested also fdrase defectdndeed CDKL5 heterozygous and KO
female mice show autisticlike featuresanalysed withhomecage social
behaviar observationgi.e., nest building ability) and environmental interest
(i.e., marble buryingthatfurther supporting théace validity of these mutants

in preclinical CDD research(Fuchs et al., 2018b Interestingly, similar
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autisticlike behaiourshavebeenalsofound in the other two CDKL5 mutant
mouse lines botim juvenile and adult micage(Jhang et al., 2017; Okuda et
al., 2018; Wang et al., 20122mendola mouse modalso show locomotor
dysfunctionsand, importantly, thesenutant mice recapitulate the severe
visual deficits found in CDD patient&Jsing both visual evoked responses
(VEPs) and intrinsic optical imaging (103),has beeriound thatCDKL5-
KO mice show impairments on cortical visual responsdsothCDKL5 null
male miceand heterozygous femaldg&upori et al., 2019; Mazziotti et al.,
2017) These studiesevealedhatvisual cortical responses are dramatically
reduced in amplitude already at PRZ8(Mazziotti et al., 2017)Moreover,
visual acuity analysed with VEPswas foundimpairedin adult CDKL5
mutant mic Amendola et al., 2014)n light of these resultsvisual deficits
and cortical visual responsase consideretbbustpreclinicalbiomarkes for
CDD. In addition,the same grouperformedmorphological analysis of the
visual pathway, from the retirta the primary visual cortex (V.1jn CDKL5
mutant miceo disclosecircuitsdeterminants ofisual deficits(Lupori et al.,
2019) Theyfound thatthe organization of retings normal whilelack of
CDKLS5 inducesa decrease d?SD-95 expression abnormal dendritic spines
morphology and an increaSGAT+ inhibitory synapses in bottne dorsal
andlateral geniculat@ucleus and Vtortex(Lupori et al., 2019)Finally, by
usingthe Emx-cre conditionalCDKL5 in which CDKL5mice,they shaved
thata selective cortical deletion of CDKL5 from excitatory cells is sufficient
to recapitulatehevisual cortical responsednormalitieshown by KO mice
(Lupori et al., 2019)

Although early onset seizureis the most distinctive sign o€DD,
electroencephalographic (EEG) recordings did ee¢al so far,spontaneous
seizures imany of the generated CDKL®mutant mice including the line |
studied However, pharmacological induction of seizures with kainic acid
highlighted a different response in KO migmendola et al., 2014)hese
experiments have shown thaten though the latency to kainic aomluced
epileptiform activity bursts was similar between CDKL5 KO and WT

littermates, the mean durah of highamplitude bursts was longer and the
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frequency lower in CDKL5 KO mice, suggesting that CDKL5 null mice may
have a different susceptibility to seizure inductidmendola ¢al., 2014)
Intriguingly, Tanakabds group found-synaptet CDKLD5
localization of GIuN2B-containing NMDARs in the hippocampus and
regulates seizure susceptibility the exon2 mouse modelOkuda et al.,
2017) Focusing onepileptic susceptibilityand synaptic dysfunction in the
hippocampus they showed that mutant mice display significant
hyperexcitabilityin response ttNMDA treatment but not t&ainic acid.As
an explanation,they found a postsynaptic overaccumulatiom the
hippocampu®f NMDARs containing the GIuN2B suburtihatthese authors
indicated as grimary cause of epileptogenesissociated with the lack of
CDKL5 (Okuda et al., 2017)n support to this idea, they found ttzat acute
injection of Ifenprodil, a GIuN2B-selective antagonisebrogates NMDA
induced hyperexcitabilitin CDKL 5 mutantmice. Thus,these results suggest
that CDKL5 plays an important role in controlling the postsynaptic
localization of GIluN2Bcontaining NMDARs in the hippocampus, and
thereby regulates seizure suddapty (Okuda et al., 2017)

4.1.2 Anatomical andcellular signalling abnormalities show by

CDKL5 KO mice

All the behavioural and functional defects shown by all @RKL5-KO
mice are associated witimeuroanatomical alteratioris both cortex and
hippocampusFirst of all, these mice exhibit a significatiticknesseduction
in boththese brain areas, evrough CDKL5 mutant mice did not show any
abnormalities in brain weight compared to WT conti@sendola et al.,
2014) In accordance witthereduced thicknessf these areast was shown
thatbothcortical and hippocampal pyramidal neuroh€ DKL5 mutant mice
have shorte apical dendritic arbesr and reducediendritic branchingfig.
17A). Additionally, Fuchs et al.,, (2014jound that in CDKL5 KOthe
proliferation rate oflentate gyrus neural precurs@$igher compare to WT
animals. This defeds paralleled by an increase in apoptotic cell death that

mainly affect immature granule neurcarsd that producesreduction ofdtal
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of mature granule cellsumber In additionto the decrease of mature granule
cells, if was shown that in CDKL5 mutant mice, the cortical and hippocampal
pyramidal neurons have a shorted apical dendritic arbor, as well as a decrease
in dendritic branchingfig. 17A).

C CDKL5"™ CDKL5™

Figure 17. (A) Representative images of reconstructed neurons from adult Cdl
and KO mice that show reduced dendritic arborisation in mutant mice (image
from Amendola et al., 2014B) Image of a dendritic branch from adult WT and
mice showing decreased spine density in Cdkl5 mut@itRkepresentative confor
micrographs of PSB®5' puncta in the neuropil of S1 layerslil from CdkI5" anc
CdkI5" mice (Scale bar: Bm) (modified from Della Sala et al., 2016).

Moreover it was foundby Della Sala et al. (201&)atCDKL5 lossinduces
a reduction of dendritic spine density in somatosensory cortex (S1). Through
two-photonmicroscopyapproaches it wapossible to understanthat this
synaptic abnormality results frorenhanced levels of spines turnover
produced by the absence of CDKL5. Jhigher turroverinducesan increase
of the spins elimination rate rather than defects in spine formatid@ne
possible explanation is that, in the absence of CDKL5, dendritic spines cannot
mature normally asupported bythe evidenced showing that tlsgnaptic
localizationof PSD95is severely impaired in CDKL5 mutar(fgg. 17 B, C).
Thus, due to altered organization of the PSD, dendritic spines are not stable
and get abnormally eliminated at higher rates when CDKLS5 is lacking.
Intriguingly, thesemorphologicaldefectswereassociated witimpairment in

long-term potentiation (LTP) maintenance, and reiguc in spontaneous
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excitatory postsynaptic current (EPSC) frequeindire cortex oCDKL5 KO
mice (Della Sala et al., 2016)

Concerninghe molecular mechaniswhereby loss of CdkIS may alter brain
developmentjt has been foundhat the cortex of CDKL5 KO mice show
decreased levels @he phosphorylatedorms of phosphorylatedibosomal
protein S6 (rpS6)ndicating that Cdkl%oss impadthe Akt mTOR pathway
a molecular cascadeitical for protein synthesi@mendola et al., 20147 his
abnormalityis associated with thalteration in theAKT/mTOR/GSK-3 b
signaling pathwaysn hippocampal ©OKL5 KO neurongFuchs et al., 2015;
Okuda et al., 2017)n particular,Fuchsand colleagues found that alteration
of GSK-3 binduces a abnormal highproliferation rateof granule cells
precursors in the dentate gyrus of the hippocampuossantmice (Fuchs et
al., 2015) Moreover thesecells show a reducedarborization withfewer
branches, suggesting thaSK-3 Gmpairments can negativelynpact these
morphologicalspectgFuchs et al., 2015pefects in thAKT/mTOR/GSK-

3 fsignalling pathway have aldzeenfoundin the other CDKL5 KO mouse
modesk. Indeed, Okuda and colleagussiggestedhat abnormalities in this
pathway may be involvedin both neurogenesis and neusdmmaturation
defectsbut also in theenhanthg NMDAR-mediated EPSCs and LTP in the
CALl region (Okuda et al., 2017)n contrast mutant mice at an advanced
stage of the diseagee.: 91 12 month$, show anncreaseghosphorylatiorof
rpS6(Vigli et al., 2019) suggesting that the lack of CDKL5 could imptoe
MTOR pathwaydifferently during development
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5. Preclinical evaluation of therapeutic approaches
for CDD

In the pasyears, different laboratories set e preclinicalevaluation of
noveltreatmentswith someencouraging results with the goal to correct or at
least ameliorate thsigns shown bYCDKL5 KO mice. For instance, Della
Sala et al. (2016) attempted to correct both morphological and molecular
abnormalities in CDKL5 KO mice by modulating the activity of the
Akt/mTOR pathway with IGFL. They found that an acute injectionrmutant
mice with IGF-1, anupstreamactivator ofsuchmolecular cascade, rescued
both signalling activityand synaptic defects such as rpS6 activation, abnormal

dendritic spines turnover and PS5 expressiofiDella Sala et al., 20}6

Becausean upregulatiorof theGS K3 b s i gn alwhsifougdin pat hway
the hippocampusf CDKL5 KO mice Fuchs and colleagudseatedthese
mutantswi t h a sel ecti ve GSHKBdroncGBEKBDLt or , S
inhibition restored a broad range of cellular and behavioural defects such as
neuronal precursor survival, dendritic maturatioayronalconnectivity and
hippocampusiependent learning and memadifyuchs et al., 2015)More
recently, the same group usediierentGS K3 b i nhi bi,withr, Ti deg
high translational potentials. In such stutigey found that this treatmeint
juvenile animalsimproved both hippocampalformation and hippocampus
dependent behavioudefectsshown byCDKL5 KO mice, while treatment
duringadulthood had no effec{fuchs et al., 2018Moreover,CDKL5 KO
mice, alsoshowa cleardeficits in the phosphorylation of HDACkeading to
its cytoplasmic accumulation in neuronal precursor cells from CdkI5 KO mice
andan enhancement of HDA@#ediated gene silencirf@razzi et al., 2016)
Intriguingly, the chronical inhibitionof HDAC4 activity with the small
moleculeLMK235 resulted inthe amelioration ofseveral phenotypic signs
This treatment in particular inducedecrease of the cell death and an inareas
in the maturation opostmitotic granule neurons CDKL5 KO mice, n
addition this treatmentestores synaps®rmationin the dentate gyrusf

CDKL5 KO micethat results inthe improvement dfippocampusiependent
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learning and memoryMoreover also the reduction of brainderived
neurotrophic factorBDNF) expressiorshown byCDKL5 KO is rescued by
the treatment with LMK23%Trazzi et al., 2016)

The samgroupalsofound that the expression of serotoninergic receptors
(5-HT7R) is impaired inboth hippocampis andcortex of either CDKL5
femaleand CDKL5 KO malenice, providingfor the first time evidenceasat
CDKL5 is required for theorrectorganization of th&-HT system in thérain
(Fuchs et al., 2019)interestingly,they show that the selective serotonin
reuptake inhibitgrsertralinecould restore some ofeurodevelopmental and
behaviaral defectsshown byin heterozygou€DKL5 femaleand CDKL5
KO malemice Indeed a prolongedtreatment with sertraliné30 days)of
CDKL5 KO restor@ locomotion tested with the open figldtereotypic and
autisticlike featuresevaluatedwith homecage social behavo (i.e., nest
building ability), ernvironmental interest (i.e., marbléurying) and
hippocampusiependent learningnemoryassesstwith Morris water maze
test. BDNF, that is known to be abnormal in CDKL5 KO mice. Since BDNF
which expression is reduced in CDKL5 mutants,bioyding TrkB (tyrosine
receptokinase Byeceptorsnducesits dimerizationandautophosphorylation
with the consequent activation of the ERK1/2 (extracellular sigaegulated
kinases) Therefore, these authoevaluatd if sertraline treatmentcould
producepositive effectson tis intracellula pathway. As expected, the -30
day treatment with sertraline increased the BDNF expression as well as
producedhe restoration of thehosphorylation levels dfothtyrosine kinase
B recepto(TrkB) andof ERK1/2 inthe hippocampus from adult CDKL5 KO
mice (Fuchs et al., 2019)n addition, it has been found a rescue of neuronal
survival, dendritic development and synaptic connect{tichs et al., 2019)
Becausesertraline is an FDAapproved drug withextensive safety and
tolerability dataavailable gven for childrernt is anticipated that this drug shall
be readily transferred into the clinior CDD patients(Fuchs et al., 2019)
Intriguingly, alsoVigli and colleagues (2019ycused their attention on the 5
HT7R but, differently from Fuchs et al., (2019), trstiynulatd the serotonin
receptor witha specific agonist.P-211, already used féiragile X syndrome
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and RTTmouse model&Costa et al., 201 Defilippis et al., 2015)With a 7
day treatment with L2211, they demonstrateédatthestimulation of SBHT7R
partially rescues thbehaviouraland brainalterationsshown byCdkI5 KO
male miceParticularly, thigreatmentescuegprepulse inhibition defects and,
at a molecular levelescuedhe abnormal phosphorylation of rp&&ind in
the CDKL5 KO cortex.Moreover, they found that thepharmacological
stimulation of the 5-HT7R can restore mitochondrial functions in these
mutants In contrastthe treatment with L211 does not have an effemt
other behavioural defects shown by CDKL5 KO mice, such as
hypolocomotion in the homeage and hyperlocomotion in the opealdi
(Vigli et al., 2019)

Finally, Pr o f . gfbupahave deseloped a protein substitution therapy
for CDD in order to compensate for the lack of function of the CDKL5 protein
producing the TATCDKL5 protein (Trazzi et al., 2018)After in-vitro
experimentsusedto validate theefficacy of the transduction, thegfused
directly the TAR-GFRCDKLD5; in thelateral ventricleof CDKL5 KO mice
and found thathis proteindiffused into the brain, reaching the hippocampus
and the deeper brain structu(@sazzi et al., 2018 Moreover they found that
theinfusedproteinwas present iboth astrocyteandneuronswhere TAT 5-
GFPR-CDKLD5; colocalisedvith PSD95. They alscevaluate theefficiency of
f this protocol for théehaviouratefects shown by these animdibeyfound
that cognitive impairments as assessed biylorris water maze angassive
avoidanceparadigmsyererescued by the intracerebroventricul#usion of
TAT5-GFRCDKL5; and thatdendritic abnormalitieshownby CDKL5 KO

micewere restoreTrazzi et al., 2018)
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6. Aims of the study
As illustrated in the introduction of this thesis, the roleC8fKL5 in both

neuronal andsynaptic organization as well as in neurotransmission and
plasticity has only started to beucidated recently, whildhow CDKL5
controls theséundamental processes and what are the molecular mechanisms
underlying CDKL5 function at synapticcircuits and what are the

consequences of its lossll remainlargelyobscure.
To shed light on thesssuesin the preserthesisl aimed to:

1. evaluate the consequences of CDKL5 deletion on the organization of
neuronal circuits;

2. understand the role of CDKL5 in synapse formation and maturation
identifying new synaptic interactors;

3. characterize novelruggable molecular mechanisms underlying CDD

4. find novel therapeutic target and approaches for CDD.

All theseams are shown in two different manuscripts, specificalhe aiml is
referred tofiLack of Cdkl5 Disrupts the Organization of Excitatory and Inhibitory
Synapses and Parvalbumin Interneurons in the Primary Visual G&izzo et al.,
2016, whiletheaims 23and 4 are e p o r m@I|uR5 potentiation rescues cortical
and behavioural defects in a preclinical model of CDKL5 deficiency disorder

Gurgone et althat is under revisian

In particular, in Pizzo et al., 2016 | pemieed some immunofluorescence
expgiments and thie analy®s. In Gurgone et al., insteaddésigned the study and |
performed all the experiments and the analysis, except the electrophysintbthe

human parts
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7. Materials and methods

7.1 Lack of Cdkl5 Disrupts the Organization of
Excitatory and Inhibitory Synapses and Parvalbumin

Interneurons in the Primary Visual Cortex (Pizzo et al., 2016)

Animals

Animal care and handling throughout the experimental procedures were
conducted in accordance with European Community Council Directive
86/609/EEC for care and use of experntal animals with protocols approved
by the Italian Minister for Scientific Research (Authorization number
175/2015PR) and the Bioethics Committee of the University of Torino.
Animal suffering was minimized, as was the number of animals used. Mice
for testing were produced by crossing Cdklfemales with Cdkl% males
and CdkI5* females with CdkI8¥ males(Amendola et al., 2014) ittermate
controls were used for all themeriments. After weaning, mice were housed
three to five per cage on a 12 h light/dark cycle (lights on at 7:00 h) in a
temperatureontrolled environment (21+2 C) with food and water provided
ad libitum. For most of this study we useavBek old CdklI3’ males; for the
evaluation of CP abnormalities, brains were collected from Ctii&le mice
aged 18, 22 or 35 days.

Immunocytochemical and histochemical procedures

For most immunolabeling experiments, animals were anesthetized with an
intraperitoneal ifection of Avertin (Sigm&Aldrich) and transcardially
perfused with icecold 4% formaldehyde in 0.1 M phosphate buffer (PB). The
brains were then dissected and kept in the same fixative solution overnight at
4°C. Afterwards, brains were cryoprotected bynersion in 10, 20, and 30%
sucrose solutions, cut i1 n 30-208Cm section
a solution containing 30% ethylene glycol and 25% glycerol until use.

Cryosections  were  subsequently  processed -floagéing  for
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immunohistochemistrgr perineuronal nets (PNNs) visualizati@Ricciardi

et al., 2011; Tomassy et al., 2014)

For cfos detection, after a blocking step in phospHawéered saline (PBS)
containing 10% normal goat serum (NGS) and 0.05% Tritdi®® sections
were incubated overnight at room temperature with rabbicafios (1:500,
Santa Cruz Biotechnology, Santa Crua, €at. se52), diluted in PBS with

3% NGS and 0.05% Triton-X00. Sections were then rinsed, incubated for 1
hour with goat antrabbit biotinylated secondary antibody (1:250; Vector
Labs, Burlingame, CA), and transferred to a biatundin complex containg
solution (1:100, Vector Labs). The immunoreactivity was visualised by
i ncubating the sect i odaminabenzidine®.09%ut i on c
DAB in Tris-HCI, pH 7.6) with 0.01% kD2 for 3 min. Sections were mounted

on gelatincoated glass slide air dried, dehydrated in ethanol, cleared in
xylene, mounted in DPX mounting media (Fisher Scientific, Loughborough,
UK) and coverslipped. Control sections in which the primary antiserum was
omitted were completely unstained (not shown). Sections vissered with

a light microscope (Eclipse 800, Nikon, Tokyo, Japan) equipped with a CCD
camera (AxiocamHRc, Zeiss, Jena, Germany). Images of V1 (from the pial
surface to the white matter) were captured with a 10x objective frém 4

animals per genotype ugirat least two corresponding coronal brain sections.

For immunofluorescence, sections were kept in PBS solution containing
0.05% Triton %100 and 10% normal donkey serum (NDS) for 1 h followed
by an overnight incubation at 25°C with the appropriate pginaatibodies

(see Table 1). Antibodies were diluted in PBS with 3% NDS and 0.05 Triton
X-100. The following day the sections were washed and incubated with
appropriate  fluorescent secondary antibodies (1:1000; Jackson
ImmunoResearch, West Grove, PA, USAJter several PBS rinses, the
sections were mounted on gelatioated glass slides and coverslipped with
Dako fluorescence mounting medium (Dako lItalia, Milan, Italy).

To visualize PNNs, sections were incubated overnight in biotinylated Wisteria
floribunda agglutinin (WFA) (1:200, Sigma Aldrich, Milan, ltaly, cat- L
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1516). Subsequently, sections were incubated for 1 h at RT with streptavidin
Texas Red (1:1000, Vector Labs). After several PBS rinses, the sections were
mounted on gelaticoated glass slidesnd observed with a confocal

microscope.

For the detection of PSB5 and gephyrin immunoreactivity, mice were
anesthetized intraperitoneally using Avertin (Sigaldrich) and decapitated.
The brains were rapidly excised and cut into coronal slabs thatfiwedeoy
immersion in icecold 4% formaldehyde in 0.1 M PB for 30 min. After

fixation, the tissue slabs were rinsed in PB, cryoprotected via immersion in

ascending sucrose solutions (10, 20,

cryostat, mounted on geln-coated slides and stored for a maximum of one
mont h a t(Giustéto et &.A998)ollowing a blocking step in PBS

with 10% NDS and 0.5% Triton-400, the sections were incubated with the
primary antibodies (Table 1) overnight at 4 °C. The sastwere then washed

and incubated with Cy3 anthouse secondary antibodies (1:1000; Jackson
ImmunoResearch,) for 1 h at room temperature. The sections were then rinsed

again and coverslipped with Dako medium.

Image analysis

All analyses were carried out the binocular region of V1, which was
identified according to anatomical marigan Brussel eal., 2009) by an
investigator who was blinded to the genotype. Cortical layers were identified
as inTomassy et al., (2014)
The analysis of-€os" cell density was performed under constant microscope
settings and brigHield illumination intensity. Images were background
subtracted with Image J using the intensity of corpus callosum background
staining as threshold, and cells were manually cowmety the point tool in

Image J.

Synaptic puncta in the neuropil were analysed fremice per genotype on
5 serial opt i c-stdpsiz)dhatwere atquiref ffom ayessth Z
5 of the V1 cortex with a laser scanning confocal microscope (LBa4Gal;

Zeiss, DE) using a 100x objective (1.4 numerical aperture) and the pinhole set
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at 1 Airy unit. Synaptic puncta were identified if present in at least two
consecutive optical sections. RVGAT" puncta that outlined the cell body

of pyramidal neuramand VGIuT1puncta in close juxtaposition to a labelled

dendritic segment were identified as presynaptic varicosities. The co
apposition of VGIuT1 clusters with PV/CRpositive dendrites was estimated

visually in the three orthogonal planes with an Im&oftware dedicated tool.

The number of immunopositive puncta was determined by manually counting

pre- or postsynaptic clusters using the Imaris Software (Bitplane, Zurich, CH)

and expressed ) maesur ogpinlct ademsi ty) or
(somata/dendritidensity).

The density of INs and WFAPNNs was estimated in at least 5 animals per

genotype. Confocal images spanning from the pial surface to the white matter

of V1 were captured in at least two corresponding coronal brain sections with

a 40x objective (D NA) using a ¥ m -sip. Digital boxes in width (230.34

em) spanning from the pial surface to ¢t}
superimposed at matched locations on each coronal section of the V1 cortex,

divided into 10 equally sized sampling a€hins) (layer I: bin 1; layer II/III:

bins 23; layer IV: bins 45; layer V: bins 67;layer VI. bins 810), and

immunopositive cells were manually counted in each(bBomassy et al.,

2014)

The analysis of WFA staining intensity was performed as previously
described(Foscarin et al., 20119n confocal images captured with a 100x
objective (at least 30 PNNs/animal and 5 animals per genofiyp@&)inimize
intensity variability, each labelled PNN was acquired in a single confocal
section showing the highest WFA intensity. Briefly, the brightness intensity
(range 6255) of PNNs was measured by averaging the intensity of 15 pixels
randomly seleetd from each net. The background brightness, taken from a
nonstained region of layer I, was subtracted from the brightness
measurements. Depending on its mean intensity, each net was included in one
of three categories based on the percentage of the mma@&taining intensity:
faint = 0" 33%, medium = 3466%, strong = 6i7100%.
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Statistical analysis

If data sets passed normality test and equal variance test, we performed
St u d etest odtweway ANOVA followed by Bonferroni post hoc tests as
specifically ndicated in the text of each figure legend, using GraphPad Prism

software (La Jolla, CA, USA). To compare the distribution of frequencies

rel at i

ve to

WF A

st ai ni n’gestiAti valeas are t y

presented as mean + s.e.m., and n atd&the number of mice.

Table 1. Primary antibodies used in this study.

Primary Species of | Working | Supplier and catalogue n
antibodies origin dilution
antiCR Guinea Pig 1:500 |Synaptic Systems, Gottinge
Germany, cat. 214104
anti-c-Fos Rabbit 1:1500 Santa Cruz Biotechnology
Santa Cruz, CA, USA, ca
SG52
antiGephyrin Mouse 1:500 Synaptic Systems,
Gottingen, Germany, cat
147 011
antipan Rabbit 1:500 Synaptic Systems,
HOMER Gottingen, Germany, cat
160103
antirNeuN Mouse 1:200 Millipore, Darmstadt,
Germany, cat. MAB377
ant-rPSD-95 Mouse 1:500 NeuroMab, CA, USA, cat
75028
ant-PV Mouse 1:10.000 | Swant, Marly, Switzerlang
cat. 235
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antiPV Guinea Pig 1:500 |Synaptic Systems, Gottinge
Germany, cat. 195004
ant-SOM Rat 1:250 Millipore, Darmstadt,
Germany, cat. MAB354
anttVGAT Rabbit 1:500 |Synaptic Systems, Gottinge
Germany, cat. 13002
antiVGIuT1 | Guinea Pig 1: 5000 Millipore, Darmstadt,
Germany, cat. 5905
antrVGIuT2 | Guinea Pig 1: 2000 Millipore, Darmstadt,

Germany, cat. 2251
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7.2 mGIuR5 potentiation rescues cortical and
behavioural defects in a preclinical model of CDKL5

deficiency disorder (Gurgone et al., under revision)

Animals and pharmacological treatment
Animal care and handling throughout the experimental procedures were
conducted in accordance with European Community Council Directive
2010/63/UE for care and use of experimental animals with protocols approved
by the Italian Minister for Scientific Resear (Authorization number
175/2015PR) and the Bioethics Committee of the University of Torino, Italy.
Animal suffering was minimized, as was the number of animals used. Mice
for testing were produced by crossing C.
or with Cdkl5+/y males 13. Littermate controls were used for all the
experiments. After weaning, mice were housed 4 per cage on a 12 h light/dark
cycle (lightsonat 7:00 h)inatemperatart® nt r ol | ed envi ronment
with food and water provided ad libitu For this study, 8veeks old (post
nat al day 56) Cdkl 51/y and Cdkl 5+/y mal
observe any noticeable interindividual phenotypic or metabolic (e.g. weight
and health condition scores) difference among the mouse cohorts tisisd in
study, no inclusion/exclusion criteria were adopted besides age (PND56) and
sex (male) of the animals. In pharmacological rescue experiments, animals
were treated with the selective positive allosteric modulator (PAM) of
MGIuUR5 3cyaneN-(1,3-dipheny-1H-pyrazot5-yl)benzamide (CDPPB,;
Tocris, UK) that was diluted in saline solution containind 86 final
concentration of DMSO and polyethylene glycol 400 (DMSO: PEG 400 =
1:9) 26,60. Acutely treated mice received an intraperitoneal injection (ip) of
either CDPPB (3 mg/kg) or vehicle 26 at 9.00 am and then put back in their
home cage for 1 hour before being behaviourally tested. Foclsobic
administration, animals were treated for five consecutive days and then, 24
hours after the last injection, betsurally tested. All treated mice were

subsequently sacrificed for brain analyses.
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Human postmortem brain tissue

The CDKL5 specimens were from the Harvard Brain Tissue Resource
Center Belmont (USA). Case AN06796 was from fy&arold female (P1)
and case AN11848 was from a@@arold female (P2). Control samples were
obtained from the University of Maryland, Baltimore. Case 5976 was from 4
years old female (C1) and case 5644 was f28myears old female (C2). The
sections analysed are from the BAL17 occipital region of human cerebral

cortex.

Plasmids

Plasmids, pCMVFlag2BhCDKL5, pPCMV-FLAG-hCDKL5%8% pCMV-
Flag2BhCDKL5155%“?R and pCM\tFlag2BhCDKL515515%F (4), were
kindly provided by Prof. KilstrupNielsen (University of Insubria, Italy). The
point mutation P209R was generated by-ditected mutagenesis using the
QuikChange Il sitadirected mutagenesis kit (Stratagene, USA). Moreover, N
HA-GW1-Shank1B plasmid (HAhankl)(Sala et al., 2001yvas a gift of
Prof. C. Sala (CNR, Milan Italy). Finally, mEmeraleHomertN-18 (Em
Homerlbc) (Plasmid #54121) was purchased from Addgene (USA)

Cell culture and transfection
For HEK293T cells transfection the calciyshosphate method was used

(https://bieprotocol.org/bio101/e86). For each plate (diameter 10 cm) a
transfection mix was prepared using 500 pl Hepes buffer saline pH 7,05 (NaCl
280 mM, KCI 10 mM, Na2HPO4*12 H20 1tBM, D-glucose 12 mM, Hepes

50 mM), 15 ug of each cDNA, 50 ul of CaCl2 2,5 M and H20 at the final
volume of 1 ml. The mix was added to the cells medium and after 24h the
transfection was stopped by changing the medium. After 48h cells were
processed for ctP experiments. For CQ% cells transfection the
Lipofectamine LTX kit (Life technologies; USA) was used. Cells were first
immobilized on aciedreated coverslips in a 24 wells plate and then transfected
using 1 pug of cDNA for each well. The LTX mix waseth added to the
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medium and cells were fixed and permeabilized after 48h using methanol for
15 min at-20°C.

Synaptosomal fraction preparation

Adult mice (PND 56) were killed by decapitation, the entire cortex was
rapidly removed and tissue was processesdin (Huttner et al., 1983,
Paviowsky et al., 2010)The tissues were homogenizead icecold lysis
buffer (0.32 M sucrose, and HEPES 1X at pH 7.4 and 1 mM EGTA, 1mM
Na-Orthovanadate, 1 mM DTT, phenylmethylsulphonyl fluoride and 1 mM
sodium fluoride and protease inhibitors
Cocktail Tablets, EDTAFree), usig a glass Teflon tissue grinder. The
homogenates were centrifuged at 1000 g for 10 min at 4°C. After discarding
the nuclear pellet, the supernatant was centrifuged at 12,500 g for 20 min at
4°C. The P1 fraction was then washed with the same initial vobfrtysis
buffer and underwent further spin (20 min; 12,500 g). The pellet obtained was
thecrude cortical synaptosomal fractilP2)t hat was resuspended
of RIPA buffer (NRP40 1%, Nadeoxycholat®,25%, EDTA 0.5M, NaCl 5M,
Tris pH8 1M, SDS 10%)rad stored at80°C. Protein concentration of the
synaptosomal fraction was determined with the-Baw protein assay kit
(Alfieri et al., 2017)

Co-immunoprecipitation assay

Cell cultures: 0,2 mg of Dynabeads protein G (30 mg Dynal¥ads
Invitrogen, Carlsbad, CA, USA) were initially washed using PBS added with
0.02% Tween and then incubated withu@ of anttHomerlbc and anti
Shankl antibodies for 10 min at room temperature (RT). The complexes were
washed with PBS, 0.02% Tween and%.$5DS and incubated with 1 mg of
protein from HEK293T cells for 2h at 4°C. Beads were washed five times
with cold lysis buffer, then resuspended in 10 pl of 2% $IA&E sample
buffer in reducing conditions and incubated at 95°C for 10 min. Each sample
was separated using SDFAGE and subsequently blotted on PVDF

membrane according to standard protocols (see below).
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Cerebr al cortex: 50 eg of proteins f

fractions were incubated for 1 hour at 4 °C in RIA buffer containing 200 mM
NaCl, 10 mM EDTA, 10 mM Na2HPO4, 0.5% Nonide?® supplemented

with 0.1% sodium dodecyl sulfate (SDS) and protein -Affarose beads
(Santa Cruz, Dallas, TX, USA) as prkeaning procedure. The beads were
then let to sediment at the bottom of the tube #red supernatant was
collected. Primary antibodies were added to the supernatant before leaving to
incubate overnight (O/N) at 4 °C on a rotating wheel, then protein A/G
agarose beads were added and incubation continued for 2h at RT. Beads were
then colleted by gravity and washed three times with RIA buffer before
adding sample buffer for SDBolyacrylamide gel electrophoresis (SDS
PAGE) and heating the mix al 95°C for 10 min. Beads were pelleted by
centrifugation an supernatants were separated usia§%4 SDS PAGE
precast gels (Biorad, ItalyMellone et al., 2015)

Western blotting

The lysates were boiled in SDS sample buffer, separated biyF3{EE and

the proteins were theblotted to PVDF membrane following standard
protocol (Grasso et al., 2017Next, PVDF membranes were blocked in
BSA 5%for 1hand incubated with the primary antibodies (see tablel) O/N
at 4°C. After wasbks with TBS 0.1% Tween 20,the membranes were
incubated withthe appropriatesecondary aitiodies (antimouseor anti
rabbit 1:500Q Sigma Italy) for 1h at RT. Thechemiluminescergignal was
visualized wusing ClarityE WeRater n
ltaly) and acquired with Bid®Rad ChemiDot" Imagers (BieRad; Italy) and

analysed wth Image J software (NIH, Usa)

Immunofluorescence procedures
Cell cultures: after fixation, CO3 cells were rinsed 3 times with 0.1 M
PBS (pH 7.4) and then incubated in 0.1 M PBS solution containing 5% BSA
for 1h followed by an O/N incubation at 4°C with the primary antibodies (see
table 2). The following day theelts were washed with 0.1 M PBS and

incubated with the appropriate fluorescent secondary antibodiesr@nse
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or antirabbit 1:1000; Jackson ImmunoResearch, West Grove, PA, USA) for
1h at RT. The cells were rinsed again with 0.1 M PBS and mounted on a
coverslip with Dako fluorescence mounting medium (Dako Italia, Italy).
Cerebral cortical tissue: for synaptic proteins detection, mice were
anesthetized using Avertin (Sigmaldrich, Cod. 1733249, USA) and then
decapitated. The brains were rapidly excised manually cut in coronal slabs
that were fixed by immersion in igmld paraformaldehyde (4% in 0.1 M
phosphate buffer, PB, pH 7.4) for 30 min. After fixation, tissue slabs were
rinsed in PB 0.1 M, cryoprotected by immersion in sucfBe0.1 M
solutions (10, 20 and 30%), cutin20m secti ons with a cryos:H
gelatnec o at ed slides and stored at T20AC
performed as in Pizzo et al., 20@®izzo et al., 2016)For ¢Fos, ARC and
Homerlbc immunodetection after CDPPB subchronic treatment, animals
were anesthetized with an intraperitoneal injection of Avertin (Sigidech,
Italy) and transcardiallygrfused with about 10 ml of 0.1M PBS followed by
80 ml of icecold 4% paraformaldehyde in 0.1 M PB. After the brains were
dissected, they were kept in the same fixative solution O/N at 4°C,
cryoprotected by immersion in raising sucr&# 0.1 M solutionsg¢ut into
30 Om sections with a cryostat and stor e
containing 30% ethylene glycol and 25% glycerol until use. Cryosections
were subsequently processed ffieating by immersion in 0.1 M PBS
solution containing 3% norah donkey serum (NDS) and 0.5% Triton X for
1h followed by an O/N incubation at 4°C with the primary antibodies (see
table 2). The following day the sections were rinsed with 0.1 M PBS and
incubated with the appropriate fluorescent secondary antibodigsr@nse
or antirabbit 1:1000; Jackson ImmunoResearch, West Grove, PA, USA) for
1h at RT. The sections were washed three times with PBS, mounted on
gelatinecoated glass slides and cover slipped with Dako fluorescence

mounting medium (Dako Italia, Italy).

Human postmortem brain tissue: fdomerlbc and PSDB5 detection, we
performed immunofluorescence flash-frozen sections. Serial sections (20

mm) were cut by using a cryostahounted orsuperfrosslides and stored at
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180°C until immunolabeling was performed Before starting the
immunofluorescence, sections wédpeed in cold methanol for 1 minThe
sections werdhen processed for double immunofluorescence by using in
combination antHomerlbc and anttSD95 primary antibodiesand the
appropriate fluorescent secondary antibodies faotise or antirabbit
1:1000; Jackson ImmunoResearch, West Grove, PA, USkMwing the

same protocol used for mouse brain tisglau et al., 2013)

Images acquisition and analysis

All analyses were carried out by an investigator who was blinded to the
ani mal 6s genotype or tr e attamfeaidninand t o t
cells. The immunofluorescence in CO%ells was acquired with a confocal
microscope (LSM5 Pascal; Zeiss, DE, Germany) equipped with a 100x oil
objective (1.4 numerical aperture) and the pinhole set at 1 Airy unit. For each
image a seriesf@ptical sections of dm Z-step size encompassing the entire
cell was taken. The level of docalization of fluorescent signals was
quantified with Pearson’s correlation coefficient (PCC), calculated using the
Acol ocal i 4naof the Rijd softwaeu(dSA). For brain sections
analyses, the layers of the primary somatosensory and visual (S1 and V1)
cortices were identified as previously reporgitbrello et al., 2018; Tomassy
et al., 2014) Synaptic immunofluorescence pumctfor both mouse and

human brain tissue, were analywtepd on 5
size) acquired from layers-2 and 5 of S1 and V1 with a laser scanning
confocal microscope (LSM5 Pascal; Zeiss, DE) using a 100x oil objective (1.4
numeri@l aperture) and the pinhole set at 1 Airy unit. The density of the
immunopositive puncta was determined by manual count followed by density
analysis (puncta/100 em2) with I maris (
(USA) softwares. Synaptic puncta were ud#d if present in at least two
consecutive optical sections. For Shankl+/FSB puncta colocalization
analysis, fluorescence channels were first examined separatelypuncta
counted manually with Image J software (USA). Subsequently, the two
channelswere merged and only doublgbelled puncta were considered

colocalized.
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For ARC and é~osimmunofluorescence analyses, confocal images of the
mouse S1 and V1 cortices were acquired in at least three corresponding
coronal brain sections from at least six animals per group with a 20x objective
using a 1& m -sip. Digital boxes spanning from tp&l surface to the
corpus callosum were superimposed at matched locations on each coronal
section of V1, and divided into 10 equally sized sampling areas (bins; layer I:
bin 1; layer 1II/1ll: bins 2 3; layer IV: bins 45; layer V: bins &7; layer VI:
bins 8i 10). The density of ARC+ cells was determined by manual count in
each bin using Image J software and expressed as cells/mm2, while arbitrary
intensity values from-€os+ cells were obtained using a dedicated Image J

tool (integrative density) to analyZestack projected images (Sum value).

Chronic 10S Imaging

Surgery: for chronic 10S preparations, adult mice were anesthetized and
maintained with isoflurane (respectively 3 and 1%), placed on a stereotaxic
frame and head fixed using ear bars. Body teatpes was controlled using
a heating pad and a rect al probe to
anaesthesia was provided using subcutaneous lidocaine (2%) injection and
eyes were protected with dexamethasbased ointment (Tobradex, Alcon
Novartis). The scalp was removiehd the skull carefully cleaned with saline.
Skin was secured to the skull using cyanoacrylate. Then a thin layer of
cyanoacrylate is poured over the exposed skull to attach a coshoe metal
ring (9 mm internal diameter) ceatt over the binocular visual cortex. When
the glue dried off, a drop of transparent nail polish was spread over the area
to ameliorate optical access. After surgery the animals were placed in a heated
box and monitored to ensure the absence of any sigiscdmfort. Before
any other experimental procedure, mice were left to recover for 24/48h.
During this period, paracetamol (5 mg/ml) was administered in the water as
antalgic therapy.

Visual stimulation, data acquisition and analysis: I0S recordings were
performed under Isoflurane (1%) and Chlorprothixene (1.25mg/Kg, i.p.).
Images were visualized using an Olympus microscope (BX50WI). Red light
illumination was provided by 8 red LEDs (625 nm, Knight Lites KSB1385
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1P) attached to the objective (Zeiss PNIBOFLUAR 5x, NA: 0.16) using a
custommade metal LED holder. The animal was secured under the objective
using a ringshaped neodynium magnet (www.supermagneteli2-9-1.5

N) mounted on an arduidmased 3D printed imaging chamber that also
controls eye shters and a thermostated heating pad. Visual stimuli were
generated using Matlab Psychtoolbox and presented on a gamma corrected
9.7-inch monitor, placed 10 cm away from the eyes of the mouse. Sine wave
gratings were presented in the binocular portionhef\tisual field {10° to

+10° relative to the horizontal midline arisf to +50° relative to the vertical
midline) with a spatial frequency of 0.03 cycles per degree, mean luminance
20 cd/m2 and a contrast of 90%. The stimulus consisted in the abrujgistontr
reversal of a grating with a temporal frequency of 4 Hz for 1 sec, time locked
with a 16bit depth acquisition camera (Hamamatsu digital camera C11440)
using a parallel port trigger. Interstimulus time was 14 sec. Frames were
acquired at 30 fps, withrasolution of 512 x 512 pixels. A total of 270 frames
were captured for each trial: 30 before the stimulus as a baseline condition and
240 as posstimulus. The signal was averaged for at least 30 trials and
downsampled to 10 fps. Fluctuations of reflece (R) for each pixel were
computed as the normalized difference f
each recording, an image representing the mean evoked response was
computed by averaging frames between 0.5 to 2.5 sec after stimulation. The
mean imageavas then lowpass filtered with a 2D average spatial filter (30
pixels, 117 e€m2 square kernel). To sel e
visual cortex for further analysis, a region of interest (ROI) was automatically
calculated on the mean imagetbé response by selecting the pixels in the

|l owest 30% @R/ R of the range between tF
pixel (Cang J, Kalatsky VA, Lowel S, 2005)lo weaken background
fluctuations a manually selected polygonal region of reference (ROR) was
subtracted. The ROR was placed where no clear response, blood vessel
artefact or irregularities of the skull were obser{iddimel et al., 2007)Mean

evoked responses were quantitatively estimated as the average intensity inside
the ROLI.
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Electrophysiology

Primary neuronal cell culturexperiments was performed on cortical neurons
obtained from 1&lay old embryos of both Cdkl5+/y and Cdiibmice. The S1
cortex was rapidly dissected under sterile conditions, kept in cold HBSS (4°C) with
high glucose, and then digested with papain (8gdml) dissolved in HBSS plus
DNase (0,1 mg/ml). Isolated cells were then plated at the final density of 1200
cellssmm2. The cells were incubated with 1% penicillin/streptomycin, 1%
glutamax, 2.5% fetal bovine serum, 2%2B supplemented neurobasal mediam
a humidified 5% CO2 atmosphere at 37°C. Experiments were performed at DIV 16
- 18.

Patch clamp: experiments were performed in voltage clamp conditions and
whole-cell configuration as in(Marcantoni et al., 2010)Patch electrodes,
fabricaed from thick borosilicate glasses (Hilgenberg, Mansifield, Germany), were
pulled to a final resistance of3MW. Patch Clamp recordings were performed in
whole cell configuration using a Multiclamp 7@ amplifier connected to a
Digidata 1440 and goveed by the pClampl0 software (Axon Instruments,
Molecular Devices Ltd, USA).

NMDAR activated currents were recorded by holding neurofi&atnV and
perfusing them with the NMDAR agonist,-Methyl-D-aspartate, (NMDA,

50 uM). The external solution contained (in mM): 130 NacCl, 1.8 CaCl2, 10
HEPES, 10 glucose, 1.2 Glycine (pH 7.4)eThternal solution contained (in
mM): 90 CsCl, 20 TEACI, 10 glucose, 1 MgCl, 4 ATP, 0,5 GTP, 15
phosphocreatine (pH 7.4). These experiments were performed in the presence
of the AMPA and GABAa receptors blockers linitroquinoxaline2,3-
dione, DNQX (20 ¢ M, SAldgicha and picrotoxin (100 pM),
respectively. Tetrodotoxin (TTX 0.3 uM) was added to block vohgated

Na+ channels. The mGIuR5 were selectively activated either by the agonist
DHPG (200 puM) or the positive allosteric modulator CDPPB (10 uM).

Behavioural analyses
For the acute treatment regime, 1h after a single i.p. injection with either

CDPPB or vehicle, animals were probed vatihesive tape removest and
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Y-mazetest. For the subchronicaltyeated mice, 24h after the last injection
hind-limb claspingbehaviour was tested.

Adhesive tape removaéest sensorimotorabilities were evaluated using
the adhesivéaperemoval test as previously describ@buet et al., 2009)
Briefly, P56 mice were habituated to the testing room for 30 lpaifore
starting the experiment and then single animals were placee iedting cage
for the habituation period of 60 sec. The animal was then removed from the
testing box and an adhesive tape strip (0.3 cm x 0.4 cm) was placed on the
bottom of one forepaw while the other one was lightly touched by the operator
with the same pressure. Animals were put back in the testing cage and the
latency to touch the tape was recorgeth acut off timeof 2 min.

Y-mazetest spontaneouslternationtest was used to evaluate spatial
working memoryin mice We used an kmouse madeY maz that is
composedf three arms (34 cm x 5 cm x 10 cm) angééd20° fromone
andher and made by gray opaque plastiaterial Each mouse was placed at
the centre of the mazehere itcan freely explore the three arms for 8 min.
Arm entries were defined by the presence of all four paws in an arm. The
percentage of spontaneous alternatiovess calculated as followdtotal

—
|_\

alternations/total arm entries 1 2)

Hind-limb clasping the presence of hirlimb claspingoehavioumwas
tested bysuspenihg the nice from their tail for 2 minand video recorded.

Hind-limb claspingscoresvereassesseds in(Amendola ¢al., 2014)

Statistical analysis
All data are reported as mean = SEM. For the in vitro experiments, n =
number of cell plates (e® on HEK293T cells) or number of cells
(immunofluorescence on COGcells) analysed. For the animal experiments,
n = number of miceAll statistical analysesvere performed using Prism
software (Graphpad, La Jolla, CA, USA). For thevitmo colocalization and
co-IP experiments, onreay analysis of variance (ANOVA) followed by
Fi sherds post hoc -vtievsot awaas ywstessdr. SH ard etnh
twoway ANOVA foll owed by Fisherdés LSD post
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s indicated in the text. Fdestamlchectr ophy:
square were used, as indicated in the text. All the raw data are reported in table
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Table 2. List of the primary antibodies used in this study

Primary | Species of . I :
Antibody origin Working dilution Supplier and catalog no.
WB IF

Cdkls Rabbit 1:500 | 1:500 Sigma, cod. HPA002847

Homerlbc| Rabbit 1:1000 | 1:500 Synaptic System, German
cod. 160 023

Shankl | Rabbit 1:500 | 1:250 Sigma cod. HPA032129

Bassoon | Mouse 1:500 Enzo Life Sciences, co(
ADI-VAM -PS003F

MGIuR5 | Rabbit 1:500 | 1:250 Millipore cod. AB5675

PSD95 Mouse 1:500 | 1:250 Neuromab; CA, USA, Clon
K28/43

MeCP2 Rabbit 1:500 Cell Signalling

ARC Rabbit 1:500 Synaptic System, German
cod. 156 003

Table 2 In the table are reported the concentration, the application in which each antibody

is used and the catalogue number.
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Table 3. Mean £ SEM values for each statistical analysis

flag-
Figure | flag-CDKL5/ | CDKL5 | flag-CDKL5 / GFRHomerlbc /| GFRHomerlbc / HA
27 GFRHomerlbc| [/ HA- HA-Shankl Shankl
Shankl
F PCC| 0.14+ | 0.60 0.71+£0.02 0.71+£0.02
0.04 0.02
flag-
Figure | flag-CDKLS/ | CDKED flag- flag | flag-cOKL5P9
28 HA-Shank1 > CDKLS™ CDKLS= HA-Shank1
HA- HA-Shankl HA-Shankl
Shankl
C PCC| 050+ | -0.02 0.46 £ 0.03 0.33 % 0.40 £ 0.03
0.04 0.05 0.05
Fiqure flag-CDKL5 / GFR GFRHomerlbc / HAShank1 flag-CDKL5X42R/
9 Homerlbc / HAShankl GFRHomerlbc / HA
29
Shankl
B O.D. 0.18 £ 0.03 0.1 +0.02 0.06 £ 0.01
Figure 30 CdkI5* CdkI5
B LIE-11 92.66 + 8.05 81.70 + 6.00
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Shankt LV 77.95 +7.69 71.25 + 5.42
puncta/10em?
% Shanki- L1100 66.05 + 4.03 46.95 + 3.21
PSD95/PSD95
R LV 43.85+ 5.44 35.56 + 3.34
Homerlber | LI 73.44 + 3.57 46.04 + 5.98
2
puncta/10Gm LV 68.32 + 6.19 36.60 + 5.25
PSD9S puncta| L1 69.29 + 6.67 38.36 + 4.08
/100mm? LV 52.74 + 4.03 3527 +4.11
Bassooh L1100 68.10+ 6.26 59.24+ 5.07
puncta /106m?
LV 59.7+9.15 65.22+ 2.75
% Shanki- LIl 37.83+ 1.52 29.08+ 2.34
Bassooty
Shankt LV 37.10% 2.35 37.10+ 1.55
P1 c2 P2
Homerlbc+
92.17 70.25 91.86 68.7
puncta/10em?
PSD95 puncta
Loam? 85.53 66.08 88.62 62.53
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Figure 31 CdkI5*Y CdkI5 Y
mGIURS LIT-1 68.28 + 6.23 51.20+1.68
2
puncta /106m* 7y 59.63 + 3.19 46.01+2.75
NMDA current 866.60 +84.22 433.98 + 88.09
DHPG 38.35+16.96 -14.47+ 13.32
% change
CDPPB 25.83 +10.88 32.68 + 14.59
% of cells with | DHPG 73% (11/15 cells) 29% (4/14 cells)
potentiated
INMDA CDPPB 78% (13/18 cells) 83% (10/12 cells)
Vehicle CDPPB
Figure 32 CdkI5 ™ Cdki5- | Cdki5 | CdkI5™
ly +ly
LIl 6122+ 83.40+ | 77.93+
+
-1 8213+4.94 4.23 6.81 7.61
S1
Homerlbc+ LV 50.40+| 76.22 + 72.08 £
+
puncta/10em? 771.15+2.82 441 7.42 577
LI 68.88 +| 103.1 + 95.95 +
VIL 92.80+7.00 1181 | 4.46 6.21

72




LV 67.23+] 9038+ | 87.75¢
96.00+3.38 303 | 1027 6.81
LI 61.06+| 8837+ | 83.07¢
+
i 83.72+128 286 | 2.33 5.56
s1
+ + +
LV 0002635 | 5L90%| BLE3E | BLOT%
GIURE 101 | 2.88 1.07
2
puncta /106m LIl o5agia74 | 6087 788% | 9372%
-||| SO x4 614 | 9.70 13.93
Vi
LV 57.14+| 8082+ | 78.63¢
88.05+4.64 528 | 09.99 7.03
L1 00 00 | 00 00
L 4119+| 1315+ | 127.3%
_ . 19+ 51 31
::I 103.5£20.75 148 | 6343 | 55.38
ARC cells L 8162+| 2516+ | 2965+
+
Imim? IV 3659+ 7442 181 | 1793 | 1339
LV 912+ | 3894+ | 3677+
+
255824013 | 1997 | 2216 | 1203
L 4700+ 998.0+ | 1031¢
+
Vi 6721+8387 | o054 | 9015 | 1405
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LI- 184.1+| 4539+ | 467.60
VI 34674587 | 5437 | 1178 | 98.39
Vehicle CDPPB
Figure 33
C?,ljls CdkI5 Y Cdkl5*y | CdkIs™
Baseline ;71'1241 -3.54 +0.32 -3.8+0.53
Amplitude -
(GR/R) o 577+
- +
Postinjection 3.29 £ 0.67 0.86
Time to contact 42.70 + 39.88 +
+ +
(SEC) 31.33+6.03 59.38 + 6.39 6.61 383
% Alternation 64.21 + 60.97 +
67.03 +3.36 46.26 + 3.63 341 319
Nr entrance 16.28 + 22.43 +
19.43 +£1.87 18.29 + 4.20 533 141
Figure 34 Vehicle CDPPB
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cakiss | “U° | cais | cakis
B Lii-1i 85.87 + 3.58 61'6:;“: 762? * Si'ozi
Homerlbc+ 3.9 38 -6
puncta/10em® Y pa71a4s SL10%| 71495 | 67.31%
BIESAS) 478 | 395 5.18
C Clasping time 10.61+| 0.00% 5.36
+
(SEC) 0000001 538 | 0.00 1.76
E | 6FOSintensity ny 1.475x160+ | 809531 1'8?_?“ 1.050x16
215230 | +63060| . | 159382

Table3 In the table are reported all the raw data + SEM values for each statistical analysis divided for figures.
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8. Results
Lack of Cdkl5 Disrupts the Organization of Excitatory and
Inhibitory Synapses and Parvalbumin Interneurons in the

Primary Visual Cortex (Pizzo et al., 2016).

8.1 Neuronal Activity is Reduced in V1 of CdklI5Y Mice

We evaluated the expression levels of a marker of neuronal activity, the
immediate early genefos, to assess overall levels of cortical activity in 8
weeks old Cdkl% male mice. As shown in Figurk8A, we found that the
levels of efosimmunoreactivity were strongly reduced throughout V1 layers
in mutant mice. Quantitative analyses revealed a profound reductiefo®f c
positive cell density (Cdki®%, 1167 + 56.3 cells/mfnCdkI5?, 683.1 + 39.2;

p < 0.05; n =6 for each group) in rmahutants compared with WT littermates
(Fig. 18 B). Interestingly, the reduction offos" cells was detectable across
all cortical layers with the exception of layer I, which however has a low
cellularity (twoway ANOVA: p < 0.001; Bonferroni: layer-lll p < 0.05, IV

p <0.001, Vp<0.01, VIp <0.01) (Fi8C). A similar reduction of dos
immunolabeling was found in the primary somatosensory corttos(cells
density: CdkI®Y, 525.1 + 34.84 cells/mmCdklI5”, 159.5 + 16.37 cells/min

p < 0.001n = 4 for each group) (Fig8D, E) of mutant mice, suggesting that

the reduction is generalized in the cortex and not restricted to V1.
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Figure 18 Neural activity in V1 and S1 cortices aflult CdkI5Y mice is reducedA,
Representative examples efos immunohistochemistry in V1 of CdRlSand CdkI5Y mice
(scale bar 50 um). Analyses ofas' cells density.B) and cfoscells density layer distribution

(c) reveal a decrease infos levels spanning across all cortical layers in mutant mice as
compared to WTD, Representative examples efos immunohistochemistry in S1 of Cdkl5
and CdklI5Y mice (scale bar 50 pm) argliantification analysis of-tos™ cells density ). ¢
fos cell densi t-test & & 0.00%; layer. distBbutiord BvewayABIOVA,
***n < 0.001; Post hoc Bonferroni test, 8p < 0.05, §8p < 0.01, 888p < 0.001.

8.2 Altered Synaptic Connedivity in V1 of Cdkl5” Mice
Because reduced activation of V1 in the absence of CDKL5 may stem from
defective neuronal connectivity, we next investigated synaptic organization in
V1 using immunofluorescence and confocal microscopy. We first sathly
the localization of the vesicular glutamate transporters 1 (VGIuT1) and 2

(VGIuT2), which are markers of cortiamrtical and thalamaortical
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glutamatergic axon terminals, respectiv@yahmani and Erisir, 2005; Wojcik

et al., 2004) and the vesicular GABA transporter (VGAT), a marker of
GABAergic axonal terminal@Chaudhry et al., 1998Furprisingly, we found

a significant increase in the density of VGlupdsitive puncta both in the
upper and lower layers of V1 in sections from mutant mice compared to WT
littermates (VGIuT1 puncta/un, layer IHII: CdkI5*Y 0.49 + 0.02, CdKkI%

0.59 + 0.01 p < 0.01; layer V: CdkI%0.41 + 0.01, Cdkl% 0.54 + 0.02 p <
0.01; n =56 for genotype) (Fig.2 A, B). On the other hand, we detected no
changes in the density of VGIuTRuncta in layer 1V, where the majority of
VGIuT2" terminals are located, between WT and KO mice (VGIuT2
puncta/um: CdkI5"Y 0.13 + 0.01, Cdkl®’ 0.14 + 0.01 p = 0.53; n =6 for
genotype) (Fig. 9C, D). These findings suggest that thalacoatical
afferents are preserved in the mutant mice and that lack of CDKL5 has a
specific impact on corticoortical excitatory synapses.

Besdes, the density of VGAITmmunopositive terminals was also augmented
in mutant V1 (VGAT puncta/uns, layer IHIl: CdkI5*Y 0.18 + 0.001, Cdki5
¥0.22 + 0.001p < 0.01; layer V: Cdk50.15 + 0.001, Cdki§ 0.18 + 0.01 p

< 0.01; n =56for genotype) (Fig19 E, F). This concomitant increase of
VGIuT1" and VGAT terminals are apparently in conflict with the reduced

activity revealed by-tos imaging.
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Figure 19 Synapticconnectivity is altered in V1 of adult CdiiSnice Representative
micrographs acquiredin the neuropil of V1 illustratingvVGIuTI (layer V) @),
VGIuTZ (layer 1V;(C) and VGAT (layer V)(E) immundluorescence frontdkI5" and
CdkI5"Y mice (scale bar 5 um)(B,D,F)Quantitative analysis of VGIuT1B), and
VGAT (F) puncta shows an increase of both excitatory and inhibitory terminals density
in layer II-Il and layer V of Cdkl% mice compared to WT whereas no changes were
detected in V@®IT2  densityD) . Puncta densi ttest, *px®.0ly si s

To get further insightsnto the synaptic determinants of altered cortical
activity, we next investigated postsynaptic compartments. First, we analyzed
the expression of PSB5, a major scaffolding molecule at the glutamatergic
post synaptic site, crucially involved with the aahof E/I ratio(Keith et al.,

2008; Prange et al., 2004)s shown in Figure 19A, the number of RSB
immunofluorescent puncta was reduced in V1 of mutant mice compared with
control animals (PSB5" puncta/um, layer IHI: CdkI5*Y 0.88 + 0.01vs.

0.78 + 0.02 in Cdkl%, p < 0.05; layer V: 1.06 + 0.03 in Cdki5vs. 0.76 +

0.01 in CdkI8Y; p < 0.0001; n =& for genotype) (Fi®20A,B).
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Accordingly, we also found a significant decrease in the density of Homer, another
postsynaptic constituent that is coupled to FESby the scaffolding protein Shank
(Luo et al., 2012fJHomef puncta /und layer II-11l: 0.92 + 0.03 in CdkI%?Y vs. 0.81
+0.02 in CdkI5Y, p < 0.05; layer V: 0.86 + 0.03 in Cdkf5vs. 0.71 + 0.02 in Cdki5

¥ p < 0.01; n =5 for genotype) (Faf C,D). Despite these alterations of
glutamatergic postsynapses, did not find any significant changes in the density
of gephyrin, a scaffolding protein involved in regulating the maturation and
plasticity of GABAergic synapseélyagarajan and Fritschy, 2014gephyrirf
puncta /pund layer I-l11: 0.32 + 0.03 in CdklI%Y vs. 0.29 + 0.02 in Cdki8, p = 0.41;
layer V: 0.30 = 0.01 in CdkI% vs. 0.29 + 0.03 in Cdki8, p = 0.92; n =Sfor
genotype) (Fi®0 E,F). These data indicate that ablation of CDKL5 leads to a
selective disruption of key molecular constituents of the glutamatergic PSI3, alte

the number of preand postsynaptic specializations in an unpredictable manner.
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Figure 20 The molecular organization of excitatory postsynapses is disrupted in"CdkI5
¥ mice. Representative micrographs of PSB (A), Homer C) and gephyrin E)
punctuate immunofluorescence in the neuropil (layer V) of V1 from kil CdkI5

¥ mice (scale bar 5 pm). Quantitative analysis of immunoreactive puncta reveals :
significant redudbn of excitatory molecules PS®5 (B), and HomerD)in layer II-111

and V in Cdki8 mice with no changes in gephyripuncta F). Puncta density
anal ysi s :-testS*p €«0d%, g <6091, t**p < 0.001.
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8.3 The Density of ParvalbuminPositive Interneurons

is Abnormal in V1 of CdkI5? Mice

Cdkl5 is expressed at high levels in inhibitory IRusconi et al., 2008)
suggesting that some of the synaptic alterations observed in Cdkl5 KO mice
could be associated with altered IN densities. We therefore investigated three
major IN subtypes, which account for more than 90%alb cortical INs
(Fishell and Rudy, 2011; Gonchar et al., 2007; Rudy et al., 2011; Wonders
and Anderson, 2006}he fastspiking parvalbumin (PV) INs, the regular
spiking calretiniri (CR) INs, and the burstpiking somatostatif{SOM) INs.
Moreover, since CRcells can be further subdivided by the differential
expression of SOMXu et al., 2006)we also investigated SORR" cells.

This analysis revealed that the density of B&lls was significantly increased
(134.9+ 10.28 in CdkI%Y vs. 187.5 + 11.71 in Cdki%, p < 0.01cells/m n

=10 for genotype) in Cdki8 mice compared to WT littermates (FRL A,B).
Separate analysis of each cortical layer indicated that the density cBR/

was particularly increasian layers 1l and V (two-way ANOVA: p <0.001;
Bonferroni: layer Wil p < 0.05, layer V p < 0.001) (Fi@1 C). In contrast,

the number of CR SOM"and SOMCR" positive cells was similar in both
genotypes (CR: 114.3 + 9,67 in Cdik%s. 100.2 + $5 in CdkI3Y, p = 0.87;
SOM: 99.19 + 10.8 in CdkM¥ vs. 100.6 + 11.28 in Cdki% p = 0.93
cells/mn?; CR'SOM': 32.60 #+ 5.04 in Cdkl% vs. 27.11 + 3.4 Cdki8, p =

0.37 cells/mrx n = 5 for genotype) (Figl D-F). CR' INs can be further
subdivided in two functionally distinct subpopulatiof®utt et al., 2005;
Gelman and Marin, 201@gsed on their morphology (bipolar vs multipolar).
Both types had a similar density and distribution in Cdkl5 KO and control
mice (Bipolar CR: 23.08 + 3.35 in CdRI5vs. 1775 + 4.06 in Cdkl®%, p =

0.36; Multipolar CR: 68.68 + 8.97 in CdKIbvs. 65.89 + 7.86 in CdkiB, p

= 0.82 cells/mrfy n = 5 for genotype).

Given the increased density of P&&lls, we also evaluated the number of PV
INs relative to the total numbef neurons identified with NeuN labelling. As
shown in Fig. 12G, H, the overall density of Néud¢lls was unaffected by
Cdkl5 deletion (Cdki8Y: 1934 + 77.82, Cdki3: 2017 + 43.38, p = 0.38
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cells/mn?; n = 5 for genotype). However, the analysis of tagistribution
revealed a specific increase of Néute¢ll density in layer V of mutant mice
(two-way ANOVA, Bonferroni: layer V p < 0.05) (Fig2l 1). In perfect
agreement, the percentage of ‘AMs relative to the total NeuNcells was
significantly incrased in CdkI5 mutant mice (5.70 % * 0.46 in Cdkigs.
7.40 % + 0.22 in Cdki8, p < 0.05; n = 5 for genotype) (Fig0J). Layer
distribution analysis showed that PWs are significantly more abundant in
layers IHII and layer V of KO mice (twewvay ANOVA: p < 0.01; Bonferroni:
layer IHIl p < 0.01, layer V p < 0.01) (Fi®¢lK). Overall, these observations
indicate that ablation of CDKL5 leads to a selective increase in the density of
PV* INs of V1 of adult animals, with no apparent changes in atlasses of

GABAergic INs.
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Figure 21 Cdkl5 deletion affects the organization of neocortical interneuns
Representative confocal micrographs of triple immunofluorescence for PV+ (ri
CR+ (green) and SOM+ (cyan) INs throughout V1 from CdkI5+/y and ChjkiBbice
(scale bar 50 um). #, Quantification of total density (B) of INs shows a selecti
increase oPV+ cells in Cdkl5/y mice compared to WT that is particularly
pronounced in layerslil and V of the cortex (C). The total density of CR+ (D),
SOM+ (E) and CR+/SOM+ (F) INs shows no abnormalities. G, Representative
confocal micrographs of double immdhlumrescence for PV+ (red) and NeuN+
(green) cells in V1 of Cdki5+/y and Cdkis mice (scale bar 50 um).H, I, Wherea
quantification of total NeuN+ cells density shows no apparent changes of neu
density in CdklIg'y mice (H), layer distribution analissreveals a small but selecti
increase in layer V in mutant mice compared to WT (I). J, K, Total quantificatic
(J)and layer distribution (K) analyses of PV+/NeuN+ ratio indicate an increase
the percentage of PV+ INs that particularly affects layiéf8l and V of CdklI5/y
mi ce. Total dens itesty*p «a0n0g, Fy <s0.0%. Layed densidye
analysis: tweway ANOVA, **p < 0.01, ***p < 0.001; Post hoc Bonferroni test, &
< 0.05, 88p < 0.01, §88p < 0.001.

Lastly, we verified whether theeduced €os expression observed in V1 of
CdkI5” mutants also affects P\tells. We found that in WT animalsfos
was expressed in a small percentage of €8s, and this fraction was even
smaller in Cdkl8” mice (PV c-fos'/total PV 8.77 % + 2.7 in CdkI® vs.
1.66 % + 1.06 in Cdki8,p < 0.05; n = 5 for genotype). Reciprocally, the
number of efos’ cells also expressing PV was also reduced ¢Rvs'/total
c-fos™: 2.44 + 0.62 in CdkI® vs. 0.76 + 0.51 in Cdk!8,p < 0.05; n = 5 for
genotype) (Fi®2A-C). Thus, efos is normally expressed by a small
percentage of PVINs, and efos expression reveals a small but significant

reduction of PV cell actvation in CdkI5Y mice.
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Figure 22 The number of PVINs showing €os staining in V1 is reduced in Cdii5
mice. A, Representative confocal micrographs (scale bar 50 um) and higher
magnification insets (scale bar 326n) showing V1 from Cdki% and CdkI5Y mice
stained for PV (red) and efos" (blu).B,C, Quantitative analyses offos’/PV* INs on

total number of P¥INs B)and cfos'/PV* INs on total number of-ftos" cells C)
reveal a reduction in the percentage aiftivated PV INs in mutant mice. Density
anal ysi s -testS*pa@0&.nt 6 s t

8.4 Enhanced Connectivity Between Parvalbumin

Interneurons and Pyramidal Cells inCdklI5Y Mice

Given the abnormal density of P¥ubclass of INs in V1 of Cdkl5 KO
mice, we decided to investigate whether Cdkl5 deletion may also have an
impact on the structural connectivity of these cells. First, we investigated the
weight of synaptic input by evaluating the number of excitatory connections
onto PV INs throughout alcortical layers. We found an higher density of
excitatory terminals decorating the dendrites of P& in Cdkl5 null animals
compared with WT mice (VGluT1puncta/um, 1.39 + 0.03 in CdKi5 vs.
1.70 + 0.04 in Cdkl%, p < 0.001; 8 dendrites/animal, n5=for genotype)
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(Fig. 23A,B). In support of a celspecific action of CdklI5 on INs organization,
we did not find any difference in the number of excitatory inputs contacting
the dendrites of CRINs (VGIuT1" puncta/um, 0.91 + 0.04 in CdRf% vs.
1.033 + 0.04 in CdkM¥, p = 0.058; 8 dendrites/animal, n = 5 for genotype)
(Fig. 23C,D).

We then investigated the synaptic output of B®Is by counting the number

of GABAergic synapses established by these ogith the cell body of
pyramidal neurons. This analysis revealed a significant increase of the density
of doublelabelled (VGAT/PV*) boutons decorating the cell body of layer V
pyramidal neurons in mutant mice compared to WT animalsS\(BAT*
puncta/um, 041 + 0.01 in CdkI8Y vs. 0.49 + 0.02 in Cdki8, p < 0.01; 8
pyramidal cell soma/animal, n = 5 for genotype) (&2&.,F). Surprisingly, no
changes were found around the cell body of layer 1l/lll pyramidal neurons
(PV*'VGAT"* puncta/um, 0.41 + 0.01 in CdXY vs. 0.40 + 0.01 in Cdki5, p

= 0.69; 8 pyramidal cell soma/animal, n = 5 for genotype). Together, these
data reveal that the lack of CDKL5 leads to excessive glutamatergic
connectivity onto PV cells in V1 that in turns make more synapses with

corticofugal layer V pyramidal neurons.
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Figure 23 The connectivity between PWNs and pyramidal cells is enhanced in V1 of CdklI5

¥ mice A, C, Examples of VGluT1varicosities in V1 decorating dendritic branches of PV
(A) and CR (C)INs from both CdkI8 and CdkI5¥ mice (scale bar 10 ump, D, Analysis

of VGIuTZ terminals contacting dendrites reveals an increase in excitatory connectivity or
PV* INs in CdkI5Y mice compared to WBjwhile no changes in excitatory terminals were
detected on CRcells O). E, Representative micrographs of FVGAT" puncta decoratig

the somata of pyramidal neurons in V1 of Cdkland CdkI5Y mice (scale bar 10 um). Py,
pyramidal neurons. Quantitative analy$is) shows an increase of PXGABAergic synapses

on the somata of layer V pyramidal neurons in mutant mice. Puncta demsitysis:

St u d etest, Bps< 0.01, ***p < 0.001.

8.5The Density of Perineuronal Nets is Abnormal in V1 Cortex of
Adult CdklI5" Mice

To further characterize the effects of Cdkl5 deletion orn &lls, we next
evaluated the density and pattern of expression of chondroitin sulfate
proteoglycans (CSPGSs) visualized with WFA labelling. CSPGs condense
around the cell body and major dendrites of PN's forming extracellular
matrix specialized structes called perineuronal nets (PNN&)Vang &
Fawcett, 2012)PNNs were reported to progressively limit the plasticity of
PV" INs with the establishment of mature ciits (Kwok et al., 2011;
Pizzorusso et al., 2002As shown in fig. 17B, the percentage of ‘Rdélls
enwrapped by PNNs was similar in both genotypes (76.39 % + 4.43 in
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CdkI5™ vs. 78.15 % + 3.12 in Cdki% p = 0.76; n = 5 for genotype).
However, the dnsity of cells surrounded by WFRNNSs in V1 of mutant
mice showed an increase compared to WT (140.1 + 10.19 in ®olid5185.7

+ 8.04 in CdkI5Y, p < 0.01; n = 5 animals per genotype), consistent with the
augmented density of PMNs (Fig 24A,C). Despite this, there were no
obvious changes in the intensity of WFRNNs in CdkI3” and control mice

( ICdkI5™Y vs. CdkI5Y, p = 0.97; n = 5 for genotype) (FiggD). Thus, the
increase of PVINs in CdkI5Y mutants is accompanied by an increaséén t
number of cells enwrapped by PNNs, although the general organization of
PNNSs is similar in both genotypes.
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Figure 24. CDKLS5 loss affects PNNs density in adulthoodl, Representative confocal
micrographs of WFA+ PNNs in V1 ofv@eek old CdkI5+/y and Cdkly mice (scale bar 50
pum) and higher magnification insets showing PV+ INs (arrowheads) and PV+ cells
enwrapped by WFA+ PNNs (arrows) (scale bar 25 um). B, C, Aisadf the percentage o
PV+ cells enwrapped by PNNs shows no differences between WT and mutant mice (|
whereas the quantification of the total density of PNNs reveals an increase in/Cdkilge
(C). D, The analysis of the frequency distribution of PRMs$uration, based on WFA+
staining intensity, does not detect any changes between wild type and mutant mice. F
density analtgss*ps<i0.01St udent 6s t
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8.6 CdkI5 Ablation Affects the Organization of the PV" System
During the Ciritical Period

Because the correct organization of the PV system is crucial for the CP of
ocular dominance plasticity (ODP) in the visual coriexvelt and Hibener,
2012) we investigated whether Cdkl5 deletion may tamper with the
developmental trajectory abrtical circuitry refinement. Firstly, we analgl
the density of PVINs in a preCP stage (postnatal day P18), at the transition
toward the opening of the CP (postnatal day P21), and at the end of the CP
(postnatal day P3%Jagiolini et al., 2004; Hooks and Chen, 2007; Levelt an
Hubener, 2012; Sugiyama et al., 2008; Sun et al., 20¥Bije the density of
PV* cells was similar in WT and mutant mice at P18 and P21-\{tex
ANOVA: p > 0.05), null mice displayed a higher number of R\'s at the
closure of the CP (twavay ANOVA: p < 0.01; Bonferroni: P35 CdKi% vs.
CdkI5" p < 0.05; n = 5 for group) (Fi@5A,B). Interestingly, the analysis of
layer distribution pointed out a selective increase of &\lls in layers WV
of mutant mice (tweway ANOVA: p < 0.001; Bonferroni: 35 layer IV
CdkI5™ vs. CdkI5Y p < 0.01; layer V Cdki8’ vs. CdklI5Y p < 0.01) (Fig.
25C). Furthermore, this analysis showed an-dggendent increase of PV
INs in KO mice that was not detected in WT animals (Bonferroni: CHki5
P18 vs. Cdkl® at P35 p < 0.01) (Fig25B). Intriguingly, our data show that
while in adulthood the increase in Poell density is detectable in layers Il

Il and V, at P35 the increase is limited to layersM\f mutant mice.

Given the increased density of P&ells d the end of the CP, we investigated
possible abnormalities of their connectivity. Specifically, we quantified the
density of PV terminals targeting the cell body of pyramidal cells at P21 and
P35. This analysis revealed no genotyplated abnormalitiesat both
developmental stages (tweay ANOVA: p > 0.05) (Fig25D, E). However,

in agreement with previous findin@duang et al., 1999jve observe an age
dependent increase in the density of inhibitory perisomatic synapses in both
genotypes (layer dlll, two-way ANOVA: p < 0.001; Bonferroni: Cdk!¥ at
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P21 vs. CdklgY at P35 p < 0.05; Cdki% at P21 vs. Cdkis at P35 p < 0.01.
layer V, twaway ANOVA: p < 0.05; n = for group).
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Figure 25 CDLKS loss affects PVINs density during the critical period of cortical
plasticity. A, Representative confocal micrographs of‘RNs in V1 of CdkI8Y and
CdkI5" mice before the onset (P18) and at the end (P35) of the CP (scale bar 50 pm
B-C, Quantitative analyses of total P\¢ells densityB) and layer distribution €)

at P18, P21 and P35 show an adependent increase of PMNs which is
abnormally enhancechimutant miceD, Examples of PYVGAT puncta contacting

the somata of layer V pyramidal neurons in in V1 from Cdkénd CdkIZY mice
aged P21 and P35 (scale bar 10 um). Py, pyramidal neurons. Quantitative analysi
(E)shows no changes in the densifyP&* inhibitory varicosities between WT and
mutant mice at either development stages. However, there is an age depende
increase of PV putative synapses irrespective of genotyp¥: INs density and
PV*/VGAT puncta analyses: twawvay ANOVA,*p < 0.05, *p <0.01, ***p < 0.001;

Post hoc Bonferroni test: §p < 0.05, 88p < 0.01 compared to the corresponding age
matched wild type group; # p < 0.05, ## p < 0.01 compared to the corresponding
genotypematched P18/21 group.
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Since the mature configuration of PNNs coincides with the end of the critical

period in V1(Kwok et al., 2011)we evaluated the numerical density and

staining intensity of WFAPNNs before the opening and at the end of the CP.
Interestingy, we found no difference in the percentage of BNé surrounded

by PNNs irrespective of the developmental stage and genotypengwo

ANOVA: p > 0.05; n = 5 for group) (Fid®26A,B). The density and labelling

intensity of WFApositive nets were similar @dkl5 KO and control mice at

P 1 82 Cdkis™ vs. CdkI5Y, p = 0.77; n = 5 for group) (Fig26D, E).

However, at P35 PNNs were more numerous in Cdkl5 KOs compared with

WT mice (tweway ANOVA: p < 0.01; Bonferroni: P35 CdKi%vs. CdkI5Y

p < 0.05, Cd” at P18 vs. Cdk§ at P35 p < 0.01; n = 5 for group) (Fig.

26C), and WFA staining was 2€dkighvs.f i cant !l y
CdkI5”, p < 0.05; n = 5 for group) (FI®6E). Importantly, while PNNs

showed an agdependent process of matiioa in WT animals, reflected by

an increased frequency of?CdB/NasP18i t h st r «
vs. CdkI5Yat P35, p < 0.001; n = 5 for group), such developmental maturation

of PNNs was completely abolished in Cdkifni ¢ & Cdkl% at P18 vs.

CdkI5" at P35, p > 0.05; n = 5 for group).These data indicate that the lack of

CDKL5 leads to profound alterations in the establishment of RV

assembly, together with defective formation of PNNs at the end of the CP.
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Figure 26 CDLKS5 deletion slows down PNNs organization during the critical period of cortical
plasticity. A, Examples of WFAPNNS staining in wild type and mutant mice at P18 and P35
(scale bar 50 um)B-C, Quantification of the percentage of PWNs surrounded by WFAPNNs
reveals no differences between Cdkland CdkI5Y mice at either developmental stagB$. (The
densityof WFA" PNNs shows a significant agkependent increase which is more pronounced in
the mutant mic€C). D, Higher magnification insets showing PNNs (arrowheads) and P\tells
enwrapped by WFAPNNSs (arrows) (scale bar 25 uml, The analysis of the frequency
distribution of PNNs, classified on the basis of their WB#ining intensity, revealed an age
dependent increase only in wild type miedlNs density analysis: twway ANOVA, **p < 0.01,
Post hoc Bonferroni test: ## p < 0.01 compared to the corresponding gernugiobed P18
group, 8p < 0.05 compared to the corresponding -ageched wild type groupFrequency
di stri but i2ou# pai0.a0l gosnpased to the corresponding genetyatehed P18
group, 8p < 0.05 compared to the corresponding-ageched wild type group.
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AMGIURS potentiation rescues cortical and behavioural
defects in a preclinical model of CDKL5 deficiency disordeb

(Gurgone et al., under revision).

8.7 CDKL5 forms a multiprotein complex with Shankl

and Homerlbc.

Because the cooperation of Homerlbc and Shankl regulates synaptogenesis
and dendritic spines maturatig8ala et al., 2003, 2001processes that are
defective in CDD mouse moddl8mendola et al., 2014; Wang et al., 2012)
we assessed their interactions with CDKL5. When HEK293T cells were co
transfected vh flag-CDKL5, EmHomerlbc and HAShank1 constructs, we
found that both CDKL5 and Shankl-comunoprecipitated (ctP) with
Homerlbc (fig. ZA). Next, we transfected cells either with #&pPKL5 and
Em-Homerlbc or flagCDKL5 and HAShankl constructs. Inguingly,
CDKL5 colIP only with Shankl indicating that, through the interaction
between CDKL5 and Shankl, a miptiotein complex including Homerlbc
can be formed (fig. ZB,C). Identical results were obtained when these
proteins were expressed andlBoin a different cell line (i.e.: COS cells;

data not shown).

We then performed eolustering assay on transfected GD8ells examined

with confocal microscopy. In agreement with previous wdfkken et al.,
2010; Lim et al., 1999; Romorini, 2004; Rusconi et al., 2qHg) 27D)), in
single transfection  experiments Homerlbc and -@&KL5
immunofluorescence showed a diffdsdistribution in the cell whilst Shank1l
exhibited a filamentous pattern of expression. When wexpoessed flag
CDKL5 with EmHomerlbc, we observed no changes in the subcellular
distribution and no colocalization of these proteins (figDi9). Converse},

both flagCDKL5/HA-Shankl and HAShankl/ErfHomerlbc ce
transfection resulted in the disassembling of Shank1 filamentous organization
associated with an extensive colocalization in discrete aggregates (fig.

27Dy, v). Intriguingly, triple transfectionslearly revealed that these three
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proteins cecluster in the cell cytoplasm (fig. 262 Importantly, the extent

of proteins association, initially assessedjbglitative examinatigrwas fully
confirmed by the quantitative evaluation of colocalizationfbg ar son 6 s
correlation coefficient analysis (PCC) (fl@PKL5/Em-Homerlbc vs flag
CDKL5/HA-Shankl and flag¢DKL5/Em-Homerlbc/HAShankl vs flag
CDKL5/Em-Homerlbc p < 0.001; fig. 7E). Finally, to assess whether
CDKL5-Shank1 interaction occurs in the brairg performed experiments on
crude cortical synaptosomal fractions (P2) fram@nthsold WT and CdklI5

ly mice (fig. ZF). We found that CDKL5 c¢P with Shank1 in synaptosomes
derived from WT cortices whilgs expected, no immunosignal was present
in cortical tissue derived from KO mice. Overall, our results identify Shankl
as a new binding partner of CDKL5 both in heterologous cells and in the brain
and show that these two protefosm ternary complexes with Homerlbc.
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Figure 27 CDKLS5 interacts with Shankl both in vitro and in cortical
synaptosomal fractions. (A, B, C) Western blots (WB) showing -co
immunoprecipitation (IP) and lysates (INPUT) from HRB3T cells ce
transfected with flagcDKL5,EmHomerlbc and HAShankl plasmids. The IP
was performed using aptiomerlbc (A, B) and anfthankl (C) antibodies. (D)
Representative confocal images ofatestering assays in COBcells transfected
with flag-CDKL5 (red), HAShankl (blu) and Efdlomerlbc §reen) constructs
individually (DI) or in combination (DHV) as indicated (scale bar: 5 pm). (E)

Hi st ogr ams showing t he colocalizat
correlation coefficient (PCC), between the expressed proteins as indicated in th
legend (F) colP assay performed in P2 synaptosomal fraction from CdkI5+/y
and CdklI5/y mice by using antibodies against a8tiankl. WB analysis shows
the expression of Shankl and CDKLS5 in thensmunoprecipitated material. NO
1gG: IP control lane in the absee of antibodies. Ho: total cortical homogenate.
Statistical analysis:ons&vay ANOVA foll owed by Fi st
0.001 (flagCDKL5 / EmHomerlbc n = 37 cells; flageDKL5 / HAShankl: n =

45 cells; flagCDKL5 / EmHomerlbc / HAShankl: n =47 cells).

8.8 The C-terminus domain of CDKL5 mediates the

interaction with Shank1.

To map the functional domains required for CDKEBankl interaction, we
analysedour CDKLS5 pathogenic or likely pathogenic mutations previously shown
to disrupt eitherhe kinase activityor binding ability of CDKL5(Bertani et al.,
2006; Hector et al., 2016; Kilstrugielsen et al., 2012; Mari et al., 2005; White et
al., 2010) Missense mutations are located within thetekininal domain of
CDKL5: whereas CDKL5Y2F and CDKLZ“2R either decrease or completely
abolish the catalytic activity of CDKL5, respectively, CDKE® is a likely
pathogenic mutation thatters the aminoacidicomposition of the SH3 domain
mediatingproteinprotein interactios, also present o8hank1(Hector et al., 2017;
Lin et al., 2005; Sheng and Hoogenraad, 20@onversely, nonsense mutation at
the Gterminal domain(flag-CDKL5%” § *produces the deletion of the last 249
amino acids of CDKLS5.

After co-transfection with HAShank1, we found that all thetdrminal CDKL5
constructs cdP with antiShankl antibody while onlflag-CDKL5%" 8 dave
negative results id. 2A). In addition, ceclustering analyseshowed that all the
mutations did not affct the subcellulatocalization of CDKL5 (fig. 2B) that
remained similar to the wiltype proteinBertani & al., 2006; Rusconi et al., 2008)
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Importantly, we found that fla@GDKL5%®! protein did not cdocalize with Shank1
(flag-CDKL5%7 § HA-Shank1vs flag-CDKL5/ HA-Shank p < 0.00; fig. 2C)
whereas in the Merminal mutants theo-localization with Shankl was preserved
(fig. 2Bu-v-C) indicating that the @erminus domaif CDKLS5 is required for its
binding with Shank1.
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Figure 28 The Gterminus domain of CDKL5 is necessary for Shankl
interaction. (A) Proteins transfected in HEK293T cells (H&pKL5, flag
CDKL5KA42R, flagCDKL5C152F, flagC DK L 5 ¢p7 8 1-Shankd plashids)
were immunoprecipitated with arfihankl antibody. Western blot analysis was
performed with antCDKL5 and antiShaakl antibodies on co
immunoprecipitated (IP) and lysate (INPUT) materials. (B) Representative
confocal images of eolustering assays in CQOB cells transfected with HA
Shankl (green) and flaGDKL5 full length plasmid or flag¢DKL5 constructs
bearing CDD pathogenic mutations (red), either individually (Bl) or in
combination (BHVI) with HA-Shankl as indicated (scale bar: 5 um). (C)
Histograms showing PCC analysis of the colocalization index between the
expressed proteins, as indicated in the legend. sfitatl analysis: onavay
ANOVA foll owed by Fisher 6 LDKdAdStgp7Bdd
Shankl n = 22 cells, fla@DKL5/ HAShankl n = 71 cells, flaGDKL5K42R/
HA-Shankl n = 27 cells; fla@DKL5C152F/ HAShankl n = 31 cells; flag
CDKL5P209RHA-Shankl1 n = 46 cells).

8.9 The kinase activity of CDKL5 modulates the

interaction between Shankl and Homerlbc

Next, we investigated the functional relevance of CDiSl&ankl
interaction. Because the synergistic action of Homerlbc and Shankl is
required for dendritic spines formation (20, 21) that is impaired in CBDKL5
KO mice (10, 29, 30), we hypothesized that CDKddivity could regulate
HomerlbeShankl complex formation. To test this idea, HEK293T cells were
co-transfected with HAShank1 and EAomerlbc constructs in combination
or not of either flagCDKL5 or flagCDKL5K42R that codes for a protein
with no kinaseactivity (Bertani et al., 2006)In line with our hypothesis, in
the absence of CDKLS5 there was about 40% reduction of Shanlfl with
Homerlbchan in the presence of CDKL5 (fldgDKL5/Em-Homerlbc/HA
Shankl vs ErRHomerlbc/HAShankl p < 0.05; fig. @\,B). Intriguingly,
flag-CDKL5%4?R expression resulted in a more robust reduction of Shankl
Homerlbc interaction, as the amount ofleacShankl1 was regted of about
70% compared to wildype CDKL5 (flagCDKL5/Em-Homerlbc/HA
Shankl vs flagcdklI5SK42R/EmHomerlbc/HAShankl p < 0.01; fig.
29A,B). In sum, these results indicate that when the kinase activity of CDKL5

is disrupted the binding between Shank1 Hinderlbc becomes weaker.
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Figure 29 The strength of ShankHomerlbc complex is dependent on the expression of
CDKL5 and is reduced by the presence of the kinasad CDKL5K42R mutant.

(A) ColP assay performed from HEK298€lls lysates caransfected with HAShankl, Em
Homerlbc, flagCDKL5 or flagCDKL5K42R constructs, as indicated, and
immunoprecipitated with antibody against Homerlbc. The immunoprecipitated proteins and
the corresponding lysates were immunoblotted witti-@DKL5, antiShankl and anti
Homerlbc antibodies. (B) Histograms showing the differences produced by the
presence/absence of either l@PKL5 or flagCDKL5K42R, as indicated by the color
coded legend, on Shankl/Homerlbc interaction evaluated by opmt@adity (O.D.)
quantitation. Statistical analysis: oneay ANOVA f ol |l owed by Fisher o6s
0.05, **p < 0.01 (flagCdkl5 / EmHomerlbc / HAShankl n = 10, Emlomerlbc / HA
Shankl n = 11, flagcdkl5K42R / ErHomerlbc / HAShankl n = 7).

8.10 The localization of excitatory scaffolding proteins is

differentially affected in the S1 cortex of adult Cdkl5/y mice.

Because our #vitro findings indicate that CDKLS5 strengthens Shastdmerlbc
association, we hypothesized Shank1 expression and/drétiza to be altered in
the brain of CDKL5 mutant mice. Surprisingly, we found that the density of
Shankl+ immunofluorescence synaptic puncta is not altered by CDKL5 loss in
sections of S1 cortex (fi®0 A,B), while we confirmed a robust reduction oftho
PSD95 and Homerlbc expression in CDKL5 mutants (fig. Z4Bee also 17, 18).
Indeed, the density of Shankl+ immunopuncta showed no significant difference
between genotypes (layerslll and layer V: CdkI3" vs CdkI5Y p > 0.1; fig.30
A,B) whilst we found significantly fewer PSB5* (layers IHII: CdkI5*Y vs CdkI5
¥ p < 0.01; layer V: Cdkl® vs CdkI5", p < 0.05; fig.30 D,F) and Homerltc
puncta (layers HIl and layer V: CdkI3"Y vs CdkI5Y p < 0.01; fig.30D,E) in
CDKL5-KO mice compared to WT. Because Homeri®icankl antibodies
combination is unsuitable for dabelling experiments, we instead analysed
Shank1-PSD95" puncta colocalization within S1 cortex. As shown in 39A,C,
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the percentage of docalized ShanktPSD95" puncta, relatively to the total
number of PSEB5" puncta, was sharply decreased in CDK{® mice compared

to WT (layers HII: CdkI5*Y vs CdkI5Y p < 0.01; layer V: CdkI8 vs. CdkI5Y p

< 0.05) suggesting that also the extent of Shaf&derlbc colod&ation is
decreased in mutants. Thus, CDKL5 loss differentially affects the synaptic
expression of excitatory scaffolding proteins by modifying the amount of

Homerlbc and PSB5 while leaving Shankl expression apparently unaltered.

8.11 Postmortem visud cortices of CDD individuals

show a decreased number of Homerlbc/PS86-containing

dendritic spines

To assess the translational potential of our findings, we next examined the
simultaneuoudocalization of Homerlbc and PS#b to visualize putative
dendritic spines in the 2 postmortem CDD patient brains available worldwide
that we obtained from Harvard Brain Tissue Resource Center, Belmont
(USA). These experiments were performed on sectiom® the primary
visual cortex (BA17) of CDD cases and age/seiched controls.
Intriguigly, these results showed a clear reduction of both-#sband
Homer 1bc+ puncta in CDD individuals, irrespective of case age (5 and 30
years old), compared to neurpigal controls (fig30G). Moreover, although
statistical analysis could not be performed with only 2 cases, & semi
quantitative analysis indicated that the density of puncta labelled for
Homerlbc and PSD5 show a clear trend toward a reduction in théices
of CDD patients compared to healthy controls (80G-1). Altogether, these
observations are in support of a reduction of dendritic spines in the cortex of
CDD patients as observed in CDKIKS mice(Della Saleet al., 2016)
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Figure 30 Aberrant organization of excitatory scaffolding proteins in cortices from CDKL5
KO mice and CDD patientéA, D, G) Representative confocal images of layetd bf S1

and BAL17 cortices fronCdkI5/y mice and human CDD cases, respectively, and their
corresponding controls, illustrating Shankl1+ (green), P$B> (red), Homerlbc+ (green)
immunofluorescence puncta (scale bar: 5 um). (B, E, F, H, I) Histograms showing quantitativ
analysis of Sharlk (B), Homerlbc+ (E, H) and PSD95+ (F, I) puncta density in layers Il

[l and V of the cortex. (C) Histograms of the percentage of doubly labelled Shank1+/PSD95
puncta relatively to PSD95+ puncta density in layerdllliand V of CdkI5/y mice and WT

litt er mat es. St at i st-test, &p < 0205, &lp x 6.015n = 6sanirmats éon t
genotype; C1 = Case 5976: F, 4 years old; P1 = Case AN06796: F, 5.7 years old; C2 = Cas
5644: F, 29 years old; P2 = Case AN11848: F, 30 years old).

8.12 The loss of CDKL5 affects mGluR5mediated
NMDA currents in cortical neurons.

To establish the functional consequences of CDKL5 loss on excitatory

synapses, we focused on mGIuR5s because they exert a pivotal role in
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dendritic spines formation/maturation y b the interacting with
Shank1/Homerlbc compléiuffrida et al., 2005; Ronesi et al., 2012; Tu et
al., 1999) Initially, we investigated whether the lack of CDKL5 may
influence the synaptic localization of mGIuR5. These experiments showed
that the density of mGluR%uncta is strongly reduced in layerdllland V

of S1 cortex in CDKLSKO mice compared to WTiff. 31A), as confirmed

by quantitative analysis (layersIll and layer V: CdkI3Y vs CdkI5Y p <

0.05; fig. 3B). Next, we assessed mGIuRS5 activity by performing wicelé
patchclamp recordings in cortical neuronal cultures. The function of mGIuR5
was analysed by determining the NMDA currents elicited by concurrent
MGIuUR5 activation as ifReiner and Levitz, 20184t first, we measured the
average inward current activated by administration of NMDA (50 uM)
(INMDA). Interestingly, CDKL5KO cultures showed a very robust
reduction of INMDA with respect to WT cultures (figlG,D; upper part)
resulting in a statistical significant change (WT: 869.6 = 85.4 pA, KO: 544.2
+ 113.2 pA; p < 0.01; fig. EE). Next, we quantified the effect induced by
MGIuR5 activation on INMDA by gpication of the selective agonist DHPG
(100 pM) for 2 minutes before NMDA administration. Intriguingly, we found
that DHPG increases INMDA in WT cells, (figlG, lower part, fig. 24F)
while this agonist produced no effect in KO neurons (fig. 30C, load},@as
illustrated by the sharp difference in the percentageNMDA change
between genotypes (WT: 38.35%; K©14.47%, p < 0.05. Fig. 1¥).
Furthermore, while 73% of WT cortical neurons (11/15 cells) showed
potentiated INMDA after theapplication of DHPG, in most KO tested
neurons (10/14; 71%) we did not observe any potentiation effect of DHPG.
Thus, these results show that both NMDAR currents and mGIuR5 function
are strongly dependent on CDKL5 expression.
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8.13 The positive allosteric nodulation of mGIuR5 with

CDPPB prevents the alteration of NMDAR current produced
by the lack of CDKLS5.

It has been previously shown that in cases when mGIuR5 were non
responding to DHPG, their activity could be regulated by selective
compounds such as ptrge allosteric modulators (PAMgAuerbach et al.,
2011; Vicidomini et al. 2017) Among these, CDPPB offers several
advantages compared to agonist drugs such as higher subtype selectivity,
reduced desensitization, and more subtle modulatory effects on receptor
function (Chen et al., 2008)We found that Znin CDPPB (10 uM)
application before NMDA administration produced an increase of INMDA
(Fig. 30D, lower part) in both genotypes (WT 25.83%; KO 32.68%, fig)3
Intriguingly, most of the KO and WT cells tested showeténtiated INMDA
after the application of CDPPB (WT: 13/18, 78%; KO 10/12, 83%3fit),
resulting in a significantly higher percentage of 4@urons responding to
CDPPB treatment compared to DHPG {shuare KGDHPG: 29% vs KO
CDPPB: 83% p < 0.0001Yhus, CDPPB can produce a rescue of mGluR5
mediated excitatory synaptic transmission produced by the absence of
CDKLS5.
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Figure 31 CDKLS5 loss produces the reduction of both mGluR5+ puncta and DHPG
induced NMDA current that is instead potentiated by CDPPB applicatiofA)
Representative confocal images showing mGIuR5+ (green) and-9B$D(red)
immunopuncta in the neuropil of S1 cortex, layefl)Ifrom Cdkl5+/y and Cdklgy mice
(scale bar: 5 um), (B) histogras showing puncta density of Cdkjsand WT mice. (C, D)
Representative traces of currents obtained with patamp recordings on S1 neurons
cultures from WT and CDKLEBO embryos after NMDA (50 uM) application (C,D: upper
part), after 2min application 6 DHPG (100 pu M) + NMDA (C: lower part) or-thin CDPPB
application (10 p M) + NMDA (D: lower part). (E) Histograms showing differences between
genotypes of INMDA current. (F, H) Graphs showing the percentage of INMDA current
change after the application &HPG (F) or CDPPB (H) in CDKLE&KO and WT neurons.

(G, ) Histograms displaying the percentage of cells from both genotypes showing potentiate
INMDA after the application of either DHPG (G) or CDPPB (I). Statistical analysis:
St u d etest, éhisqudre,* p < 0.05, ** p <0.01, ***p < 0.001 (NMDA: Cdkl5+/y n =

36 cells, Cdklgy n = 23 cells; NMDA+DHPG CdkI5+/y n = 15 cells and NMDA+DHPG
Cdkl5/y n = 14 cells; NMDA+CDPPB CdkI5+/y n = 12 cells, NMDA + CDPPB Cdkl5

9 celly.

8.14 CDPPB treatment produces molecular, structural

and functional ameliorations in Cdkl5” mice

In order to evaluate the therapeutic potential of CDPPB, we treated both KO
and WT mice with one i.p. injection of CDPPB (3 mg/Kg i.p.) as previously
reported(Vicidomini et al., 2017) This acute treatment wasfficient to
increase the density of HomerIhguncta in both S1 and V1 cortices of
CdkI5" mice (S1: layers HIl and layer V vehicleCdkI5” vs CDPPBCdKIS
¥ p < 0.01. V1: layers {1l and layer V vehicleCdkl5” vs CDPPBCdKkI5?

p < 0.05; fig. 2A-C), reproducing WT conditions (S1 and V1: layehlland
layer V: vehicleCdkl5"Y vs CDPPBCdKI5Y p > 0.3; fig. 2A-C).
Surprisingly, CDPPB treatment alscestablished typical mGIluR5+ puncta
density in the S1 cortex of CDKERO mice (S1: layers Il and layer V:
vehicleCdkl5” vs CDPPBCdKI5” p < 0.001; vehicleCdkI5™ vs CDPPB
Cdki5” p > 0.3. V1: layers HIl and layer V: vehicleCdkl5” vs CDPPB
CdkI5” p < 0.05. S1 and V1: vehicleédkl5"Y vs CDPPBCdKIS” p > 0.3;

fig. 32D-F). Finaly, also the typical number of cells expressing ARC, an
immediate early gene regulated by mGIuR5 actiyiignks et al., 2017,
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Wilkerson et al., 2018)was restored in the V1 cortex of CDKindutants

after a single CDPPB admimiation (layers4VI: vehicle-CdkI5" vs vehicle

CdkI5" p < 0.01; vehicleCdkl5” vs CDPPB Cdkl% p < 0.001; fig. 2G,H).

These results show that CDPPB treatment restores several synaptic and
molecular alterations shown by the cerebral cortex of &dkhice.

Furthermore, we investigated the cortical visual responses by
transcranial intrinsic optical signal (I0S) imaging before and after CDPPB
administration in the same animals. As expected from our previous data
(Lupori et al., 2019; Mazziotti et al., 201 Haseline response amplitude of
CDKL5-KO mice was strongly decreased compared to WT littermates (one
way ANOVA p < 0.01; Tkey multiple comparison Cdki8 vs CDPPB
CdkI5" p < 0.01; CdkI5+/y vs vehici€dkI5” p < 0.01; vehicleCdkI5" vs
CDPPBCdkI5?Y p = 0.92. Fig. 3A,B). After CDPPB treatment visual
responses approached WT levels (one way ANOVA p < 0.01; Takéiple
comparison Cdki8 vs CDPPBCdKI5” post injection p = 0.6; Cdki§ vs
vehicleCdkI5” post injection p < 0.05) significantly increasing from their
baseline values (twaway RM ANOVA; main effects not significant,
interaction treatment*time p €.05; Sidak multiple comparison: vehicle
CdklI5" post injection vs CDPPEJKIS” post injection p < 0.05; CDPRB
CdkI5" baseline vs CDPRBdkI5? post injection p < 0.05; vehicledkl5”
baseline vs vehicl€dkl5”" post injection p = 0.90). By comtst, visual
response remained impaired in control treated mice. These experiments
indicate that the functional responsiveness of visual cortex can be rescued by
CDPPB treatment.
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Figure 32 Morpho-functional defectsexhibited by CdklSy mice are rescued by acute
CDPPB administration (A, D) Representative confocal images showing Homerlbc+ and
mMGIuR5+ puncta in layer 4lll of S1 cortex from either vehicleor CDPPBtreated
CdkI5+/y and Cdklgy mice (scale bar: 5 um)(B, C, E,F) Histograms showing
differences between genotypes in Homerlbc+ (B,C) and mGIluR5+ (E,F) immunopunct
density counted from layers-lll and V of S1 (B, E) and V1 (C,F) cortices in either
vehicle or CDPPBtreated mice. (G) Confocal images of@Rnmunostaining in sections

of the V1 cortex from Cdkl5+/y and Cdiipmice, treated with vehicle or CDPPB (scale
bar: 25 pm), and relative ARC+ cells density quantitation (H) throughout layers of V1
cortex. Statistical analysis: twway ANOVA followedyp Fi sher d8s mul t i
test, *p < 0.05, ** p < 0.01, *** p < 0.001; (n = 6 animals for each genotype).
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We then tested CDPPB on both sensoigtor and shofterm memory
performances in CDKL5 mutants. First, we evaluated somatosensory function
in mice by using the adhesive tapamoval tes{Bortolato et al., 2013; Bouet
et al., 200@; Komotar et al., 2007)We found that Cdki¥ mice display a
significant increase in the latency to remove the tape compared to WT mice
(vehicle CdkI5"Y vs vehicleCdkI5” p < 0.01; fig.33C). Importantly, single
CDPPB injection produced ra@duction of the latency exclusively in mutant
mice that became very similar to controls (vehicikl5"”Y vs CDPPBCdKIS
¥ p > 0.4, fig. BC). Next, the effect of CDPPB was assessed in mice tested
in the Y-maze paradigm for working memory, known to bepammed in
Cdkl5-/y mutants (Wang et al., 2012) First, we found that correct
spontaneous alternationseadecreased in Cdkis mice compared to WT
animals (vehicleCdkl5"Y vs vehicleCdkI5” p < 0.01; fig. 3D), confirming
previous observations. Intriguingly, CDPPB rescued working memory
defects in Cdkl® mice by normalizing the frequency of spontarsou
alternations (vehickcdkl5"Y vs CDPPBCdAKIS” p > 0.4; fig. 3D), without
altering the performance of WT mice. No difference in the total number of
arms entries were find between genotypes under either treated or untreated
conditions (fig. 3E). Thusthese data indicate that the action of CDPPB can
reverse atypical functional and behavioural responses shown by CGR&L5

mice.
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Figure 33 Acute CDPPB treatment rescues CVI, as well as tactile and memory
deficits in Cdkl5-/y mice. (A) Samples images showing differences of 10S evoked
responses in vehicledkl5-/y and CDPPBCdkI5/y treated mice. (B) Trajectory of the
I0S amplitude in vehicti€dkI5+/y, vehicleCdkI5+/y and CDPPBCdkIS/y treated
mice. (C) Histogramsskwi ng cont act | atency with t
(D, E) Histograms showing the percentage of the correct alternations (D) and the
number of entries (E) made by CdkI5+/y and Cdklice, treated with either vehicle

or CDPPB, in the ¥maze. Stadtical analysis: tweway ANOVA followed by Sidak or
Bonferronids multiple compari soCdklstgst ,
n = 3, vehicleCdkl5/y n = 8, CDPPBCdkI5/y n = 6; behavioural tests: vehicle
CdkI5+/y n = 12, vehicleCdkl5/y n = 13, CDPPBCdkI5+/y n = 8, CDPPBCdkI5/y
n=7).

8.15 The effects of prolonged CDPPB treatment in
CdkI5-/y mice are longlasting.

To assess the therapeutic potential of mGIuR5 modulation, we treated
animals for five consecutive days and, 24 hours dfterlast injection,
animals were behaviourally tested and then sacrificed for brain analyses. We
found that sulchronic CDPPB treatment increased the density of Homerlbc+
puncta in both upper and deeper layers of the S1 cortex in mutant mice (layers
-1l and layer V: vehicleCdkl5/y vs CDPPBCdKIS/y p < 0.01; fig.
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34A,B), re-establishing their value to WT levels (layerdllland layer V:
vehicle CdklI5+/y vs CDPPBCdkI5-/y p > 0.3; fig. 3B). In contrast, no effect
of CDPPB on Homerlbexpression was found in WT animals (layerdllll
and layer V: vehicleCdkI5+/y vs CDPPBCdkIS+/y p > 0.9; fig. 3A,B).
Next, we analysed hinlimb clasping, one solid sign showed by CDKK®
mice (Amendola et al., 2014)n line with previous studiggmendola et al.,
2014) vehicletreated mutants showed increased Himb clasping
compared to WT littanates (vehicleCdkl5+/y vs vehicleCdkl5/y p < 0.001;
fig. 34C) whereas after CDPPB treatment Cdkiomice spent significantly
less time clasping their hind paws (vehi€dkl5-/y vs CDPPBCdkI5-/y p <
0.01; fig. 33C). Nevertheless, clasping time wal stynificantly higher in
treated mutants compared to WT mice (veh@bkI5+/y vs. CDPPBCdkI5-

ly p <0.01; fig. 33C). Finally, we evaluated whether thecduonic treatment
with CDPPB could rescue low cortical activity in CDKEK® mice(Pizzo et
al., 2016)by analysing d-os expression. As shown in fig. 27D and E,
confirmed that the S1 cortex of CDKL5 KO mice shows a robust restucfi
c-Fos expression compared to WT littermates (vekud&l5+/y vs vehicle
Cdkl5-/y p < 0.01). Although there was only a small increase, not statistically
significant, of eFos expression in treatedutant mice (vehickCdkl5-ly vs
CDPPBCdkI5/y p =0.09), the levels of-Eos were no longer different
between these and control WT mice (vehicle Cdkl5+/y vs CDERB5-ly

p > 0.09; fig. 3E). Taken together, these results show that CDPPB treatment
can produce several lofgsting effects in Cdkl8y mice suggesting that is

compatible with a therapeutic designed protocol.
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Figure 34 Subchronictreatment with CDPPB ameliorates synaptic, behavioural
and neuronal activity defects showed by Cdibadult mice (A) Representative
confocal images of Homerlbc+ (red) immunopuncta of layet from the S1
cortex of CdkI5+/y and Cdki%y mice. (B) Hstograms showing Homerlbc+ puncta
density quantification of layers-Ill and V in the S1 cortex of either vehicler
CDPPBtreated CdkI5+/y and Cdkisy mice. (C) Histograms showing time spent
clasping by vehicleor CDPPBtreated WT and CdkiBy mice.(D) Representative
images of ~0s immunoreactive cells in S1 of vehide CDPPBtreated CdkI5+/y
and Cdkl571/y mice (scale bar 50 Om).
integrated intensity analysis for-Feos immunofluorescence signal in the &f1
vehicle or CDPPBt r eat ed Cdkl 5+/y and Cdkl 571 /"
way ANOVA foll owed by Fisherds LSD:
(Homer+ puncta: n = 9 for each group; clasping andres vehicleCdkl5+/y n =

34 , vehicleCdklI5/y n = 23, CDPPBCdkI5+/y n = 17, CDPPBCdkIS/y n = 23).
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9. Discussion

9.1 CDKL5 as afimast er 0o proteithe necess

synaptic formation.

CDKLS5 is accumulated at the PSD where it interacts with palmitoylated
PSD95 (Zhu et al, 2013)aninteractionthat produces thghosphorylation of
NGL-1 thus promoting the maturation of excitatory synaptic contacts
(Ricciardi et al., 2012)Indeed, in CDKL5 KO micét has been found that
new spines are generated normally but fail to stabdiad are eliminated at
an atypically high rate leading to a significant reduction in the density of
mature spinefella Sala et al., 2018Yloreover, the lack of CDKL5 impacts
on the correct excitatory synaptransmission and maintenance of leegm
potentiation induced by thetaurst stimulation. All these findings strongly
indicate that CDKL5 plays a pivotal role in dendritic spines stability and
synaptic plasticityThese previousesultswerefurther investigateth the first
part of mythesisin whichwe found that in the visual cortex of CDKL5 mice
there is a seversynapticdownregulation of both PSB5 and Homer proteins
(Pizzo et al., 2016)two main scaffolding proteins present in mature spines
(Maiti et al., 2015)

The PSD is full of proteins that are involved in differesynaptic
mechanismsAmong tlese moleculeghe ceoperation between Shank and
Homer resultso be necessary for the correct development and maturation of
spines (Kato Hayashi et al., 2009; Sala et al.,, 200hdeed Sala and
colleagues showed that Shankl is accumulated at the dendritic shafisand
capablego promote the growth of dendritic spines, howeasére binding with
Homer that stabilizes the localization of Shankl at the 3l et al., 20D.

This binding is also necessary for the enlargement of the dendriticsspine
underlying the maturation of these structures leading to the formation of active
spines (Sala et al., 2003, 2001Differently from Shank, if Homer is

transfected alone its not able toinduce any spine enlgement until its
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interaction with ShankKSala et al., 2001)Thus, tke mutual ceoperation
between Shank and Homercisicialfor spine maturation. Since the relevant
role of CDKL5 at the PSHRicciardi et &, 2012; Zhu et al., 2013we
evaluate if CDKL5 could interact wittmesescaffolding proteins. As showed

in theparagrapi8.7, we discover that CDKLS5 interacts, through itsgdminal
domain only with Shankl1. Surprisingly, despite this interaction, the lack of
CDKL5 does notlterthe correcsynaptic localizatiof ShankI puncta in
CDKL5 KO mice, but influences negatively the expression of both Homerlbc
and PSDB95 in the primary corticesS and V1). In addition, in CDKL5
mutant mice the ctocalization between Shankl and RSB is decreased
suggesting that the absence of CDKL5 produces differential effects on the

localization of excitatory scaffolding proteins in the S1 cortex of aduk.mic

It has been recently shown th@DKL5 can phosphorylatedifferent
substrates, such &GL-1, MAP2 andEB2 inducingaxonal growth andhe
stabilization of dendritic spine@altussen et al., 20)8 Since thdack of
CDKL5 does not induce any perturbation in the correct expression of Shank1,
we investigatedif the kinase activityof CDKL5 can regulate the binding
between Shankl and HomerJdxboth proteincanbe phosphorylateiGuo
etal., 2015; Li et al., 20165or example, th€-terminal domain of HomerIb
can be phosphorylated by CaMKIa posttranslational modificatiothat
disruptsthe link betweenHomerlbcand mGIuR5 (Guo et al., 2015)In
addition, it was reported thapurified CaMKIl is able toreduce Homer3
Shankl interactiom-vitro (Kato Hayashi et al., 2009Dn the other hand, it
has beemecentlyfoundthat Shankl1 could be phosphorylated in response to
LTP, even though to the effectsthiis proteinmodificationarestill unknown
(Li et al., 2016)Moreover, no data are available on putative phosphorylation
mechanisms underlyinthe Shankl/Homerlbc interactidmiriguingly, we
revealedhat, by completelyabolishing the kinase activity of CDKLBiging
the kinasedead mutantCDKL5X*?R) in a cell line, the binding between
Homerlbc and Shankhecoms weakerthan inthe presence of CDKLS5.
These findingsliscloseda newmolecularmechanism by which CDKL5 may

regulate the formation of the multiprotein network structure at the PSD.
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Importantly, since that mutations on the kinase domain of CDKL5 are
frequenly occurringin CDD patientgLin et al., 2005; Tao et al., 2004}
can hypothesize that theeuronal failures underlying the pathological signs
shown by patientsould stem from the defectivimteraction between Shkh
and HomerlbcSo far,we did not experimentallynvestigatewhich of these
scaffoldingproteirs canbe phosphorylated by CDKL&thoughboth Shank1
and Homerlbc contain serine/threonine phosphorylation ditesever,
given that the motif commonly shared by some of CDKL5 substrates such as
EB2, MAP2 isRPXS* (Lucas L Baltussen et al., 2018; Mufioz et al., 2018)
andthat only Shank1 contains such matifs feasible to hypothesize that this
is the protein targetday CDKL5 phosphorylabn. Thus,based on these data,
we canalso assumehat this CDKL5/Shanklinteractionis necessary to
reinforce thebinding betweerShankland Homerlbclikely inducing the
correct synaptitocalization ofthe latterinto the PSDNoticeably,additional
experiments have to be performiedtestthis promisinghypothesisin sum,
these results support the idea t8&KL5, through its interaction withoth
PSD95 andShankl, takepart irto the formation of the multiprotein complex
that isfundamental fothe organization of functional excitatory synapses.
The multiprotein complex composed by PSB5/Shankl/Homerlbds
important forboth membraneinsertion and correct function of glutamate
receptors In particular, Shankforms on one side a ternary complex with
Homerlbc and the group | mGluRs, and, on the othi@racts witithe PSD
95NMDAR complexvia GKAP (Ango et al., 2000; Hering & Sheng, 2001,
Tu et al., 1999)In suchway, Shankls akey player fothephysical poximity
between NMDAR and mGluRhus modulatingglutamatergic transmission
and the downstrearsignalling pathwaysactivated by these receptor types
(Guo et al., 2016; Ribeiro et al., 2017)

It is widely acceptethat mGIuRs areeeplyinvolvedin theonsetof several
neurodevelopmental diseaselmtriguingly, our resultsshowed that the
synaptic localizatiorof mGIuR5 is strongly reducedn both S1 and V1
cortices of CDKL5 KO miceThis is likely the consequencé thereduced

synaptic expression ofHomerlbc shown by these mutants cortices
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requirementor the correct membrane insertistabilizationof mGluR5and
their activity (Ango et al., 2002; Xiao et al., 1998)

Thereforethese resultstronglysuggested that the lack of CDKL5 induces an
aberrant composition ofthe excitatory PSD, leading to a weak
Shankl/Homerlbc interaction that consequently affects the
MGIuR5/Homerlbc complex formatiodence it is likely thatCDD negative
behavioural signs may, at least in part, be prodigedefects in mGIluR5
mediatedsignalling activation, a feature that indicates how CB&y share
common molecular basesay be associated with otheeurodevelopmental
diseasessuch as PMS, Fragile X syndrome (FXS) and tuberous sclerosis
defects (TSC)Aloisi et al., 2017; Auerbach et al., 2011; Vicidomini et al.,
2017)

Moreover, our results showed tmGluR5mediated potentiation MDA
currensproducedy the application of DHPG, a selective agonist of mGIluR5
was abnormain CDKL5-KO S1 cortical neurondt is thus likely that e
consequences of the Shankl/Homertiimaoling disruptionproduced by loss

of CDKL5 can be the cause alsotbéalteredco-operation between mGIuR5
and NMDAR leading toseveredefects inboth organization and function of
excitatorysynapic circuits.

In addition tothe function of CDKL5 at th&®SD, recently is haalsobeen
reported that CDKL5 has a role in the presynaptic compartment by
participating in mechanisms underlying axonal growth and fun¢iba and
Xiong, 2018) Indeed, one study showed tiavitro, CDKL5 phophorylates
amphiphysin 1 (AMPH1), a brain specific protein involved in the exocytosis
of synaptic vesicles at the active zgKatayama et al., 205; Sekiguchi et al.,
2013) Moreover,another study, reported that CDKL5 can directly interact
with shootinl, a protein presented in the growth cone where it regulates axon
formation and neuronal polarizati@o thelack of CDKL5 producesdefects
in the organizatioraxonal growth cone(Nawaz et al., 2016Yhus,these data
strongly suggest thahe impairments produced by CDKL5 mutations in the
presynaptic terminalmay take part in the abnormal development and

maturation of neuronal circuitry that was reported in CDKL5 KO mice.
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However, so far there are no direct evidence in support of this exciting
hypothesis, and appropriate experiments need to be designed to solve this

issue.

9.2 Loss of CDKL5 results in atypical connectivity in the V1

cortex

In another set of experiments,evassessed how CDKL5 loss, and its
consequences on PSidganization, could impact the refinement of cortical
connectivity. To this aimwe used as a mod#le V1cortex becaus# has
beenrevealedthat CDKL5 KO miceshow severe defects obrtical visual
responsessetting off at about one month of age, asded with circuit
specific morphofunctional alteratiorfcupori et al., 2019; Mazziotti et al.,
2017) Importantly, suclvisual immirmentsmatched those showwy CDD
patientdDemarest et al., 2018)reliable sign of the pathology thave been
thus selected as liomarker forCDD. In the CDD mouse modeljisual
defects were assessed using two different techniques: longitudinal transcranial
intrinsic optical signal (I0S) imaging and intracortical VEPs recordiRgsf.
Pizzorussobs team showed t hraducecimr t i c al
amplitude already at PND 2Z8 in CDKL5 mutants, areduction that
correlated with impaired visual acuity in adult mutargsggestingthat
aberrantortical wiring occurring during theritical periodof plasticity (CP)
of the visual cortex canegativelyimpact visual responsés CDKL5 KO
mice (Mazziotti et al., 2017)The CP of the visual cortexs fundamental to
establish proper neural maps, which accurately represent theursding
environment(Maffei et al., 2010) Our results suggeshat the ablation of
CDKL5 cancontributeto the arcuits refining processes occurring during the
CP. We showed that in CDKL5 KO mice there are selective alterations of both
excitatory and inhibitory synapses in the V1 cortex, resulting in a deranged
ratio between E/I input®Our anatomical analys showa reduction in the
expression of the excitatory post synaptatacts, identified bipSD-95 and
Homerl labelling, that is accompanied by an increased expression of
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VGIuT1+ presynapticterminals In contrast,while the labelling for the
inhibitory postsynaptic markegeplyrin does not changehe density of
VGAT+ inhibitory presynaptic terminals increased in CDKL5 KO mice.
Moreover, our experiments show that the density?V+ interneurons is
greateiin CDKL5 mutantsand thathese cells arbyperconnected with layer

5 pyramidal neuronef the V1 cortexcompared to WT animals. Altogether,
these morphological changes &kely to be thecau® of a putative reduced
activationof these projection neurons pgstulatedoy their decreased-Fos
expression. Interestingly, similar defects in the organization of PV+ cells have
also been reportely our group and otheia RTT mice(S. Durand et al.,
2012; Morello et al., 2018; Tomassy et al., 201ddlicating that these two
conditions share cellular and synaptefects that may underly the analogous
symptomatic traitsBecause our data show that impairments in the density of
PV+ INs cells appear at thend of the CP, it is possible that CDKL5 loss
affects visual stimuldriven refinement of cortical circuits astly at this
postnatal stagea defecthat result in a reductioof the amplitude response
analysed byOS experimentgFig. 33).

Finally, it has beerreportedthat impairmens in the refinementof V1
synaptic circuits canbe @used by defects in thexpression and activity of
MGIUR5 causing an abnormal translation of ARC, one of the main
downstreangenetarget of this receptpwhich expressiolis responsible for
the correct opening and cloee of the visual CRJenks et al., 2017Dn the
same line,he set of experimentsdesigned tatudythe effects of CDPPB in
CDKL5 KO micealso disclosedhat the morphofunctional defeaiscurring
in V1 cortex may stem fronthe abnormal expressioof both mGIluR5 and
ARC shown by these mutan{gig. 32). Given that abnormalities in ARC
expression at thend of the CP, we can speculate that the cortical defects
found in CDKL5 KO mice could beaused by a downregulation of ARC in
addition to thean upregulation of PV+ cell§fig 22), which connectivity is
alsodeeplyinvolved inCP-associategblasticity (Jenks et al., 2017; Krishnan
etal., 2015)
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These ideas that emerged from my study, however, will need further
experimental work to be finally testemhd understoodn the context of
CDKL5 mutation.

9.3 Targeting mGIuRS5 activity for CDD

Abnormalities of mGluR®&xpression andctivity have been found IRMS,

FXS, TCS and RTT animal modellsat were rescued by treaents using
either positive or negative allosteric modulatorsf these metabotropic
receptorgAuerbach et al., 2011; Gogliotti et al., 2016; Scharf et al., 2015;
Vicidomini et al., 2017)

For instance, in FX8odelghe lack of FMRP inducesn increasethGIluR5
signalling pathway, that results in ambalance of protein synthesis leading
to the excessive translation of several synaptic or plastielgted proteins,
andto anaugmentesgynaptogenesi®reclinical studies on FX&O mouse
model revealed thdtoth acute and chronic treatments widgative allosteric
modulators (NAM)thatinhibit the activity ofmGluR5rescueall the defects
(i.e. behavioural, electrophysiological, molecular and signalling) shown by
FXS mouse model. During these years many NiAdwe been usedsuch as
2-methyt6-(phenylethynyl) pyridine (MPEP), fenobam, thetfloro-4-((2,5
dimethyt1-(4(trifluoromethoxy)phenyblH-imidazot4-yl)ethynyl) pyridine
(CTEP) and mavoglurariBagni and Zukin, 2019; Guo et al., 2016; Zerbi et
al., 2019)and,among themdue to the positive resufit®m preclinical studies
and the absence of toxicity, mavoglurant was administered to FXS patients.
Even thoughclinical trials conducted between 2008 and 20iak positive
results,phase llb studies failed to replicate the behavioural improvements
observed in previougreclinical phases suggesting that is important to
evaluate in a different way the outcomes betwasgmal modele&ndhumans
(Berry-Kravis et al., 2016)

It is possible that thenGluR5expression and activity are downregulated, for
this reason, thactivity of these receptorsan be modulated positivelyoy
usingpositiveallostericmodulabrs (PAM) such a3/U0409951VU0462807
VU-29,CDPPRB this last PAM habeenstudiedmoreand usean pre-clinical
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treatmens for different neurodevelopmental disordéhsierbach et al., 2011;
Vicidomini et al., 2017)As other PAMs, CDPPBhowsblood brain barrier
permeability it does not induce any receptor desensitizaiothimportantly,

it exhibitssomeagonistlike activity thatis thought tancreassiits allity to
amelioratats therapeutic efficienc{Kinney et al., 2005)ndeed Shank3 KO
mice weretreated acutely and chronically with CDPPB and Vicidomini and
colleaguesfound that thesetreatmerd were able to rescuenot only
behavioural defects, but also electrophysiological impairments: the abnormal
MGIuR5dependentNMDA current shown by Shank3 KO mice, has been
rescued by CDPPB but not by thpplication of DHPGa specific mGIuR5
agonist(Vicidomini et al., 2017)suggesting the intrinsic agonist property of
CDPPB In addition, the treatment with CDPPB reschethbehaviourabnd
memory defects show by Shank3 KO micerevealing that is a valid
compound to treat PM@/icidomini et al., 2016) In addition, the treatment
with CDPPB onTSC mouse modelshown thathe protein synthesis defects
could be also rescuedand this ameliorationmpacts positivelyon the
behavioural defects showed thesemutant micg Auerbach et al., 2011)
Considering that also outDKL5 KO mice model show defects in both
expression and activity of mGluRS5, we decided to t&KL5 mutant mice
with CDPPB Both acute and chronfcDPPB administratiom-vivo revealed
thatequallysensory and memotyehaviouradefects shown by CDKL5 KO
mice have been escud as well as thesynaptic morphdunctional
abnormalitiesthat characterized CDD mouse madelrthermore, an acute
injection of CDPPB in CDKL5 KO micejncreasedthe reduced ARC
expression and importantigugmentethe amplitude of the response to visual
stimuli.

In addition, with electrophysiologicakperiment®n neuronal cultures from
CDKL5 KO mice,we found that th&dMDA mediated currentgnpaired in
the mutant neuronal cultures anelioratesafter theinfusion of CDPPB.
Overall, both thein-vivo and in-vitro results suggested that thpositive
modulation of the mGIuR5 could represent a nae-clinical therapeutic

treatment for CDD, however, other experiments and other compounds needed
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to betestedto be sure that thisenv approach could be translate into clinical
trials.

To conclude, in the presenteadesis |reporteda new CDKL5/Shankl
interactionwhich suggested that CDKLS5 takes part to the multiprotein-post
synaptic complex necessary for the growth, maturationséadallization of
dendritic spines proving a new role of CDKL5 at the synaptic molecular level.
Moreover, in-vivo studies showed that the absence of CDKL5 induces
synaptic defects leading to abnormalities in the synaptic connectivity
underling the correctrain function as found in the visual cortex. Importantly,
we found that all these molecular defects are present in brain tissues from
CDD patients.

Finally, we revealedthat some molecular, behavioural and morpho
functional defects can be rescuednbydulating the mGIuR5 with CDPPB

Sa given the important synaptic defects showed by CDKL5 KO mice, we
can consider CDD a synaptopathy and include it into the big group of
neurodevelopmental disorders composed by PMS,, FX&C and other
diseases thathowdefects on the mGIuRs, suggesting thlahormalitiesn
the metabotropic pathway could represent a solidlimark for

neurodevelopmental diseases.
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