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Abstract  

CDKL5 deficiency disorder (CDD) is a severe neurodevelopmental disease, 

characterized by early-onset seizures, intellectual disabilities (ID), autistic 

feature, stereotypical behaviours and cortical visual impairments (CVI). CDD 

is caused by mutations on cyclin-dependent kinase-like 5 (CDKL5) gene 

encoding a serine/threonine kinase protein. In the synaptic compartment, 

CDKL5 contributes to dendritic spines formation, synaptic transmission and 

plasticity probably through its action on the network of proteins forming the 

post-synaptic density (PSD). It has been shown that the interaction in the PSD 

between CDKL5 and the palmytoilated form of postsynaptic density protein-

95 (PSD-95) allows the phosphorylation of netrin-G1 ligand (NGL-1), 

inducing excitatory synapses formation. Although these findings are 

intriguing, they did not reveal pharmacologically targetable mechanisms, that 

are required to try reverting the effects of loss-of-function mutations of 

CDKL5. Thus, with the final goal to find putative therapeutic targets for CDD, 

I investigated the role of CDKL5 in the molecular mechanisms underlying the 

organization of synaptic contacts and neuronal circuits. 

The aims of my thesis are to: 1) study the impact of CDKL5 loss on 

synapse organization and function as well as cortical connectivity; 2) identify 

novel synaptic interactors of CDKL5; 3) characterize druggable molecular 

mechanisms affected by CDKL5 loss; 4) test preclinical therapies for CDD.  

In the first part of my study, I contributed to analyse the molecular and 

morphological organization of the primary visual cortex (V1) of CDKL5 null-

mutant mice. This study revealed that c-fos expression in this brain area is 

strongly reduced in Cdkl5-/y mice, suggesting that lack of CDKL5 produces 

cortical hypoactivity. To evaluate the mechanisms underlying this putative 

hypoactivity, both excitatory and inhibitory neurons were analysed.  

In the second part of my thesis, using both in-vitro and in-vivo approaches, I 

found for the first time that Shank1, a synaptic scaffold, can interact with 

CDKL5. Moreover, my results demonstrate that the kinase activity of CDKL5 

enhance the strength of the binding between Shank1 and Homer1bc, and likely 
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the latter recruitment at synapses, and thus suggesting these as new CDKL5-

mediated mechanisms in dendritic spines formation. Moreover, the disrupted 

localization of Homer1bc resulted in a sharp downregulation in the synaptic 

expression and function of metabotropic glutamate receptors (mGluR5) in 

CDKL5-KO mice. Finally, the treatment with CDPPB, a positive allosteric 

modulator of mGluR5, was able to rescue mGluR5-mediated NMDA currents 

in KO neurons and normalized both neuronal and behavioural impairments in 

CDKL5 null-mutant mice.  

In sum, with this thesis I provide evidences for a novel CDKL5-dependent 

molecular mechanism which crucially orchestrates the morpho-functional 

organization of excitatory synapses. Importantly, my results provide strong 

support for a new promising therapeutic approach for CDD to be further tested 

in future studies.  
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Introduction  

1. ñSynaptopathiesò: the role of synaptic proteins in 

neurodevelopmental disorders.  

Since their discovery, synapses represent the mostly investigated neuronal 

compartment in neurobiology because at these subcellular specialization 

neurons can communicate with each other as well as with other cells. Synapses 

continue to generate incredible interest among neuroscientist because 

increasing evidences have demonstrated that their faulty activity and 

morphology, sometimes caused by mutations on genes encoding synaptic 

proteins, are the major determinant of many neurological disorders that, for 

this reason, have started to be called ñsynaptopathiesò (Lepeta et al., 2016). It 

has been found that these synaptopathies, especially ASD-related disorders 

(i.e. RETT, Fragile X, and Phelan-McDermin syndromes) are characterized 

by an unbalance between excitation and inhibition (E/I) that is tipped in either 

directions, suggesting that an interest point that need to be deeply dissected is 

the excitatory/inhibitory synaptic dysregulation that will help to resolve the 

underlying causes of ASDs (Lepeta et al., 2016). 

During these years, advanced imaging and electrophysiology techniques, 

together with molecular biology and genetics, are greatly helping 

neuroscientists to better understand the structure of the synapse and the role 

of each proteins that are present in this compartment.  

Recently, a consortium of neuroscientists published a unique public 

knowledge base for synapse, SynGO (Synapses Gene Ontology), including 

both gene ontology and  annotation of synaptic proteins , (Koopmans et al., 

2019) with the intent to provide a comprehensive definition of synapses, new 

features of dendritic spines, novel links between synapses and brain disorders. 

SynGO contains annotations for 1112 genes, which are described based on 

their synaptic localization and function, that resulted to be significantly 

overrepresented among gene variations associated with neurodevelopmental 

disorders (i.e ADHD, autism), intellectual disability and schizophrenia 

(Koopmans et al., 2019).   
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Synapses are highly specialized intercellular junctions between neurons that 

allow nervous information flowing in the circuits forming the central nervous 

system (CNS). They are information-processing base units in the CNS 

responsible for either excitatory or inhibitory neurotransmission via the 

release of glutamate/aspartate or glycine/gamma-aminobutyric acid (GABA), 

respectively, and their modulation permits the maintenance of brain 

homeostasis (Costa et al., 2017). Each synapse is composed of a pre- and a 

post-synaptic compartment, the first specialized for the release and the latter 

for the binding of neurotransmitters. The pre-synaptic compartment, 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, 

neurotransmitters 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 the pre-synaptic membrane 

and on many regulatory and structural proteins acting in a coordinated 

network such as: synaptogamin I, SNARE complex and Rab interacting 

molecules (fig. 1) (Südhof, 2012).  

 

 

 

 

 

 

 

Once released in the synaptic cleft, neurotransmitters can bind to specific 

receptors inserted in the postsynaptic membrane and thereby modifying the 

Figure 1 Representation of the molecular model of the pre-synaptic active zone and 

its relation to the synaptic vesicle fusion machinery, Ca2+ channels, and synaptic cell-

adhesion molecules (Südhof, 2012). 
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neuron membrane potential and/or activating multiple signalling molecules 

residing in postsynaptic compartment that, depending 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 (CDD) occurring at excitatory synapses, I will 

hereafter describe the postsynaptic compartment, excitatory 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 PSD was firstly described as an electron-dense specialization present 

at all mature glutamatergic synapses, is localized just below the synaptic 

membrane opposed to the presynaptic active zone (Cotman et al., 1974; Gray, 

1959). The size is heterogenous, with its diameter varying between 200 and 

800 nm while its thickness spans between 30 and 60 nm (Carlin et al., 1980).  

The PSD is a scaffold of modular proteins that can differ in molecular 

composition and morphology and it is preferentially located in small dendritic 

protrusions of postsynaptic cells called spines that receive input typically from 

one excitatory axon terminal (Gray, 1959). Spines are composed by a head 

(volume Ḑ0.001ï1 ɛm3) connected to the dendrite by a thin neck (diameter 

<0.1 ɛm) (Nimchinsky et al., 2002). They differ in shape and size and have 

been classified as: (a) óstubbyô, those which are short and thick with no neck; 

(b) óthinô those with thin and elongated neck and a small head; (c) ómushroomô 

those with a large head and a constricted neck; (d)óbranchedô those which 

branch into two heads that share the same neck (Gipson and Olive, 2017; 

Lippman and Dunaevsky, 2005) (fig.2).  
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The PSD, which size correlates both with the dendritic spine volume and 

with the number of molecules herein localized (Kasai et al., 2003), is 

composed by hundreds of signalling, scaffolding and cytoskeletal proteins, 

which role goes from anchoring glutamatergic receptors in the postsynaptic 

membrane to functionally organize and regulate receptors activity. 

Scaffolding proteins link neurotransmitter receptors with signalling 

molecules, an essential mechanism for synaptic transmission and plasticity, it 

is therefore not surprising that these proteins are highly represented within the 

genetic causes of neurological disorders (Soler et al., 2018).  

Interestingly, although both the protein composition and structure of the 

PSD change in response to synaptic activity, proteomic analyses on purified 

PSD fractions showed approximately 400 proteins that are present in all 

excitatory synapses. These proteins are divided into 13 functional categories 

(Fig 3A) and among them the most abundant are: actin, kinase/phosphatases 

and regulators (i.e. CaMKII), post synaptic density protein-95 (PSD-95), 

followed by Shank and Homer protein families and ionotropic as well as 

metabotropic glutamate receptors. In Figure 3B a schematic representation of 

the PSD is illustrated.  

Figure 2. Morphology of dendritic spines. (A) Example of a hippocampal 

pyramidal neuron filled with green fluorescent protein (GFP) imaged with two-

photon microscopy. (B) High magnification image of a hippocampal dendrite 

showing the diversity in the morphology of dendritic spines. (C) A schematic 

representation of morphological classifications of dendritic spines. Scale bars: 

20mm (A) and 2.7 mm (B). (Lippman and Dunaevsky 2005) 
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In the following sections, I shall describe the functional relevance of mostly 

representative scaffolding proteins and glutamate receptors, how their 

coordinated action promotes the maturation/stabilization of dendritic spines, 

and their role in synaptic transmission and plasticity. In addition, I will outline 

their involvement in neurodevelopmental disorders, and in particular in 

conditions associated with autistic-like behaviours.   

 

Figure 3. Proteins inside the PSD. (A) The table reports the percentage of PSD 

proteins in various functional classes (Sheng and Kim, 2011). (B) Representation of 

the complex organization and composition of the PSD. All the proteins reported (i.e. 

scaffolding, receptors, adhesion molecules, kinases) are showed with their domains 

(Feng & Zang 2009). 

A 

B 
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1.1.1 Scaffolding proteins 

1.1.1.1 Post synaptic density protein-95  

 PSD-95 is the most abundant scaffolding protein expressed at the PSD. It 

contains three postsynaptic density protein 95ïdiscs large homologue 1ï

zonula occludens 1 domain (PDZ) domains that permit either self-association 

or, by binding to a short region of the C-teminus  of other specific proteins, 

the formation of multiprotein complexes that include other scaffolding 

proteins and receptors. In general, the main function of PSD-95 is to bind and 

anchor both membrane proteins and signalling molecules in the PSD (Sheng 

and Kim, 2011). Specifically, PSD-95 binds the GluN2 subunit of the NMDA 

glutamate receptors (NMDARs) promoting its membrane insertion and 

facilitating the assembly between NMDARs and downstream signalling 

molecules (Aarts et al., 2002; Chen et al., 1998; Kim et al., 1998; Penzes et 

al., 2008, Prybylowski et al., 2005; Roche et al., 2001). Moreover, PSD-95 

may also recruit AMPA glutamate receptors (AMPARs) throug its interaction 

with the AMPAR subunit GluR1 (Schnell, 2002) suggesting that PSD-95 

could be a key regulator of synaptic plasticity and glutamatergic transmission  

(Bustos, 2014) thus determining synaptic strength (Bats et al., 2007; Chen et 

al., 2000; Coley and Gao, 2018; Nicoll et al., 2006; Schnell et al., 2002). 

Consitent with its role in regulating synaptic strenght, it has been found that 

the lack of PSD-95 induces alterations in both hippocampal long-term 

potentiation (LTP) and long-term depression (LTD) (Migaud et al., 1998), 

while its overexpression induces spines enlargement, an increase in the 

number of AMPARs and an enhancement of LTP (Berry & Nedivi, 2017; El-

Husseini et al., 2000). These synaptic processes are strongly involved in 

spines maturation suggesting that PSD-95 represents a key synaptic 

component that controls dendritic spine formation and/or spine 

elimination/pruning (Coley and Gao, 2018).  

Moreover, PSD-95, throught its PDZ and SH3 domains can interact with and 

stabilize many adhesion molecules such as neuroligins, netrin-G ligands 

(NGLs), synaptic adhesion- like molecules (SALMs), and leucine-rich repeat 

transmembrane neuronal protein (LRRTMs) thus regulating the molecular 
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organization of these proteins as showed in figure 4 (Craig and Kang, 2007; 

Irie et al., 1997; Südhof, 2008). 

 

 

 

 

 

 

 

 

PSD-95 capability of binding adhesion, scaffolding and signalling proteins, as 

well as glutamate receptors highlight how crucial is this protein in the 

formation and maturation of dendritic spines along with synaptic transmission 

and plasticity (Han and Kim, 2008).  

Interestingly, it has been also found that PSD-95 is involved in neurological 

disorders such as schizophrenia and autism spectrum disorders (ASD) (Xing 

et al., 2016). In particular, PSD-95 KO mice showed repetitive behavior (i.e. 

excessive grooming), cognitive deficits, disrupted motor coordination and 

defects in the social exploration. At the molecular level, the lack of PSD-95 

induces an aberrant density of dendritic spines and a decrease in 

AMPAR/NMDAR current ratio leading to an abnormal synaptic plasticity 

underling the behavioural defects show by PSD-95 mutant mice (Coley and 

Gao, 2019, 2018).  

 

1.1.1.2 Shank proteins family  

SHANKs are key scaffolding proteins located within the excitatory 

synapse, where they are crucial for maintaining the correct architecture of the 

postsynaptic compartment, by connecting and organizing intermediate 

scaffolding proteins and receptors.  

Figure 4. Representative images of adhesion molecules that interact with PSD-95. (A) 

Leucine-rich repeat transmembrane neuronal protein (LRRTMs) binds at the pre-

synaptic site ɓ-neurexin (A) and netrin-G ligands (NGLs) that bind netring-G1 

presented at the pre-synaptic site (B) (de Wit and Ghosh, 2014)  

A B 
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The Shank family is composed by three proteins: Shank1, Shank2 and 

Shank3 each containing the following domains: ankyrin repeat (ANK), PDZ, 

proline-rich region (PRO), sterile alpha motif (SAM) and SRC homology 3 

domain superfamily (SH3). In the CNS, the expression of these three proteins 

largely overlaps in the cortex, thalamus and hippocampus (area CA1, CA3 

and dentate gyrus). However, these proteins show also distinctive localization 

patterns, being Shank1 expressed in the Purkinje cells of the cerebellum 

(Böckers et al., 2004), Shank2 in Purkinje cells, kidney and liver (Lim et al., 

1999), while Shank3 is enriched in the striatum, in the granules of the 

cerebellum and it is also present in both heart and spleen tissues (Peça, J. et al 

2001; Lee at al 2015; Wang et al 2016; Lim et al., 1999). The scaffolding 

function of Shank proteins is possible through the interaction with both PSD-

95 and Homer (Kim and Sheng, 2004; Sheng and Kim, 2000). Despite their 

differential localization, all three Shank proteins form a multiprotein complex 

with PSD-95, GKAP and Homer proteins which represents the core structural 

framework of the PSD (Baron et al., 2006; Tu et al., 1999) (fig. 5) and that 

facilitates the crosstalk between metabotropic and ionotropic glutamate 

receptors (Monteiro and Feng, 2017). 

 

 

 

 

 

 

 

The role of Shank was firstly evaluated by in-vitro approaches: it was 

initially found that overexpression of Shank1 in hippocampal neuronal 

cultures promotes the maturation and growth of dendritic spines, suggesting 

its central role at the PSD (Sala et al., 2001, 2003). Furthermore, the same 

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

Figure 5. Simplified 

representation of Shank-

interacting proteins 

within the postsynaptic 

compartment (From 

Monteiro et al., 2017). 
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functional maturation, is dependent on the binding between Shank and 

Homer1 (Sala et al., 2001).  

It has been found that about 1% of individuals affected by ASD carry 

mutations in the Shank gene family, further supporting the idea that Shank 

proteins are crucial for correct circuits formation and synaptic function (Arons 

et al., 2012; Berkel et al., 2010; Durand et al., 2007; Gauthier et al., 2009; 

Moessner et al., 2007). While deletions and point mutations on Shank1 and 

Shank2 genes are the cause of ASD-like behavioural abnormalities, both 

frameshift and point mutations on Shank3 gene are carried by individuals with 

ASD and is responsible for PhelanïMcDermid syndrome (PMS), a rare 

genetic condition caused by a deletion of the terminal end of chromosome 22 

in the 22q13 region containing the Shank3 gene (Arons et al., 2012; C. M. 

Durand et al., 2012; Leblond et al., 2014).  

In order to study the role of Shank proteins in-vivo, several mouse models 

have been generated. As expected, all Shank proteins mutant mice presented 

significant alterations in spine number and size that were correlated with the 

downregulation of Homer, NMDARs and AMPARs (Hung et al., 2008; 

Vicidomini et al., 2017). In particular, Shank1 KO mice exhibit a selective 

loss of the larger PSDs in the hippocampus CA1 area, a morphological 

altaration underlying deficits in both frequency and amplitude of miniature 

excitatory postsynaptic current (mEPSC). Moreover, these morpho-functional 

defects are associated with impairment in hippocampus-dependent memory 

mechanisms and contextual fear memory (Hung et al., 2008). 

 Similarly, also Shank3 null mice display both synaptic and behavioural 

defects. In the absence of Shank3 the amount of several PSD proteins, such as 

Homer1bc, GKAP/SAPAP proteins, mGluRs, NR2A and GluA1 subunits of 

NMDARs and AMPARs is affected (Guang et al., 2018). Furthermore, 

Shank3 deletion alters dendritic spines size and number, synaptic transmission 

and NMDA-dependent LTP in the hippocampus (Ebrahimi-Fakhari and 

Sahin, 2015) and weakens mGluR1/5-mediated intracellular signalling, an 

effect probably produced by the reduced co-localization between Homer1bc 
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and PSD-95 that is observed in Shank3 mutants. Moreover, Shank3 KO mice 

display ASD-like signs, largely recapitulating the defects shown by PMS and 

ASD patients, such as impaired social interaction, restricted interests, 

avoidance behaviours, increased aggressiveness, increased repetitive and 

anxiety-like behaviours as well as  impaired learning (Monteiro and Feng, 

2017; Vicidomini et al., 2017). 

 

1.1.1.3 Homer proteins family  

 Homer proteins share with Shank and PSD-95 the role of scaffolding 

proteins that are involved in the regulation of spine morphology, especially 

throught their co-operation with Shank that induces the enlargement and 

consequently the functional maturations of dendritic spines (Sala et al., 2001). 

As Shank, also Homer belong to a family that is composed of three proteins: 

Homer1, 2 and 3. Homer1 and 2 share the same pattern of expression as they 

are present in cerebral cortex, thalamus, hippocampus and cerebellum. 

Differently, Homer3 expression is limited to the hippocampus and the 

cerebellum (Shiraishi-yamaguchi and Furuichi, 2007). Homer proteins come 

in two different isoforms: Homer b/c is the long isoform with a conserved N-

terminal Ena/VASP homology 1 domain that allows the binding and the 

proper membrane insertion of mGluRs, as well as the interaction with both 

IP3 and Shank (Tu et al., 1999; Xiao et al., 1998). Moreover, this long isoform 

also contains a C-terminal coiled-coil (CC) domain that induces the self-

multimerization of Homer b/c, a complex that facilitates signal transduction 

and downstream pathways activation. Differently, Homer 1a, the short 

isoform, acts as an immediate early gene (IEG), lacks the CC domain and it 

competes with the constitutive long isoform by disrupting the multimerizatino 

of Homer b/c and negatively regulating synaptic activity (Fig. 6; Wang et al., 

2015).  
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Studies on knockout mice of all the Homer genes showed that these mutants 

exhibited defects in the memory formation as well as motivational, emotional, 

cognitive and sensorimotor abnormalities, closely mimicking the sighs 

showed by patients affected by schizophrenia that presented mutations on 

Homer1 and 2 genes (Inoue et al., 2009; Norton et al., 2003; Soler et al., 2018; 

Spellmann et al., 2011). Moreover it has been reported that Homer is also been 

implicated in Fragile X and Alzheimerôs disease (Foa and Gasperini, 2009). 

In sum, the families of scaffolding proteins PSD-95, Shank and Homer 

form a multiprotein complex that is necessary, beside their structural function, 

for the correct membrane protein stabilization and activity of glutamatergic 

receptors, thus partecipating into crucial mechanisms for correct brain 

development and function.  

 

1.1.2 Glutamate Receptors  

The glutamate receptors are divided into ionotropic ligand-gated 

heterotetrameric ion channels (iGluRs), that include AMPA-, NMDA- and 

kainate-type receptors, and the metabotropic receptors (mGluRs). AMPARs 

and NMDARs mediated basal synaptic transmission (Karakas et al., 2015), 

while the postsynaptic mGluRs response is slower and have longer-lasting 

cellular effects. These two types of glutamate receptors differ profoundly in 

Figure 6. Representative cartoon of 

Homer1 proteins localization and 

interaction. Long-form Homer- binds to 

mGluRs and creates a physical coupling 

between the receptors, Shank proteins 

and IP3 receptors. Homer1a (short 

isoform) competes with Homer dimers 

for binding to the COOH-terminus of 

mGluRs, Shank proteins, IP3 receptors, 

disrupting the physical interactions of 

the multimeric protein complex. This 

disruption results in functional 

alteration of the mGluRs signalling. 
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their molecular structure: iGluRs are channels that, once the ligand is bound, 

changes their conformation and allow the entrance of specific ione charges. 

Differently, mGluRs are 7 trans-membrane (TM) proteins that, when the 

ligand is bound, initates signalling cascades that can influence, either locally 

or in the nucleus, the expression of other proteins to promote neuronal activity 

and plasticity. In addition, these two groups of receptors differ for their 

localization in the PSD: while iGluRs are highly enriched in the core of the 

PSD opposing the presynaptic release site, the mGluRs are preferentially 

enriched in the perisynaptic membrane, more distant than iGluRs from the 

vesicle release site, and seem to be largely excluded from the PSD, as shown 

in figure 7 (Scheefhals and MacGillavry, 2018).   

Because during my Thesis work I focused my interest on mechanisms that 

mGluRs-mediated regulation of NMDARs, I shall hereafter describe in more 

details these two classes of glutamategic receptors. 

   

 

1.1.2.1  NMDA receptors 

The main role of NMDARs is to allow the entrance of Ca2+ into the 

postsynaptic compartment, in response to neuronal depolarization caused by 

AMPA receptors activation, that under specific circumstances generates LTP 

of synaptic connections, a form of plasticity that is though to represent the 

Figure 7. Representative image that show the subsynaptic distribution of the AMPAR, 

NMDAR and mGluR1/5-type. On the right, the zoom of the synapse inside view 

reveals the positioning of the glutamate receptor types: AMPARs and NMDARs are 

located in the core of the PSD, while mGluRs are out of this zone (Scheefhals and 

MacGillavry, 2018). 
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neuronal code for learning and memory storage (Blanke and VanDongen, 

2009; Sheng and Kim, 2002). These receptors are composed of four subunits, 

two NR1 subunits and two NR2 subunits that 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 expressed after birth and rises steadily to 

become widely and abundantly present in all CNS in the adult brain. In 

contrast, the NR2B subunits are present from the embrionic stage and their 

expression peak around the first postnatal week and progressively decline. 

Despite the differential stage-expression, both NR2 subunits can directly bind 

the PDZ domain of PSD-95 (Al -Hallaq et al., 2001; Okabe, 2007; Paoletti et 

al., 2013; Sornarajah et al., 2008; Sorokina et al., 2011). To evaluate the role 

of NMDARs, different mutant mice have been generated: all of them show 

schizophrenya-like behavioural and memory deficits even if they do not 

present any defects in either synaptic morphology or protein composition, 

despite the activation of NMDAR induces the phosphorlyation of over 100 

PSD proteins (Okabe, 2007; Sheng & Kim, 2011). Moreover, mutations on 

GRIN2A and GRIN2B, genes encoding the NMDARs subunits, are found in 

ASD patients showing defective communication and sociability in addition to 

repetitive behaviors (Lepeta et al., 2016). 

Moreover, the modulation of NMDARs can be regulated also by the  

activation of the mGluRs, through mechanisms that involve Shank, Homer 

and PSD-95, as illustrated in the following paragraph.  

 

1.1.2.2 Metabotropic glutamate receptors 

 The mGluRs are 7TM-receptors that belong to the class C of G-protein 

coupled receptor (GPCR) family and that, based on the second messenger 

pathways that they initiate upon activation, they have been subdivided into 

three classes (Baude et al., 1993; Nakanishi and Masu, 1994; Pin and 

Duvoisin, 1995; Shigemoto et al., 1993). Group I includes by mGluR1 and 

mGluR5 which are primarily localized at the periphery of the PSD in neurons 

and also in glial cells. These receptors are positively coupled to the GŬq-
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linked pathway, which generates diacylglycerol (DAG) and inositol 1,4,5-

trisphosphate (IP3) (Conn and Pin, 1997; Han and Kim, 2008). Group II 

consists of mGluR2 and mGluR3 expressed at both pre and post-synaptic sites 

while group III, that is composed by mGluR4, mGluR6, mGluR7 and 

mGluR8, is predominantly located predominantly at the pre-synaptic site 

where they have been reported to regulate the release of neurotransmitters 

(Baude et al., 1993; Shigemoto et al., 1993). Both group II and III are linked 

to the GŬi/o which inhibits adenylate cyclase thus preventing cAMP 

formation (Kolber, 2015; Niswender and Conn, 2010; Pin and Acher, 2002; 

Schoepp, 2001). Figure 8 shows the synaptic and glial localization of the 

different mGluRs groups and the respective coupled G-proteins. 
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Importantly, mGluRs play key roles in various forms of synaptic plasticity, 

such as those underlying learning and memory as well as in neuronal circuits 

development (Citri & Malenka, 2008; Gladding et al., 2009; Lee et al., 2006; 

Ronesi & Huber, 2008; Tsanov & Manahan-Vaughan, 2009). Among group I 

metabotropic receptors, mGluR5  has been intensively studied lately also 

because of its involvement in several neurodevelopmental diseases. The 

Figure 8. (A) Schematic representation of mGluRs at the synapse. In general, 

group I mGluRs (green) are localized postsynaptically, and group II (blue) and 

III (red) receptors are localized in presynaptic locations. In presynaptic locations, 

mGluRs 2, 3, 4, and 8 are generally found in extrasynaptic locations, and mGluR7 

is highly localized to the active zone. Group II and III receptors inhibit release of 

glutamate (left, yellow circles) or GABA (right, red circles), whereas group I 

receptors promote release when present. There are also present other 

glutamatergic and gabaergic receptors. (B) Representation of the of G-protein 

couple the mGluRs. Group I mGluRs signal via Gq proteins to increase 

intracellular calcium and induce also protein phosphorylation; whereas Group II 

and III couple to cAMP inhibition. (Kolber, 2015; Niswender and Conn,2010) 
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activation of mGluR5 initiates various signalling pathways including the 

PI3K/AKT/mTOR pathway that is crucially involved in activity-dependent 

protein synthesis and cytoskeleton remodelling at the synapse. Moreover, 

mGluR5 also triggers the expression of IEGs, such as c-fos and ARC, which 

upregulation is required for several forms of neuronal and syaptic plasticity 

(Minatohara et al., 2015). Differently from c-fos, which expression is confined 

inside the nucleous, ARC mRNA is transported to dendrites and subsequently 

in spines where it can be rapidly translated (Farris et al., 2014).  

Among the consequences of mGluR5 activation the modulation of 

NMDAR function, that is mediated through interaction with Homer, Shank 

and PSD-95 (Fig.10), is one of the most investigated. This cross-talk between 

ionotropic and metabotropic receptors reinforces excitatory synaptic 

transmission (Wei Guo et al., 2004; Heidinger et al., 2002; Ribeiro et al., 

2017) as it has been found that both abnormal membrane insertion and 

disruption of mGluR5 downstream signalling pathway produces severe 

dysfunctions of NMDAR-mediated synaptic transmission (Aloisi et al., 2017; 

Reiner and Levitz, 2018; Vicidomini et al., 2017). 
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Figure 9. The crosstalk between mGluR and the NMDAR at the postsynaptic 

compartment is mediated by Homer, Shank and PSD-95. (Modified from Santini et 

al., 2014). 
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1.2 The involvement of mGluR5 in neurodevelopmental 

disorders 

During the past years, many evidences have emerged suggesting that 

alterations in mGluR5 signalling pathway are shared by neurodevelopment 

disorders associated with ID and ASD, such as PMS, Fragile X Syndrome 

(FXS) and Rett syndrome (RTT).  

PMS is a syndromic form of ASD caused by mutations on the Shank3 gene. 

Shank3 haploinsufficient patients manifested neonatal hypotonia, ID, severe 

delayed or absent speech and autism signs such as impairment in the social 

interactions and structural brain abnormalities (Kolevzon et al., 2014). Shank3 

KO mouse models largely recapitulate these signs displaying excessive self-

grooming, impaired social interaction and restricted interests. The absence of 

Shank3 affects both the amounts and the activity of mGluR5 as well as  

synaptic transmission. In particular, these studies showed that the loss of 

Shank3 prevents the formation of the Homer1bc-mGluR5 complex and 

disrupts mGluR5 downstream signalling with consequences such as impaired 

Ca2+ release and abnormal NMDAR function (Vicidomini et al., 2016). 

Moreover, Verpelli and colleagues found that by knocking down Shank3 in 

neuronal cultures, a specific impairment of synaptic mGluR5 signalling was 

caused that induces abnormal LTD expression (Verpelli et al., 2011). 

Interestingly, the Shank3 KO mice treated with a mGluR5 positive allosteric 

modulator (PAM), CDPPB, showed very promising amelioration of both 

behavioural and morpho-functional defects (Vicidomini et al., 2017).  

The neurodevelopmental disorder FXS is caused by massive CGG-repeat 

expansion mutation or by point mutations in the FMR1 gene (Garber et al., 

2008). Patients affected by FXS show deficits in working and short-term 

memory, executive function, language, mathematics and visuospatial 

processing, beside presenting both autistic behaviours and increased anxiety 

(Saldarriaga et al., 2014; Bagni & Zukin, 2019; Ciaccio et al., 2017). FMRP 

is a regulator of protein synthesis: it blocks the translation of several target 

mRNAs by interacting with CYFIP1, a protein essential for actin cytoskeleton 
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remodelling (De Rubeis et al., 2013). In addition, the lack of FMRP induces 

the hyperactivation of PI3K/AKT/mTOR pathway and decreased neuronal 

autophagic activity. In FMRP KO mice neurons the mGluR5 signalling is 

altered causing unbalanced protein synthesis that leads to an excessive 

translation of several synaptic or plasticity-related proteins, and, therefore, an 

increased synaptogenesis. Exaggerated neuronal protein synthesis is thought 

to explain also the high frequency of immature dendritic spines, one main 

morphological characteristic shown by pyramidal neurons from FMRP KO 

mice (Bear et al. 2004). Another process impaired in FMRP KO mice is the 

mGluR5-dependent LTD which is enhanced in these mice likely because the 

rate of  AMPAR endocytosis is 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 anxiety (Bagni and Zukin, 2019).  

Aloisi and colleagues (Aloisi et al., 2017) have recently demonstrated that the 

mGluR5-Homer1bc complex can be disrupted by the absence of FMRP, an 

alteration that impacts on mGluR5 cell-surface dynamics increasing their 

activation. The weaker interaction between mGluR5 and Homer1bc causes an 

increase of mGluR5-NMDARs co-localizatinon at synaptic sites, increasing 

the amplititude of mGluR5-dependent LTD (Aloisi et al., 2017). When these 

mice where treated with CTEP, a negative allosteric modulators (NAM) of 

mGluR5, the excessive protein synthesis was reduced the mGluR-dependent 

LTD normalized (Michalon et al., 2012), indicating that reducing mGluR5 

activity could rescue several critical pathological signs, such as protein 

synthesis and behavioural defects shown by FXS mouse models. 

So, given the encouraging results obtained from preclinical studies, large 

clinical trials were conducted between 2008 and 2014 using the mGluR5 

NAM, mavoglurant. However, phase IIb studies failed to replicate the 

behavioural improvements observed in previous phases. Beery-Kravis and 

colleagues recently tried to explain this failure. One 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 MECP2, a gene encoding an epigenetic factor 

that binds to methylated DNA CpG islands regulating gene expression (Na 

and Monteggia, 2011). RTT patients show features overlapping with 

idiopathic forms of ASD in addition to verbal and non-verbal communication 

deficits, disrupted gait dynamics, characteristic hand stereotypies, 

developmental regression and ID that appeared around 2 years old (Nomura, 

2005). Signs of abnormal expression of mGluR5 and a decrease of its 

downstream signalling pathway have been found both in the motor cortex 

from autoptic RTT patients tissue and in the mouse model of the disease 

(Gogliotti et al., 2016), suggesting that a successful preclinical study could be 

readily translated into humans. To this aim, Gogliotti and colleagues treated 

RTT mice with the PAM VU0462807 and found that ameliorated both 

behavioural and signalling defects in these mutants (Gogliotti et al., 2016). In 

contrast Tao and colleagues (2016) found that loss of MeCP2 leads to an 

aberrant upregulation of mRNAs in hippocampal CA1 neurons that 

overlapped with FMRP direct targets and autism susceptibility genes. Given 

this similarity with FMRP KO mice, these authors treated Mecp2 KO mice 

with CTEP, the mGluR5 NAM. They found that a chronic treatment of these 

mutants with CTEP, induces a downregulation of the ribosome-bound 

mRNAs, an improvement of life span, a rescue of the reduced soma size in 

CA1 hippocampal neurons, but it does not have any effect on motor and 

anxiety deficits (Tao et al., 2016).  

In conclusion, it is becoming more and more clear that a crucial link exist 

between ASDs, synapses and mGluR5 strongly suggesting that it is important 

to thoroughly assess the validity of these receptors as putative theraputic target 

for pharmachological approaches targeting diseases without cure that are 

identified as ñsynapthopatiesò. 
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2. Cycline dependent kinase-like 5 (CDKL5)  

The PSD not only contains scaffolding proteins, but also signalling 

molecules and kinases such as for instances CamKII, ERK, MAPK, all 

important determinants of neuronal morphology, communication and 

plasticity thus also involved in neurodevelopmental disorders. In this second 

chapter, I am going to describe one of protein kinases recently described in 

the PSD, cycline dependent kinase-like 5 (CDKL5), which mutations are the 

cause of CDD (OMIM 300203, 300672), the centre of my PhD studies.  

 

  2.1 CDKL5: the gene and the 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 disorders (Montini et al., 1998). 

Originally, Kalscheuer and colleagues (2011) found that CDKL5 was 

composed of 23 exons, however, more recently new exons containing distinct 

coding regions have been found which in total generate five (hCDKL5_1 to 

hCDKL5_5) human CDKL5 transcript isoforms  (Hector et al., 2016). 

Recently, Hector and colleagues evaluated the expression of these five 

isoforms analysing different tissues using, through RT-PCR (fig.10). 

Figure 10 Human CDKL5 gene and transcript isoforms. Image showing the structure 

of human CDKL5 gene and the exon composition of the five isoforms (hCDKL5_1 to 

hCDKL5_5). For each isoform lines linking exons indicate the splicing events whereas 

asterisks close to exon numbers indicate the location of the differences between the 

isoforms. Dotted lines indicate alternative splice sites (image taken from Hector et al., 

2016). 



29 
 

This study showed that hCDKL5_1 encodes the 960 amino acid CDKL5 

protein (107 kDa), the most abundantly isoform expressed in the CNS 

although it 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 exons, encoding 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, 

respectively, but they lack 51 bases from the 3ô end of exon 11, so they 

encode for transcripts 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 as CDKL5115, is the only CDKL5 isoform containing exons 19, 20, 

21 and 22 and its transcript is composed by 1030 amminoacids. This isoform 

is only present in testis. 

 CDKL5 transcripts are evolutionary conserved between species, and it has 

been found that mouse sequences mCdkl5_1 and mCdkl5_2, are orthologous 

to hCDKL5_1 and 2 respectively as shown in figure 11 (Fichou et al., 2011; 

Hector et al., 2016). Specifically, mCdkl5_1 is the most abundant isoform in 

the mouse brain, even if lower levels were found in the spleen, heart and testis. 

mCdkl5_2 is expressed also in the brain but at lower levels compared to 

mCdkl5_1. No orthologues sequences were found for hCDKL5_3 and 

hCDKL5_4 in the mouse, while three alternative mouse isoforms, mCdkl5_6, 

_7 and _8 have been identified. mCdkl5_6 and mCdkl5_7 are highly enriched 

in the testis of the adult mouse, similarly to hCDKL5_5, whereas mCdkl5_8 

is found in the spleen and at very low levels in brain, heart, liver, lung and 

testis.  

 

 

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 cyclin-dependent kinases (CDKs), 

mitogen-activated protein kinases (MAP kinases), glycogen synthase kinases 

(GSK), and CDK-like kinases (CDKL). The N-terminal domain of all the 

CDKL5 isoforms contains the catalytic domain characterized by Thr-Xaa-Tyr 

(TEY) motif. At the C-terminal domain there are two nuclear localisation 

signals (NLS) and one nuclear export signal (NES), which are involved in 

CDKL5 cellular localization as suggested by molecular analysis on 

fractionated cytoplasmic and nuclear extracts (Rusconi et al., 2008) (fig. 12 

A-B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. (A) Schematic representation of CDKL5115 protein with its functional 

domains. NLS: nuclear localization signal; NES: nuclear export signal. (B) The 

subcellular distribution of CDKL5 varies between the individual areas of the adult 

mouse brain. Fractionated cytoplasmic and nuclear extracts were prepared from 

different brain areas (as indicated in the image) of P120 mice and CDKL5 levels 

determined by Western blotting using MeCP2 and GAPDH as nuclear and 

cytoplasmic markers (upper, middle, and lower panels, respectively); (image taken 

from Kilstrup-Nielsen et al. 2012 and Rusconi et al., 2008). 
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Cellular and biochemical analysis showed that CDKL5 is mostly present in 

NeuN-positive neurons, while its expression in glial cells is quite low. 

Moreover, Rusconi and colleagues found that at birth CDKL5 is mainly 

localized in the cytoplasm while from postnatal day 14 it progressively 

appears also in the nucleus. In addition, this CDKL5 subcellular translocation 

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 nucleus (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 are present at the 

CDKL5 C-terminus domain indicating that this part is as well as the catalytic 

domain is relevant for the correct function of CDKL5 (Kilstrup-Nielsen et al., 

2012) (fig 13).  

  

 

Figure 13. The image showed the localization of all the CDKL5 mutations discovered. 

Above are showed deletions and frame shift mutations as well as splice variants indicated 

with cDNA nomenclature. In fuchsia are represented missense while in black nonsense 

mutations (image taken from Kilstrup-Nielsen et al. 2012). 
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  2.2. CDKL5 functions 

2.2.1 CDKL5 in the nucleus: a modulator of epigenetic factors  

As mentioned above, CDKL5 is a kinase that shuttles between the nucleus 

and the cytoplasm suggesting that it could play a role in both cellular 

compartments. In the nucleus, CDKL5 is localized in the nuclear speckles, are 

sub-nuclear structures involved in the storage and processing of pre-mRNA 

splicing factors. In the nucleus CDKL5 may also interacts and phosphorylates 

MeCP2 that is exclusively expressed in this compartment, suggesting that 

these two proteins could belong to the same molecular pathway (Mari et al., 

2005; Ricciardi et al., 2009). CDKL5 also binds and phosphorylates the DNA 

Methyltransferase 1 (DNMT1), an enzyme implicated in the correct 

maintenance of DNA methylation pattern (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 (HDAC4). Specifically, CDKL5 phosphorylation activity 

maintains HDAC4 inside the cytoplasm thereby blocking its translocation and 

preventing its transcriptional repressor activity. All these data suggest that 

CDKL5 plays a relevant role in those mechanisms underlying gene expression 

by regulating epigenetic processes through MeCP2, HDAC4 and DNMT1, as 

well as post-transcriptional processes by controlling the pre-mRNA 

machinery. However, whether CDKL5 produces direct effects on gene 

transcription is still unclear and it will need further in-depth investigation. 

Finally, due to CDKL5 nuclear localization it was reported that in human 

neuroblastoma it may also control both cell cycle and the neuronal 

differentiation (Valli et al., 2012). Indeed, CDKL5 actively blocks the cell 

cycle and promotes nerve cells differentiation. Accordingly, mice lacking 

CDKL5 exhibit a higher proliferation 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 that cytoplasmic CDKL5 is critically involved in 

neuronal morphogenesis and dendritic arborisation via its interaction with F-

actin in the growth cone and, upon BDNF induction, with Rac1 activity, a 

member of the Rho GTPases important for cytoskeletal reorganization (Chen 

et al., 2010; Ricciardi et al., 2012). Recently, the laboratory of Sila Ultanir, 

using affinityȤbased purification of phosphorylated substrateȤderived 

peptides, identified by mass spectrometry, direct CDKL5 phosphorylation 

substrates such as microtubules-associated proteins that are involved in the 

control of the actin cytoskeleton (Baltussen et al., 2018). Particularly, 

Baltussen and colleagues discovered three microtubule-associated proteins: 

MAP1S, EB2 and ARHGEF2 which phosphorylation is impaired in CDKL5 

mutant mice (Baltussen, et al., 2018). Moreover, Muñoz and colleagues 

(2018), through a phosphoproteomic screen, identified and validate other 

CDKL5 cellular substrates: CEP131 and DLG5 in addition to MAP1S, all 

proteins involved in the regulation of microtubule and centrosome function 

(Muñoz et al., 2018). Furthermore, they also reported that pathogenic 

mutations in CDKL5 gene inhibit the phosphorylation of MAP1S and CEP131 

(Muñoz et al., 2018). These molecular abnormalities induced alteration of the 

microtubule dynamics and in the cargo transport regulation, two defects that 

likely explains the atypical dendritic arborization of pyramidal neurons that is 

produced by CDKL5 loss-of-function mutations (Amendola et al., 2014; Chen 

et al., 2010; Tang et al., 2017; Zhou et al., 2017). Importantly, the 

identification of these new substrates disclosed the consensus motif, RPXS*, 

that is recognized by CDKL5, providing with a powerful tool in order to 

further explore for other phosphorylation substrates of CDKL5. Figure 14 

shows all the substrates of CDKL5 and the cytoskeletal function in which they 

are involved. 
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It has been recently shown that CDKL5 is targeted at the PSD through its 

direct interaction with the palmitoylated form of PSD-95 (Zhu et al., 2013). 

Interestingly, this interaction induces the CDKL5-mediated of NGL-1, a cell 

adhesion molecule (CAM) that plays a crucial role in synapse formation and 

homeostasis (Lin et al., 2003). Furthermore, Ricciardi and colleagues (2012) 

demonstrated that NGL-1 phosphorylation stabilizes its association with PSD-

95 promoting dendritic spine maintenance as well as excitatory 

neurotransmission. Importantly, the same study revealed that neurons 

established from fibroblast-derived pluripotent stem cells (iPSCs) of CDD 

patients show abnormalities in dendritic spine structure (Ricciardi et al., 

2012), suggesting that CDKL5 is implicated in the structural organization of 

dendritic spines. The involvement of CDKL5 in dendritic spines assembly is 

also supported by an in vivo two-photon microscopy study that disclosed the 

role of CDKL5 in the dynamic of spines turn-over in the cerebral cortex (Della 

Sala et al., 2016). Specifically, this study shows that the loss of CDKL5 

induces an increase in the rate of spine elimination in comparison to spines 

growth/stabilization, leading to a significant reduction in the density of mature 

Figure 14. The image shows CDKL5 substrates and their cytoskeletal function (A) The 

(auto)phosphorylation of CDKL5 induces the phosphorylation of various cellular 

pools of substrates in the consensus Arg Pro X Ser Ala, leading to phosphorylation

dependent changes in microtubule dynamics and cargo transportation. (B) Examples 

of pathogenic CDKL5 CDD mutations which reduces the kinase activity of CDKL5 and 

consequently block the phosphorylation of CDKL5 substrates. Changes in cytoskeletal 

dynamics, including loss of targeted EB2 and MAP1S phosphorylation, promote 

abnormal microtubule functions and neuronal phenotypes associated with CDD 

(Eyers, 2018) 
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spines confirmed also by the downregulation of PSD-95 localization at 

synapses. Importantly, these anatomical defects were associated with 

functional alterations in the cortex such as impaired excitatory synaptic 

transmission and LTP maintenance (Della Sala et al., 2016). These data, 

followed by others reported in more recent studies, strongly indicated that 

CDKL5 plays a central role in both the regulation of dendritic spine stability 

and in the synaptic plasticity (Amendola et al., 2014; Della Sala et al., 2016; 

Tang et al., 2019). While in post-mitotic neurons, CDKL5 is involved in the 

dendritic arborization, axon outgrowth, spine formation and stabilization, its 

role is still largely unknown in proliferative cells. Recently, Barbiero and 

colleagues analysed the role of CDKL5 in these cells and they found that is 

localized in the centrosome and at the midbody of proliferating cells (Barbiero 

et al., 2017). They also revealed that an acute inactivation of CDKL5 by RNA 

interference induces a multipolar spindle formation and cytokinesis failure 

due to the concomitant absence of HIPK2 from the midbody and its 

cytokinesis target (histone H2B). So, these results suggested a new role of 

CDKL5 in regulating faithful cell division by regulating correct HIPK2/H2B 

function in the midbody (Barbiero et al., 2017). Because of CDKL5 important 

role in proliferative cells, these data also suggest that defects in cell cycle 

progression could contribute to the pathological features associated with 

CDD.  

 

2.2.3 CDKL5 activity regulation  

It was originally found that the activity of CDKL5 can be regulated via its 

auto-phosphorylation, a modification that allows CDKL5 to phosphorylate 

MeCP2 (Mari et al., 2005). The functional significance of CDKL5 auto-

phosphorylation is still not well understood but it is likely that this mechanism 

is responsible for the self-activation of CDKL5. Interestingly, it was recently 

found in mouse neuroblastoma Neuro2a cells that the dual specificity 

tyrosine-phosphorylation-regulated kinase 1A (DYRK1A), which is only 

present in the nucleus, phosphorylates CDKL5 on the serine 308 close to the 

NLS, promoting cytoplasm localization of CDKL5 (Oi et al., 2017). 
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Furthermore, it has been reported by the groups of Prof. Landsberger and Prof. 

Kilstrup-Nielsen that CDKL5 dephosphorylation is necessary for the 

proteasomal degradation of this protein, a process that is promoted by 

phosphatase enzymes, i.e. PP1 phosphatase. Because this process is under the 

control of the NMDAR activation, this suggested that CDKL5 regulation 

involved in activity-dependent neuronal responses both during development 

and in the adult (La Montanara et al., 2015; Rusconi et al, 2011).  

Indeed, similarly to DYRK1A action also the stimulation of extrasynaptic 

NMDAR promotes the translocation of CDKL5 into the cytoplasm through 

an active nuclear export mechanism mediated by the CRM1 receptor (Rusconi 

eta al., 2011). Once in the cytoplasm, CDKL5 can be targeted to, and 

maintained at, the synapse by its binding to the palmitoylated form of PSD-

95 (Zhang et al., 2014). In turn, NMDA receptor activation activates 

temporarily Ca2+/calmodulin (CaM) that binds the PSD-95 N-terminus, 

preventing PSD-95 palmitoylation, and promoting its release from 

postsynaptic membranes. These mechanisms also hamper the binding 

between PSD-95 and CDKL5, a step that  facilitates the removal of CDKL5 

from the synapse and promotes its proteasomal degradation (La Montanara et 

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

 In sum, based on these evidences, it can be proposed that CDKL5 plays 

important roles in neuronal cells, both in the nucleus and cytoplasm, where it 

takes part in several crucial mechanisms underlying the correct organization 

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

 CDD is a X-linked neurodevelopmental condition that was identified until 

not long ago as ñEarly onset seizure variant of RTTò or ñHanefeld variant of 

RTTò because it shares several features with the classical form of RTT, that 

is caused by mutations of methyl-CpG-binding protein 2 (MeCP2) gene. The 

involvement of CDKL5, also called serine-threonine kinase 9 (STK9), in the 

onset of CDD dates to 2003 when Vera Kalscheuer and colleagues performed 

cytogenic studies, using FISH, on two young girls with mental retardation, 

infantile spasms and other neurological features, and they found that these 

patients carried mutations on STK9 gene (Kalscheuer et al., 2003). Later on, 

Tao and colleagues (2004) revealed de novo mutation on CDKL5/STK9 on 

two other patients with early-onset infantile spasms and clinical features that 

overlap to those typical for  Rett and Angelman syndrome, supporting the idea 

that CDKL5 is involved in the onset of a harmful disease (Tao et al., 2004). 

As expected, during these last years, other mutations on CDKL5 have been 

found in patients that show early onset seizures and mental retardation 

(Rademacher et al., 2011). 

Indeed, CDD and RTT patients present hand stereotypies, laughing and 

screaming spells, breathing and peripheral vasomotor disturbances and a 

range of dysmorphic features. However, in-depth clinical investigations 

demonstrated that only one quarter of female affected by CDD share similar 

characteristics with typical Rett patients thus, for this reason, CDD has been 

recently defined as an independent disease (Fehr et al., 2013). In contrast to 

RTT individuals, CDD patients do not show any period of apparently normal 

development followed by a regression phase, as in the case of RTT, but instead 

they display high rates of infantile-onset refractory epilepsy. Hypotonia, 

developmental delay, motor, visual, autonomic and sleep disturbances, 

stereotypies, gastrointestinal disturbances, abnormal muscle tone and bruxism 

almost invariably are also associated with CDD. In addition, intellectual 

disability and autism spectrum disorder phenotypes are present in CDKL5 

patients (N Bahi-Buisson & Bienvenu, 2012; Fehr et al., 2013; Mangatt et al., 

2016; Olson et al., 2019; Weaving et al., 2004). The 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 a more severe pathological phenotype (Elia 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 CDD, the clinical variability is 

very high given the skewed X chromosome inactivation explaining why not 

all patients shared the same characteristics.  

Right now, no cure is available for CDD patients. Given that the most 

devastating pathological sign shown by CDD patients is drug-resistant severe 

epilepsy, the drugs currently tested in the ongoing clinical trials are 

antiepileptics. One of this drugs is Ataluren, already approved for the 

treatment of Duchenne Muscular Dystrophy (Bushby et al., 2014; Finkelet al., 

2013) and cystic fibrosis disorders (Shoseyov et al., 2016), now it is in Phase 

II (pilot) to treat drug-resistant epilepsy for CDD patients that present non-

sense mutations. Ataluren is a small molecule (also referred as PTC124) that 

facilitates the translation of mRNA carrying nonsense mutations. This drug 

action underlies the insertion of near-cognate tRNAs at the site of the 

nonsense codon thus leading to the production of an active full-length protein 

(Roy et al., 2016). Another drug currently under trial for CDD is the 

Ganaxolone, which is in phase 3 (pivotal study). This positive allosteric 

modulator (PAM) of GABAa receptors acts by restoring the 

excitation/inhibition balance (Gasior et al., 1997) and protects against 

epileptic seizures in FXS patients and in people with PCDH19 mutations 

reducing the brain hyperexcitability. CDD patients treated with Ganaxolone 

between the ages of 2 and 21 have shown benefits on seizures, cognitive 

functions and sleep quality. In a third ongoing clinical trial (phase 2, pilot) 

CDD patients received TAK-935/ OV935 that is an experimental drug not yet 

approved for any other pathology. As Ganaxolone, TAK-935/OV935 binds 

GABAa receptors increasing their activity thus counteracting excessive 

excitation in the brain. Finally, CDD patients are being recruited for new 

clinical trial with Fenfluramine ZX008, a drug that has produces some positive 

effects in Dravet and Lennox-Gastaut syndromes patients. Differently from 
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Ganaxolone and TAK-935/OV935, Fenfluramine enhances the serotonin 

receptors to reduce the frequency of seizures (Rodríguez-Muñoz, et al., 2018), 

although how serotonin receptors are involved in epilepsy is still being studied 

(Bagdy et al., 2007). 
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4. CDKL5 mouse models  

To investigate the role of CDKL5 in the nervous system, different CDKL5 

KO mouse models showing high construct and face validity were generated 

(Amendola et al., 2014; Okuda et al., 2017; Wang et al., 2012).  

In 2012, Wang and colleagues generated a CDKL5 KO mice by deleting the 

exon 6 of CDKL5 gene (Wang et al., 2012). This mouse model shown 

hyperlocomotion, impaired motor control assessed within a home cage-like 

environment and with accelerating rotarod test respectively. Because deficits 

in social interaction are a hallmark feature of ASDs and are prevalent in CDD 

patients (Bahi-Buisson et al., 2008), they also examined sociability by probing 

these mutants in in the three-chamber test and they found that mice lacking 

CDKL5 demonstrate profound impairment in social interaction. In addition, 

these mice show impaired home-cage social behaviour assessed with nest-

building test hindlimb and forelimb clasping, decreased anxiety and 

impairments in learning and memory (Olson et al., 2019; Wang et al., 2012). 

Using the same mouse model, Jhang and colleagues studied both autistic and 

ADHD-like behaviours in juvenile CDKL5 mutant mice. They found that 

already at 4-5 weeks of age, CDKL5 KO mice show impaired social 

interaction in the three-chamber sociability maze, aberrant motor behaviour, 

hyperactivity and increased repetitive behaviours such as digging (Jhang et 

al., 2017). Altogether, these results suggest that CDKL5 KO mice represent a 

valid model for studying autistic-like traits. 

 In 2017, Tanakaôs lab generated another CDKL5 mutant mouse by removing 

the exon 2 from CDKL5 gene (Okuda et al., 2017). These authors validates 

this model using a battery of behavioural tests the outcome of which resulted 

in spatial and working memory deficits together with aberrant social 

interaction and  anxiety-like behaviour (Okuda et al., 2018).  

Even if the generation of these two mouse lines was different, their phenotypes 

almost overlap because both models recapitulate most of the behavioural 

abnormalities found in CDD patients. Indeed, these mice show motor and 

cognitive deficits but in contrast to the human condition, they do not exhibit 

neither behavioural seizures nor epileptiform activity in the EEG trace (Okuda 
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et al., 2017; Wang et al., 2012). However, the absence of epileptic seizures, 

which can produce some confounding effects, makes these mouse models 

appropriate for both the identification of the molecular and synaptic defects 

caused by the lack of CDKL5 and for the required behavioural screenings. 

More recently, other mouse models have been generated to evaluate both the 

region- and cell- specific role of CDKL5, i.e CDKL5 Nex-cKO in which 

CDKL5 is deleted only in the excitatory forebrain neurons (Tang et al., 2017) 

and CDKL5 Dlx-cKO where CDKL5 is absent only in GABAergic 

interneurons (Amendola et al., 2014; Tang et al., 2019). Moreover, to these 

two conditional mice, it has been recently added another CDKL5 mutant mice 

that brings a CDD-associated nonsense mutation, R59X in the catalytic 

domain of CDKL5 (Tang et al., 2019). The forebrain Nex-cKO conditional 

mice are characterized by impairment in hippocampal-dependent memory 

associated with decreased dendritic complexity in the pyramidal neurons of 

this area that also show a trend toward increased spine density. This 

morphological change is accompanied by an increase in the frequency of 

spontaneous miniature EPSCs and interestingly, miniature IPSCs. Using 

voltage-sensitive dye imaging it has been found that the CA1 pyramidal 

neurons lacking CDKL5 show hyperexcitability in their dendritic domain that 

is constrained by elevated inhibition in a spatially and temporally distinct 

manner (Tang et al., 2017). Instead, the Dlx-cre/CDKL5 mice show autistic-

like phenotypes accompanied by excessive glutamatergic transmission, 

hyperexcitability, and increased levels of postsynaptic NMDA receptor (Tang 

et al., 2019). Finally, the R59X CDKL5 mutant mice exhibit repetitive and 

social interaction behaviour defects that is associated with learning and 

memory deficit (Tang et al., 2019). 

 In my thesis all studies were performed on the CDKL5-KO strain developed 

in Dr. Cornelius Gross laboratory (EMBL, Rome ï Italy) and described 

originally in Amendola et al. (2014). Hence, in the following sections I will 

describe the strategy used to generate this mouse line as well as the 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 Cdkl5-KO allele was produced by germline deletion of exon 

4 of a Cdkl5 conditional KO allele generated by standard gene targeting in 

embryonic stem cells (Fig. 14A). Because Cdkl5 is localized on the X 

chromosome, the deletion of the Cdkl5 allele leads to the generation of 

homozygous females (-/-), heterozygous females (-/x) and hemizygous males 

(-/y). The absence of the Cdkl5 gene and protein was confirmed by molecular 

biology and biochemical approaches (i.e semi-quantitative PCR analysis, 

western bloting) in addition to morphological analyses (i.e. 

immunofluorescence; Fig.15 B-D). 

 

 

 

 

 

  

 

   

 

 

 

Figure 15. (A) Genomic organization of the Cdkl5 locus showing critical exon 4 

(ENSMUSE00000346596), the targeting vector that targeted Cdkl5 locus, FRT-

deleted conditional Cdkl5 knockout allele, and Cre- deleted constitutive Cdkl5 

knockout allele used in the present study. (B) Semi-quantitative PCR analysis on total 

brain RNA confirmed the absence of exon 4 but 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 CA1 hippocampus brain sections from 

Cdkl5 WT and KO mice processed for immunostaining for CDKL5 (red signal). Cell 

nuclei were counterstained with Hoechst dye (DAPI- blue signal). Scale bar: 40 µm 

(images from Amendola et al., 2014) 

D 
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4.1.1 Behavioural analyses of CDKL5 knockout mice  

Both heterozygous and homozygous female as well as hemizygous male 

Cdkl5 knockout mice have been validated (Amendola et al., 2014; Fuchs et 

al., 2018b). However, to assess the loss of function effects of CDKL5 and to 

find endophenotypes and biomarkers relevant to the human disorder the 

majority of the experiments were performed on CDKL5 KO male mice, a 

condition that recapitulate only the male CDD patients but that it serves as the 

most efficient tool to study CDKL5 functions in-vivo.  

Amendolaôs mouse model exhibit a broad spectrum of behavioural defects 

such as severe locomotor deficits hind-limb clasping (Fig. 16) and 

hypolocomotion only in the home cage but not in a novel open arena 

(Amendola et al., 2014). Moreover, male and female mutant animals exhibit 

gait impairments, motor learning and coordination abnormalities on the 

accelerating rotarod test when compared to wildtype (WT) littermates (Sivilia 

et al., 2016).  

 

 

 

 

To evaluate cognitive abilities, CDKL5 KO mice were tested in Y-Maze, 

Morris water maze and in the passive avoidance tests. Interestingly, these 

analyses, revealed that null mice show consistent deficits in hippocampus-

dependent learning and memory suggesting that CDKL5 has a role in the 

correct circuit formation underling these processes (Fuchs et al., 2014; Trazzi 

et al., 2016, Fuchs et al., 2018). All  these defects were also found in CDKL5 

heterozygous and KO female (Amendola et al., 2014; Fuchs et al., 2014, 

2018). Since CDD patients showed autistic-like behaviours, CDKL5 mutant 

mice were tested also for these defects. Indeed, CDKL5 heterozygous and KO 

female mice show autistic-like features analysed with home-cage social 

behaviour observations (i.e., nest building ability) and environmental interest 

(i.e., marble burying) that further supporting the face validity of these mutants 

in preclinical CDD research (Fuchs et al., 2018b). Interestingly, similar 

Figure 16. CDKL5 KO mice showing hind-

limb clasping (Image taken from Amendola 

et al., 2014) 
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autistic-like behaviours have been also found in the other two CDKL5 mutant 

mouse lines both in juvenile and adult mice age (Jhang et al., 2017; Okuda et 

al., 2018; Wang et al., 2012). Amendola mouse model also shows locomotor 

dysfunctions and, importantly, these mutant mice recapitulate the severe 

visual deficits found in CDD patients. Using both visual evoked responses 

(VEPs) and intrinsic optical imaging (IOS), it has been found that CDKL5-

KO mice show impairments on cortical visual responses  in both CDKL5 null 

male mice and heterozygous females (Lupori et al., 2019; Mazziotti et al., 

2017). These studies revealed that visual cortical responses are dramatically 

reduced in amplitude already at P27-P28 (Mazziotti et al., 2017). Moreover, 

visual acuity, analysed with VEPs, was found impaired in adult CDKL5 

mutant mice (Amendola et al., 2014). In light of these results, visual deficits 

and cortical visual responses are considered robust preclinical biomarkers for 

CDD. In addition, the same group, performed morphological analysis of the 

visual pathway, from the retina to the primary visual cortex (V1), in CDKL5 

mutant mice to disclose circuits determinants of visual deficits (Lupori et al., 

2019). They found that the organization of retina is normal while lack of 

CDKL5 induces a decrease of PSD-95 expression abnormal dendritic spines 

morphology and an increase VGAT+ inhibitory synapses in both the dorsal 

and lateral geniculate nucleus and V1 cortex (Lupori et al., 2019). Finally, by 

using the Emx-cre conditional CDKL5 in which CDKL5 mice, they showed 

that a selective cortical deletion of CDKL5 from excitatory cells is sufficient 

to recapitulate the visual cortical responses abnormalities shown by KO mice 

(Lupori et al., 2019).  

Although early onset seizures is the most distinctive sign of CDD, 

electroencephalographic (EEG) recordings did not reveal, so far, spontaneous 

seizures in any of the generated CDKL5 mutant mice, including the line I 

studied. However, pharmacological induction of seizures with kainic acid 

highlighted a different response in KO mice (Amendola et al., 2014). These 

experiments have shown that even though the latency to kainic acid-induced 

epileptiform activity bursts was similar between CDKL5 KO and WT 

littermates, the mean duration of high-amplitude 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 induction (Amendola et al., 2014).  

Intriguingly, Tanakaôs group found that CDKL5 controls the post-synaptic 

localization of GluN2B-containing NMDARs in the hippocampus and 

regulates seizure susceptibility in the exon-2 mouse model (Okuda et al., 

2017). Focusing on epileptic susceptibility and synaptic dysfunction in the 

hippocampus, they showed that mutant mice display significant 

hyperexcitability in response to NMDA treatment but not to kainic acid. As 

an explanation, they found a postsynaptic overaccumulation in the 

hippocampus of NMDARs containing the GluN2B subunit that these authors 

indicated as a primary cause of epileptogenesis associated with the lack of 

CDKL5 (Okuda et al., 2017). In support to this idea, they found that an acute 

injection of Ifenprodil, a GluN2B-selective antagonist, abrogates NMDA-

induced hyperexcitability in CDKL5 mutant mice. Thus, these results suggest 

that CDKL5 plays an important role in controlling the postsynaptic 

localization of GluN2B-containing NMDARs in the hippocampus, and 

thereby regulates seizure susceptibility  (Okuda et al., 2017). 

  

4.1.2 Anatomical and cellular signalling abnormalities shown by 

CDKL5 KO mice 

All the behavioural and functional defects shown by all the CDKL5-KO 

mice are associated with neuroanatomical alterations in both cortex and 

hippocampus. First of all, these mice exhibit a significant thickness reduction 

in both these brain areas, even though CDKL5 mutant mice did not show any 

abnormalities in brain weight compared to WT controls (Amendola et al., 

2014). In accordance with the reduced thickness of these areas, it was shown 

that both cortical and hippocampal pyramidal neurons of CDKL5 mutant mice 

have shorter apical dendritic arbors and reduced dendritic branching (fig. 

17A). Additionally, Fuchs et al., (2014) found that in CDKL5 KO the 

proliferation rate of dentate gyrus neural precursors is higher compare to WT 

animals. This defect is paralleled by an increase in apoptotic cell death that 

mainly affect immature granule neurons and that produces a reduction of total 
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of mature granule cells number. In addition to 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 branching (fig. 17A). 

  

 

 

 

 

Moreover, it was found by Della Sala et al. (2016) that CDKL5 loss induces 

a reduction of dendritic spine density in somatosensory cortex (S1). Through 

two-photon microscopy approaches it was possible to understand that this 

synaptic abnormality results from enhanced levels of spines turnover 

produced by the absence of CDKL5. This higher turn-over induces an increase 

of the spines elimination rate rather than defects in spine formation. One 

possible explanation is that, in the absence of CDKL5, dendritic spines cannot 

mature normally as supported by the evidenced showing that the synaptic 

localization of PSD-95 is severely impaired in CDKL5 mutants (fig. 17 B, C). 

Thus, due to altered organization of the PSD, dendritic spines are not stable 

and get abnormally eliminated at higher rates when CDKL5 is lacking. 

Intriguingly, these morphological defects were associated with impairment in 

long-term potentiation (LTP) maintenance, and reduction in spontaneous 

Figure 17. (A) Representative images of reconstructed neurons from adult Cdkl5 WT 

and KO mice that show reduced dendritic arborisation in mutant mice (image taken 

from Amendola et al., 2014). (B) Image of a dendritic branch from adult WT and KO 

mice showing decreased spine density in Cdkl5 mutants. (C) Representative confocal 

micrographs of PSD-95+ puncta in the neuropil of S1 layers II-III from Cdkl5+/y and 

Cdkl5-/y mice (Scale bar: 5mm) (modified from Della Sala et al., 2016). 

A B 
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excitatory postsynaptic current (EPSC) frequency in the cortex of CDKL5 KO 

mice (Della Sala et al., 2016).  

Concerning the molecular mechanism whereby loss of Cdkl5 may alter brain 

development, it has been found that the cortex of CDKL5 KO mice show 

decreased levels of the phosphorylated forms of phosphorylated ribosomal 

protein S6 (rpS6), indicating that Cdkl5 loss impacts the Akt/mTOR pathway, 

a molecular cascade critical for protein synthesis (Amendola et al., 2014). This 

abnormality is associated with the alteration in the AKT/mTOR/GSK-3ɓ 

signalling pathways in hippocampal CDKL5 KO neurons (Fuchs et al., 2015; 

Okuda et al., 2017). In particular, Fuchs and colleagues found that alteration 

of GSK-3ɓ induces an abnormal high proliferation rate of granule cells 

precursors in the dentate gyrus of the hippocampus in mutant mice (Fuchs et 

al., 2015). Moreover, these cells show a reduced arborization with fewer 

branches, suggesting that GSK-3ɓ impairments can negatively impact these 

morphological aspects (Fuchs et al., 2015). Defects in the AKT/mTOR/GSK-

3ɓ signalling pathway have also been found in the other CDKL5 KO mouse 

models. Indeed, Okuda and colleagues, suggested that abnormalities in this 

pathway may be involved in both neurogenesis and neuronal maturation 

defects but also in the enhancing NMDAR-mediated EPSCs and LTP in the 

CA1 region  (Okuda et al., 2017). In contrast, mutant  mice at an advanced 

stage of the disease (i.e.: 9ï12 months), show an increased phosphorylation of 

rpS6 (Vigli et al., 2019), suggesting that the lack of CDKL5 could impact the 

mTOR pathway differently during development.   
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5. Preclinical evaluation of therapeutic approaches 

for CDD  

In the past years, different laboratories set up the preclinical evaluation of 

novel treatments, with some encouraging results with the goal to correct or at 

least ameliorate the signs shown by CDKL5 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 IGF-1. They found that an acute injection in mutant 

mice with IGF-1, an upstream activator of such molecular cascade, rescued 

both signalling activity and synaptic defects such as rpS6 activation, abnormal 

dendritic spines turnover and PSD-95 expression (Della Sala et al., 2016). 

Because an upregulation of the GSK3ɓ signalling pathway was found in 

the hippocampus of CDKL5 KO mice, Fuchs and colleagues treated these 

mutants with a selective GSK3ɓ inhibitor, SB216763. This chronic GSK3ɓ 

inhibition restored a broad range of cellular and behavioural defects such as 

neuronal precursor survival, dendritic maturation, neuronal connectivity and 

hippocampus-dependent learning and memory (Fuchs et al., 2015). More 

recently, the same group used a different GSK3ɓ inhibitor, Tideglusib, with 

high translational potentials. In such study they found that this treatment in 

juvenile animals improved both hippocampal formation and hippocampus-

dependent behaviours defects shown by CDKL5 KO mice, while treatment 

during adulthood had no effects (Fuchs et al., 2018). Moreover, CDKL5 KO 

mice, also show a clear deficits in the phosphorylation of HDAC4 leading to 

its cytoplasmic accumulation in neuronal precursor cells from Cdkl5 KO mice 

and an enhancement of HDAC4-mediated gene silencing (Trazzi et al., 2016). 

Intriguingly, the chronical inhibition of HDAC4 activity with the small 

molecule LMK235 resulted in the amelioration of several phenotypic signs. 

This treatment in particular induces a decrease of the cell death and an increase 

in the maturation of postmitotic granule neurons in CDKL5 KO mice, in 

addition this treatment restores synapse formation in the dentate gyrus of 

CDKL5 KO mice that results in the improvement of hippocampus-dependent 
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learning and memory. Moreover, also the reduction of  brain-derived 

neurotrophic factor (BDNF) expression shown by CDKL5 KO is rescued by 

the treatment with LMK235 (Trazzi et al., 2016).  

 The same group also found that the expression of serotoninergic receptors 

(5-HT7R) is impaired in both hippocampus and cortex of  either CDKL5 

female and CDKL5 KO male mice, providing for the first time evidences that 

CDKL5 is required for the correct organization of the 5-HT system in the brain 

(Fuchs et al., 2019). Interestingly, they show that the selective serotonin 

reuptake inhibitor, sertraline could restore some of neurodevelopmental and 

behavioural defects shown by in heterozygous CDKL5 female and CDKL5 

KO male mice. Indeed, a prolonged treatment with sertraline (30 days) of 

CDKL5 KO restored locomotion, tested with the open field, stereotypic and 

autistic-like features evaluated with home-cage social behaviour (i.e., nest 

building ability), environmental interest (i.e., marble burying) and 

hippocampus-dependent learning memory assessed with Morris water maze 

test. BDNF, that is known to be abnormal in CDKL5 KO mice. Since BDNF, 

which expression is reduced in CDKL5 mutants, by binding TrkB (tyrosine 

receptor kinase B) receptors induces its dimerization and autophosphorylation 

with the consequent activation of the ERK1/2 (extracellular signal-regulated 

kinases). Therefore, these authors evaluated if sertraline treatment could 

produce positive effects on this intracellular pathway. As expected, the 30-

day treatment with sertraline increased the BDNF expression as well as 

produced the restoration of the phosphorylation levels of both tyrosine kinase 

B receptor (TrkB) and of ERK1/2, in the hippocampus from adult CDKL5 KO 

mice (Fuchs et al., 2019). In addition, it has been found a rescue of neuronal 

survival, dendritic development and synaptic connectivity (Fuchs et al., 2019).  

Because sertraline is an FDA-approved drug with extensive safety and 

tolerability data available, even for children it is anticipated that this drug shall 

be readily transferred into the clinic for CDD patients (Fuchs et al., 2019). 

Intriguingly, also Vigli and colleagues (2019) focused their attention on the 5-

HT7R but, differently from Fuchs et al., (2019), they stimulated the serotonin 

receptor with a specific agonist, LP-211, already used for Fragile X syndrome 
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and RTT mouse models (Costa et al., 2012; Defilippis et al., 2015). With a 7-

day treatment with LP-211, they demonstrated that the stimulation of 5-HT7R 

partially rescues the behavioural and brain alterations shown by Cdkl5 KO 

male mice. Particularly, this treatment rescues prepulse inhibition defects and, 

at a molecular level, rescued the abnormal phosphorylation of rpS6 found in 

the CDKL5 KO cortex. Moreover, they found that the pharmacological 

stimulation of the 5-HT7R can restore mitochondrial functions in these 

mutants. In contrast, the treatment with LP-211 does not have an effect on 

other behavioural defects shown by CDKL5 KO mice, such as 

hypolocomotion in the home-cage and hyperlocomotion in the open field 

(Vigli et al., 2019).  

Finally, Prof. Cianiôs group have developed a protein substitution therapy 

for CDD in order to compensate for the lack of function of the CDKL5 protein 

producing the TAT-CDKL5 protein (Trazzi et al., 2018). After in-vitro 

experiments used to validate the efficacy of the transduction, they infused 

directly the TATặ-GFP-CDKL51 in the lateral ventricle of CDKL5 KO mice 

and found that this protein diffused into the brain, reaching the hippocampus 

and the deeper brain structures (Trazzi et al., 2018). Moreover, they found that 

the infused protein was present in both astrocytes and neurons where TATặ-

GFP-CDKL51 colocalised with PSD-95. They also evaluated the efficiency of 

f this protocol for the behavioural defects shown by these animals. They found 

that cognitive impairments, as assessed by Morris water maze and passive 

avoidance paradigms, were rescued by the intracerebroventricular infusion of 

TATặ-GFP-CDKL51 and that dendritic abnormalities shown by CDKL5 KO 

mice were restored (Trazzi et al., 2018).  
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6. Aims of the study 

 As illustrated in the introduction of this thesis, the role of CDKL5 in both 

neuronal and synaptic organization as well as in neurotransmission and 

plasticity has only started to be elucidated recently, while how CDKL5 

controls these fundamental processes and what are the molecular mechanisms 

underlying CDKL5 function at synaptic circuits and what are the 

consequences of its loss still remain largely obscure.  

To shed light on these issues, in the present thesis I 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 novel druggable molecular mechanisms underlying CDD 

4. find novel therapeutic target and approaches for CDD. 

All these aims are shown in two different manuscripts, specifically, the aim 1 is 

referred to ñLack of Cdkl5 Disrupts the Organization of Excitatory and Inhibitory 

Synapses and Parvalbumin Interneurons in the Primary Visual Cortexò Pizzo et al., 

2016, while the aims 2, 3 and 4 are reported in ñmGluR5 potentiation rescues cortical 

and behavioural defects in a preclinical model of CDKL5 deficiency disorderò 

Gurgone et al.  that is under revision.  

In particular, in Pizzo et al., 2016 I performed some immunofluorescence 

experiments and their analyses. In Gurgone et al., instead, I designed the study and I 

performed all the experiments and the analysis, except the electrophysiology and the 

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 experimental animals with protocols approved 

by the Italian Minister for Scientific Research (Authorization number 

175/2015-PR) 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 Cdkl5-/x females with Cdkl5-/y males 

and Cdkl5-/x females with Cdkl5+/y males (Amendola et al., 2014). Littermate 

controls were used for all the experiments. 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 

temperature-controlled environment (21±2 C) with food and water provided 

ad libitum. For most of this study we used 8-week old Cdkl5-/y males; for the 

evaluation of CP abnormalities, brains were collected from Cdkl5-/y male mice 

aged 18, 22 or 35 days. 

 

Immunocytochemical and histochemical procedures 

For most immunolabeling experiments, animals were anesthetized with an 

intraperitoneal injection of Avertin (Sigma-Aldrich) and transcardially 

perfused with ice-cold 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 by immersion in 10, 20, and 30% 

sucrose solutions, cut in 30 ɛm sections with a cryostat and stored at -20°C in 

a solution containing 30% ethylene glycol and 25% glycerol until use. 

Cryosections were subsequently processed free-floating for 
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immunohistochemistry or peri-neuronal nets (PNNs) visualization (Ricciardi 

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

For c-fos detection, after a blocking step in phosphate-buffered saline (PBS) 

containing 10% normal goat serum (NGS) and 0.05% Triton X-100, sections 

were incubated overnight at room temperature with rabbit anti-c-fos (1:500, 

Santa Cruz Biotechnology, Santa Cruz, CA, cat. sc-52), diluted in PBS with 

3% NGS and 0.05% Triton X-100. Sections were then rinsed, incubated for 1 

hour with goat anti-rabbit biotinylated secondary antibody (1:250; Vector 

Labs, Burlingame, CA), and transferred to a biotin-avidin complex containing 

solution (1:100, Vector Labs). The immunoreactivity was visualised by 

incubating the sections in a solution containing 3,3ô-diaminobenzidine (0.05% 

DAB in Tris-HCI, pH 7.6) with 0.01% H2O2 for 3 min. Sections were mounted 

on gelatin-coated glass slides, 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 were observed 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 10× objective from 4-6 

animals per genotype using at least two corresponding coronal brain sections.  

For immunofluorescence, sections were kept in PBS solution containing 

0.05% Triton X-100 and 10% normal donkey serum (NDS) for 1 h followed 

by an overnight incubation at 25°C with the appropriate primary antibodies 

(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, USA). After several PBS rinses, the 

sections were mounted on gelatin-coated glass slides and coverslipped with 

Dako fluorescence mounting medium (Dako Italia, Milan, Italy). 

To visualize PNNs, sections were incubated overnight in biotinylated Wisteria 

floribunda agglutinin (WFA) (1:200, Sigma Aldrich, Milan, Italy, 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 gelatin-coated glass slides and observed with a confocal 

microscope. 

For the detection of PSD-95 and gephyrin immunoreactivity, mice were 

anesthetized intraperitoneally using Avertin (Sigma-Aldrich) and decapitated. 

The brains were rapidly excised and cut into coronal slabs that were fixed by 

immersion in ice-cold 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, and 30%), cut into 20 ɛm sections with a 

cryostat, mounted on gelatin-coated slides and stored for a maximum of one 

month at ī20 ÁC (Giustetto et al. 1998). Following a blocking step in PBS 

with 10% NDS and 0.5% Triton X-100, the sections were incubated with the 

primary antibodies (Table 1) overnight at 4 °C. The sections were then washed 

and incubated with Cy3 anti-mouse 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 in the binocular region of V1, which was 

identified according to anatomical marks (van Brussel et al., 2009), by an 

investigator who was blinded to the genotype. Cortical layers were identified 

as in Tomassy et al., (2014).  

The analysis of c-fos+ cell density was performed under constant microscope 

settings and bright-field illumination intensity. Images were background 

subtracted with Image J using the intensity of corpus callosum background 

staining as threshold, and cells were manually counted using the point tool in 

Image J. 

Synaptic puncta in the neuropil were analysed from 5-6 mice per genotype on 

5 serial optical sections (0.5 ɛm Z-step size) that were acquired from layers 2-

5 of the V1 cortex with a laser scanning confocal microscope (LSM5 Pascal; 

Zeiss, DE) using a 100× 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. PV+-VGAT+ puncta that outlined the cell body 

of pyramidal neurons and VGluT1+ puncta in close juxtaposition to a labelled 

dendritic segment were identified as presynaptic varicosities. The co-

apposition of VGluT1+ clusters with PV/CR-positive dendrites was estimated 

visually in the three orthogonal planes with an Imaris Software dedicated tool. 

The number of immunopositive puncta was determined by manually counting 

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

and expressed as puncta/ɛm2(neuropil density) or puncta/ɛm 

(somata/dendritic density). 

The density of INs and WFA+ PNNs 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 40× objective (1.0 NA) using a 1-ɛm Z-step. Digital boxes in width (230.34 

ɛm) spanning from the pial surface to the white matter (corpus callosum) were 

superimposed at matched locations on each coronal section of the V1 cortex, 

divided into 10 equally sized sampling areas (bins) (layer I: bin 1; layer II/III: 

bins 2-3; layer IV: bins 4-5; layer V: bins 6-7;layer VI: bins 8-10), and 

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

2014). 

The analysis of WFA staining intensity was performed as previously 

described (Foscarin et al., 2011) on confocal images captured with a 100× 

objective (at least 30 PNNs/animal and 5 animals per genotype). To minimize 

intensity variability, each labelled PNN was acquired in a single confocal 

section showing the highest WFA intensity. Briefly, the brightness intensity 

(range 0-255) of PNNs was measured by averaging the intensity of 15 pixels 

randomly selected from each net. The background brightness, taken from a 

non-stained 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 maximum staining intensity: 

faint = 0ï33%, medium = 34ï66%, strong = 67ï100%. 



56 
 

Statistical analysis 

If data sets passed normality test and equal variance test, we performed 

Studentôs t-test or two-way ANOVA followed by Bonferroni post hoc tests as 

specifically indicated in the text of each figure legend, using GraphPad Prism 

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

relative to WFA staining intensity categories, we used ɢ2-test. All values are 

presented as mean ± s.e.m., and n indicates the number of mice. 

 

Table 1. Primary antibodies used in this study. 

Primary 

antibodies 

Species of 

origin 

Working 

dilution  

Supplier and catalogue no. 

anti-CR Guinea Pig 1:500 Synaptic Systems, Göttingen, 

Germany, cat. 214104 

anti-c-Fos Rabbit 1:1500 Santa Cruz Biotechnology, 

Santa Cruz, CA, USA, cat. 

sc-52 

anti-Gephyrin Mouse 1:500 Synaptic Systems, 

Göttingen, Germany, cat. 

147 011 

anti-pan-

HOMER 

Rabbit 1:500 Synaptic Systems, 

Göttingen, Germany, cat. 

160-103 

anti-NeuN Mouse 1:200 Millipore, Darmstadt, 

Germany, cat. MAB377 

anti-PSD-95 Mouse 1:500 NeuroMab, CA, USA, cat. 

75-028 

anti-PV Mouse 1:10.000 Swant, Marly, Switzerland, 

cat. 235 
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anti-PV Guinea Pig 1:500 Synaptic Systems, Göttingen, 

Germany, cat. 195004 

anti-SOM Rat 1:250 Millipore, Darmstadt, 

Germany, cat. MAB354 

anti-VGAT Rabbit 1:500 Synaptic Systems, Göttingen, 

Germany, cat. 131-002 

anti-VGluT1 Guinea Pig 1: 5000 Millipore, Darmstadt, 

Germany, cat. 5905 

anti-VGluT2 Guinea Pig 1: 2000 Millipore, Darmstadt, 

Germany, cat. 2251 
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7.2 mGluR5 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 Research (Authorization number 

175/2015-PR) 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 Cdkl5ī/x females with Cdkl5ī/y males 

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 (lights on at 7:00 h) in a temperature-controlled environment (21 Ñ 2ǓC) 

with food and water provided ad libitum. For this study, 8-weeks old (post-

natal day 56) Cdkl5ī/y and Cdkl5+/y males were used. Because we did not 

observe any noticeable interindividual phenotypic or metabolic (e.g. weight 

and health condition scores) difference among the mouse cohorts used in this 

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 

mGluR5 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB; 

Tocris, UK) that was diluted in saline solution containing 5-10% 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. For sub-chronic 

administration, animals were treated for five consecutive days and then, 24 

hours after the last injection, behaviourally 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 5.7-year-old female (P1) 

and case AN11848 was from a 30-year-old 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 from 29 years old female (C2). The 

sections analysed are from the BA17 occipital region of human cerebral 

cortex.  

 

 Plasmids  

Plasmids, pCMV-Flag2B-hCDKL5, pCMV-FLAG-hCDKL5ȹ781, pCMV-

Flag2B-hCDKL5155K42R and pCMV-Flag2B-hCDKL5155C152F (4), were 

kindly provided by Prof. Kilstrup-Nielsen (University of Insubria, Italy). The 

point mutation P209R was generated by site-directed mutagenesis using the 

QuikChange II site-directed mutagenesis kit (Stratagene, USA). Moreover, N-

HA-GW1-Shank1B plasmid (HA-Shank1) (Sala et al., 2001) was a gift of 

Prof. C. Sala (CNR, Milan - Italy). Finally, mEmerald-Homer1-N-18 (Em-

Homer1bc) (Plasmid #54121) was purchased from Addgene (USA). 

  

 Cell culture and transfection 

For HEK293T cells transfection the calcium-phosphate method was used 

(https://bio-protocol.org/bio101/e86). For each plate (diameter 10 cm) a 

transfection mix was prepared using 500 µl Hepes buffer saline pH 7,05 (NaCl 

280 mM, KCl 10 mM, Na2HPO4*12 H20 1,5 mM, D-glucose 12 mM, Hepes 

50 mM), 15 µg of each cDNA, 50 µl of CaCl2 2,5 M and H2O 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 co-IP experiments. For COS-7 cells transfection the 

Lipofectamine LTX kit (Life technologies; USA) was used. Cells were first 

immobilized on acid-treated coverslips in a 24 wells plate and then transfected 

using 1 µg of cDNA for each well. The LTX mix was then 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 processed as in (Huttner et al., 1983; 

Pavlowsky et al., 2010). The tissues were homogenized in ice-cold 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 (SIGMAFASTÊ Protease Inhibitor 

Cocktail Tablets, EDTA-Free), using 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 volume of lysis 

buffer and underwent further spin (20 min; 12,500 g). The pellet obtained was 

the crude cortical synaptosomal fraction (P2) that was resuspended in 400 ɛl 

of RIPA buffer (NP-40 1%, Na deoxycholate 0,25%, EDTA 0.5M, NaCl 5M, 

Tris pH8 1M, SDS 10%) and stored at -80°C. Protein concentration of the 

synaptosomal fraction was determined with the Bio-Rad protein assay kit 

(Alfieri et al., 2017).  

 Co-immunoprecipitation assay  

Cell cultures: 0,2 mg of Dynabeads protein G (30 mg Dynabeads®/mL 

Invitrogen, Carlsbad, CA, USA) were initially washed using PBS added with 

0.02% Tween and then incubated with 1 µg of anti-Homer1bc and anti-

Shank1 antibodies for 10 min at room temperature (RT). The complexes were 

washed with PBS, 0.02% Tween and 0.1% SDS 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 µl of 2% SDS-PAGE sample 

buffer in reducing conditions and incubated at 95°C for 10 min. Each sample 

was separated using SDS-PAGE and subsequently blotted on PVDF 

membrane according to standard protocols (see below).  



61 
 

Cerebral cortex: 50 ɛg of proteins from the crude synaptosomal (P2) 

fractions were incubated for 1 hour at 4 °C in RIA buffer containing 200 mM 

NaCl, 10 mM EDTA, 10 mM Na2HPO4, 0.5% Nonidet P-40 supplemented 

with 0.1% sodium dodecyl sulfate (SDS) and protein A/G-agarose beads 

(Santa Cruz, Dallas, TX, USA) as pre-cleaning procedure. The beads were 

then let to sediment at the bottom of the tube and the 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 collected by gravity and washed three times with RIA buffer before 

adding sample buffer for SDSïpolyacrylamide gel electrophoresis (SDSï

PAGE) and heating the mix al 95°C for 10 min. Beads were pelleted by 

centrifugation an supernatants were separated using 4ï15% SDSïPAGE 

precast gels (Biorad, Italy) (Mellone et al., 2015).  

 Western blotting  

The lysates were boiled in SDS sample buffer, separated by SDSïPAGE and 

the proteins were then blotted to PVDF membrane following a standard 

protocol (Grasso et al., 2017). Next, PVDF membranes were blocked in 

BSA 5% for 1h and incubated with the primary antibodies (see table1) O/N 

at 4°C. After washes with TBS 0.1% Tween 20, the membranes were 

incubated with the appropriate secondary antibodies (anti-mouse or anti-

rabbit, 1:5000; Sigma, Italy) for 1h at RT. The chemiluminescent signal was 

visualized using ClarityÊ Western ECL Blotting Substrates (Bio- Rad; 

Italy) and acquired with Bio-Rad ChemiDocTM Imagers (Bio-Rad; Italy) and 

analysed with Image J software (NIH, Usa).  

 Immunofluorescence procedures  

Cell cultures: after fixation, COS-7 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 the cells were washed with 0.1 M PBS and 

incubated with the appropriate fluorescent secondary antibodies (anti-mouse 
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or anti-rabbit 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 (Sigma- Aldrich, Cod. 1733249, USA) and then 

decapitated. The brains were rapidly excised and manually cut in coronal slabs 

that were fixed by immersion in ice-cold 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 sucrose-PB 0.1 M 

solutions (10, 20 and 30%), cut in 20-ɛm sections with a cryostat, mounted on 

gelatine-coated slides and stored at ī20ÁC until immunolabeling was 

performed as in Pizzo et al., 2016 (Pizzo et al., 2016). For c-Fos, ARC and 

Homer1bc immunodetection after CDPPB subchronic treatment, animals 

were anesthetized with an intraperitoneal injection of Avertin (Sigma-Aldrich, 

Italy) and transcardially perfused with about 10 ml of 0.1M PBS followed by 

80 ml of ice-cold 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 sucrose-PB 0.1 M solutions, cut into 

30 Õm sections with a cryostat and stored at ī20ÁC in a cryoprotectant solution 

containing 30% ethylene glycol and 25% glycerol until use. Cryosections 

were subsequently processed free-floating by immersion in 0.1 M PBS 

solution containing 3% normal 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 antibodies (anti-mouse 

or anti-rabbit 1:1000; Jackson ImmunoResearch, West Grove, PA, USA) for 

1h at RT. The sections were washed three times with PBS, mounted on 

gelatine-coated glass slides and cover slipped with Dako fluorescence 

mounting medium (Dako Italia, Italy).  

 Human postmortem brain tissue: for Homer1bc and PSD-95 detection, we 

performed immunofluorescence on flash-frozen sections. Serial sections (20 

mm) were cut by using a cryostat, mounted on superfrost slides and stored at 
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ī80°C until immunolabeling was performed. Before starting the 

immunofluorescence, sections were fixed in cold methanol for 1 min. The 

sections were then processed for double immunofluorescence by using in 

combination anti-Homer1bc and anti-PSD-95 primary antibodies and the 

appropriate fluorescent secondary antibodies (anti-mouse or anti-rabbit 

1:1000; Jackson ImmunoResearch, West Grove, PA, USA) following the 

same protocol used for mouse brain tissue (Zhu et al., 2013). 

 Images acquisition and analysis 

All analyses were carried out by an investigator who was blinded to the 

animalôs genotype or treatment and to the type of plasmids transfection in 

cells. The immunofluorescence in COS-7 cells was acquired with a confocal 

microscope (LSM5 Pascal; Zeiss, DE, Germany) equipped with a 100× oil 

objective (1.4 numerical aperture) and the pinhole set at 1 Airy unit. For each 

image a series of optical sections of 1µm Z-step size encompassing the entire 

cell was taken. The level of co-localization of fluorescent signals was 

quantified with Pearson´s correlation coefficient (PCC), calculated using the 

ñcolocalizationò plug-in of the Fiji software (USA). For brain sections 

analyses, the layers of the primary somatosensory and visual (S1 and V1) 

cortices were identified as previously reported (Morello et al., 2018; Tomassy 

et al., 2014). Synaptic immunofluorescence puncta, for both mouse and 

human brain tissue, were analysed on 5 serial optical sections (0.5 ɛm Z-step 

size) acquired from layers 2-3 and 5 of S1 and V1 with a laser scanning 

confocal microscope (LSM5 Pascal; Zeiss, DE) using a 100× oil objective (1.4 

numerical 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 ɛm2) with Imaris (Bitplane, Zurich, CH) and Image J 

(USA) softwares. Synaptic puncta were included if present in at least two 

consecutive optical sections. For Shank1+/PSD-95+ puncta colocalization 

analysis, fluorescence channels were first examined separately, and puncta 

counted manually with Image J software (USA). Subsequently, the two 

channels were merged and only doubly-labelled puncta were considered 

colocalized.  
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For ARC and c-Fos immunofluorescence 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 20× objective 

using a 1-ɛm Z-step. Digital boxes spanning from the pial 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 II/III: bins 2ï3; layer IV: bins 4ï5; layer V: bins 6ï7; layer VI: 

bins 8ï10). 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 c-Fos+ cells were obtained using a dedicated Image J 

tool (integrative density) to analyse Z-stack projected images (Sum value). 

 Chronic IOS Imaging 

Surgery: for chronic IOS 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 temperature was controlled using 

a heating pad and a rectal probe to maintain the animalsô body at 37ÜC. Local 

anaesthesia was provided using subcutaneous lidocaine (2%) injection and 

eyes were protected with dexamethasone-based ointment (Tobradex, Alcon 

Novartis). The scalp was removed, and 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 custom-made metal 

ring (9 mm internal diameter) centred 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 sign of discomfort. 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: IOS 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 Plan-NEOFLUAR 5x, NA: 0.16) using a 

custom-made metal LED holder. The animal was secured under the objective 

using a ring-shaped neodynium magnet (www.supermagnete.it, R-12-09-1.5-

N) mounted on an arduino-based 3D printed imaging chamber that also 

controls eye shutters 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 portion of the visual field (-10º to 

+10º relative to the horizontal midline and -5º to +50º 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 abrupt contrast 

reversal of a grating with a temporal frequency of 4 Hz for 1 sec, time locked 

with a 16-bit depth acquisition camera (Hamamatsu digital camera C11440) 

using a parallel port trigger. Interstimulus time was 14 sec. Frames were 

acquired at 30 fps, with a resolution 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 post-stimulus. The signal was averaged for at least 30 trials and 

downsampled to 10 fps. Fluctuations of reflectance (R) for each pixel were 

computed as the normalized difference from the average baseline (ȹR/R). For 

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 image was then low-pass filtered with a 2D average spatial filter (30 

pixels, 117 ɛm2 square kernel). To select the binocular portion of the primary 

visual cortex for further analysis, a region of interest (ROI) was automatically 

calculated on the mean image of the response by selecting the pixels in the 

lowest 30% ȹR/R of the range between the maximal and minimal intensity 

pixel (Cang J, Kalatsky VA, Löwel S, 2005). To 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 observed (Heimel et al., 2007). Mean 

evoked responses were quantitatively estimated as the average intensity inside 

the ROI. 
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 Electrophysiology  

Primary neuronal cell culture: experiments was performed on cortical neurons 

obtained from 18-day old embryos of both Cdkl5+/y and Cdkl5-/y mice. The S1 

cortex was rapidly dissected under sterile conditions, kept in cold HBSS (4°C) with 

high glucose, and then digested with papain (0,5 mg/ml) dissolved in HBSS plus 

DNase (0,1 mg/ml). Isolated cells were then plated at the final density of 1200 

cells/mm2. The cells were incubated with 1% penicillin/streptomycin, 1% 

glutamax, 2.5% fetal bovine serum, 2% B-27 supplemented neurobasal medium in 

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, 

fabricated from thick borosilicate glasses (Hilgenberg, Mansifield, Germany), were 

pulled to a final resistance of 3-5 MW. Patch Clamp recordings were performed in 

whole cell configuration using a Multiclamp 700-B amplifier connected to a 

Digidata 1440 and governed by the pClamp10 software (Axon Instruments, 

Molecular Devices Ltd, USA). 

NMDAR activated currents were recorded by holding neurons at -70 mV and 

perfusing them with the NMDAR agonist, N-Methyl-D-aspartate, (NMDA, 

50 µM). The external solution contained (in mM): 130 NaCl, 1.8 CaCl2, 10 

HEPES, 10 glucose, 1.2 Glycine (pH 7.4). The internal solution contained (in 

mM): 90 CsCl, 20 TEACl, 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 6,7-dinitroquinoxaline-2,3-

dione, DNQX (20 ɛM, Sigma-Aldrich) and picrotoxin (100 µM), 

respectively. Tetrodotoxin (TTX 0.3 µM) was added to block voltage-gated 

Na+ channels. The mGluR5 were selectively activated either by the agonist 

DHPG (200 µM) or the positive allosteric modulator CDPPB (10 µM).  

 Behavioural analyses  

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

CDPPB or vehicle, animals were probed with adhesive tape removal test and 
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Y-maze test. For the subchronically treated mice, 24h after the last injection 

hind-limb clasping behaviour was tested. 

Adhesive tape removal test: sensorimotor abilities were evaluated using 

the adhesive tape removal test as previously described (Bouet et al., 2009). 

Briefly, P56 mice were habituated to the testing room for 30 min before 

starting the experiment and then single animals were placed in the testing 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 recorded with a cut off time of 2 min. 

Y-maze test: spontaneous alternation test was used to evaluate spatial 

working memory in mice. We used an in-house made Y maze that is 

composed of three arms (34 cm × 5 cm × 10 cm) angled at 120° from one 

another and made by gray opaque plastic material. Each mouse was placed at 

the centre of the maze where it can 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 alternations was calculated as follows: (total 

alternations/total arm entries ī 2) Ĭ 100.  

Hind-limb clasping: the presence of hind-limb clasping behaviour was 

tested by suspending the mice from their tail for 2 min and video recorded. 

Hind-limb clasping scores were assessed as in (Amendola et al., 2014).  

Statistical analysis 

All data are reported as mean ± SEM. For the in vitro experiments, n = 

number of cell plates (co-IP on HEK293T cells) or number of cells 

(immunofluorescence on COS-7 cells) analysed. For the animal experiments, 

n = number of mice. All statistical analyses were performed using Prism 

software (Graphpad, La Jolla, CA, USA). For the in-vitro colocalization and 

co-IP experiments, one-way analysis of variance (ANOVA) followed by 

Fisherôs post hoc test was used. For the in-vivo analyses, Studentôs t-test or 

two-way ANOVA followed by Fisherôs LSD post hoc test were performed, as 
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s indicated in the text. For electrophysiology analyses Studentôs t-test and chi-

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 

Antibody 

Species of 

origin  
Working dilution  Supplier and catalog no. 

  WB IF  

Cdkl5  Rabbit 1:500 1:500 Sigma, cod. HPA002847 

Homer1bc Rabbit 1:1000 1:500 Synaptic System, Germany, 

cod. 160 023 

Shank1 Rabbit  1:500 1:250 Sigma cod. HPA032129 

Bassoon Mouse  1:500 Enzo Life Sciences, cod. 

ADI-VAM -PS003-F 

mGluR5 Rabbit 1:500 1:250 Millipore cod. AB5675 

PSD-95 Mouse 1:500 1:250 Neuromab; CA, USA, Clone 

K28/43 

MeCP2  Rabbit 1:500  Cell Signalling  

ARC Rabbit  1:500 Synaptic System, Germany, 

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 

Figure 

27 

flag-CDKL5 / 

GFP-Homer1bc 

flag-

CDKL5 

/ HA-

Shank1 

flag-CDKL5 / GFP-Homer1bc / 

HA-Shank1 

GFP-Homer1bc / HA-

Shank1 

F PCC 0.14 ± 

0.04 

0.60 ± 

0.02 

0.71 ± 0.02 0.71 ± 0.02 

Figure 

28 

flag-CDKL5/ 

HA-Shank1 

flag-

CDKL5
ȹ781/ 

HA-

Shank1 

flag-

CDKL5K42R/ 

HA-Shank1 

flag-

CDKL5C152F/ 

HA-Shank1 

flag-CDKL5P209R/ 

HA-Shank1 

      

C PCC 0.50 ± 

0.04 

-0.02 ± 

0.05 

0.46 ± 0.03 0.33 ± 

0.05 

0.40 ± 0.03 

Figure 

29 

flag-CDKL5 / GFP-

Homer1bc / HA-Shank1 

GFP-Homer1bc / HA-Shank1 flag-CDKL5K42R/ 

GFP-Homer1bc / HA-

Shank1 

B O.D. 0.18 ± 0.03 0.1 ± 0.02 0.06 ± 0.01 

Figure 30 Cdkl5 +/y Cdkl5 -/y 

B LII -III  92.66 ± 8.05 81.70 ± 6.00 
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Shank1+ 

puncta/100mm2 

L V 77.95 ± 7.69 71.25 ± 5.42 

C % Shank1+-

PSD95+/PSD95
+ 

LII -III  66.05 ± 4.03 46.95 ± 3.21 

L V 43.85 ± 5.44 35.56 ± 3.34 

E Homer1bc+ 

puncta/100mm2 

LII -III  73.44 ± 3.57 46.04 ± 5.98 

L V 68.32 ± 6.19 36.60 ± 5.25 

F PSD95+ puncta 

/100mm2 

LII -III  69.29 ± 6.67 38.36 ± 4.08 

L V 52.74 ± 4.03 35.27 ± 4.11 

H Bassoon+ 

puncta /100mm2 

LII -III  68.10 ± 6.26 59.24 ± 5.07 

 L V 59.7 ± 9.15 65.22 ± 2.75 

I  % Shank1+-

Bassoon+/ 

Shank1+ 

LII -III  37.83 ± 1.52 29.08 ± 2.34 

 L V 37.10 ± 2.35 37.10 ± 1.55 

   C1 P1 C2 P2 

K Homer1bc+ 

puncta/100mm2 

 
92.17 70.25 91.86 68.7 

L PSD95+ puncta 

/100mm2 

 
85.53 66.08 88.62 62.53 



72 
 

Figure 31 Cdkl5 +/y Cdkl5 -/y 

B mGluR5+ 

puncta /100mm2 

LII -III  68.28 ± 6.23 51.20 ± 1.68 

L V 59.63 ± 3.19 46.01 ± 2.75 

E NMDA current  866.60 ± 84.22 433.98 ± 88.09 

F 

% change 
DHPG 38.35 ± 16.96 -14.47± 13.32 

H CDPPB 25.83 ± 10.88 32.68 ± 14.59 

G % of cells with 

potentiated 

INMDA  

DHPG 73% (11/15 cells) 29% (4/14 cells) 

I  CDPPB 78% (13/18 cells) 83% (10/12 cells) 

Figure 32 

Vehicle CDPPB 

Cdkl5 +/y Cdkl5 -

/y 

Cdkl5 
+/y 

Cdkl5 -/y 

B 

Homer1bc+ 

puncta/100mm2 

S1 

LII

-III  
82.13 ± 4.94 

61.22 ± 

4.23 

83.40 ± 

6.81 

77.93 ± 

7.61 

L V 
77.15 ± 2.82 

59.40 ± 

4.41 

76.22 ± 

7.42 

72.08 ± 

5.77 

V1 
LII

-III  
92.80 ± 7.00 

68.88 ± 

11.81 

103.1 ± 

4.46 

95.95 ± 

6.21 
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L V 
96.00 ± 3.38 

67.23 ± 

3.03 

90.38 ± 

10.27 

87.75 ± 

6.81 

C 

mGluR5+ 

puncta /100mm2 

S1 

LII

-III  
83.72 ± 1.28 

61.06 ± 

2.86 

88.37 ± 

2.33 

83.07 ± 

5.56 

L V 
80.00 ± 6.38 

51.90 ± 

1.91 

81.63 ± 

2.88 

81.97 ± 

1.97 

V1 

LII

-III  
95.38 ± 4.74 

65.87 ± 

6.14 

78.8 ± 

9.70 

93.72 ± 

13.93 

L V 
88.05 ± 4.64 

57.14 ± 

5.28 

80.82 ± 

9.99 

78.63 ± 

7.93 

F 

ARC+ cells 

/mm2 

 L I 0 ± 0 0 ± 0 0 ± 0 0 ± 0 

L 

II -

III  

103.5 ± 20.75 
41.19 ± 

14.8 

131.5 ± 

63.43 

127.3 ± 

55.38 

L 

IV  
365.9 ± 74.42 

81.62 ± 

18.1 

251.6 ± 

179.3 

296.5 ± 

133.9 

L V 
255.8 ± 40.13 

91.2 ± 

19.97 

389.4 ± 

221.6 

367.7 ± 

120.3 

L 

VI  
672.1 ± 83.87 

470.9 ± 

60.24 

998.0 ± 

90.15 

1031 ± 

140.5 
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L I-

VI  
346.7 ± 45.87 

184.1 ± 

24.37 

453.9 ± 

117.8 

467.60 ± 

98.39 

 

Figure 33 

Vehicle CDPPB 

 
Cdkl5 

+/y 
Cdkl5 -/y Cdkl5 +/y Cdkl5 -/y 

A 

Amplitude 

(ȹR/R) 

Baseline 
-7.14 

± 1.21 
-3.54 ± 0.32  -3.8 ± 0.53 

Post-injection  -3.29 ± 0.67  
-5.77 ± 

0.86 

B      

C Time to contact 

(SEC) 
31.33 ± 6.03 59.38 ± 6.39 

42.70 ± 

6.61 

39.88 ± 

8.88 

D % Alternation 
67.03 ± 3.36 46.26 ± 3.63 

64.21 ± 

3.41 

60.97 ± 

3.19 

E Nr entrance 
19.43 ± 1.87 18.29 ± 4.20 

16.28 ± 

2.33 

22.43 ± 

1.41 

 

Figure 34 Vehicle CDPPB 
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Cdkl5 +/y 
Cdkl5 -

/y 
Cdkl5 +/y Cdkl5 -/y 

B 

Homer1bc+ 

puncta/100mm2 

LII -III  85.87 ± 3.58 
61.63 ± 

3.91 

76.23 ± 

3.87 

80.07 ± 

4.64 

L V 72.37 ± 3.43 
51.10 ± 

4.78 

71.49 ± 

3.95 

67.31 ± 

5.18 

C Clasping time 

(SEC) 
 0.00 ± 0.00 

10.61 ± 

2.38 

0.00 ± 

0.00 

5.36 ± 

1.76 

E c-FOS intensity 

L I-VI  
1.475x106 ± 

215230 

809531 

± 63060 

1.095x1

06 ± 

260107 

1.050x106 

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 Cdkl5-/y Mice 

 We evaluated the expression levels of a marker of neuronal activity, the 

immediate early gene c-fos, to assess overall levels of cortical activity in 8-

weeks old Cdkl5-/y male mice. As shown in Figure 18A, we found that the 

levels of c-fos immunoreactivity were strongly reduced throughout V1 layers 

in mutant mice. Quantitative analyses revealed a profound reduction of c-fos 

positive cell density (Cdkl5+/y, 1167 ± 56.3 cells/mm2; Cdkl5-/y, 683.1 ± 39.2; 

p < 0.05; n = 6 for each group) in male mutants compared with WT littermates 

(Fig. 18 B). Interestingly, the reduction of c-fos+ cells was detectable across 

all cortical layers with the exception of layer I, which however has a low 

cellularity (two-way ANOVA: p < 0.001; Bonferroni: layer II-II I p < 0.05, IV 

p < 0.001, V p < 0.01, VI p < 0.01) (Fig. 18C). A similar reduction of c-fos 

immunolabeling was found in the primary somatosensory cortex (c-fos+ cells 

density: Cdkl5+/y, 525.1 ± 34.84 cells/mm2; Cdkl5-/y, 159.5 ± 16.37 cells/mm2; 

p < 0.001; n = 4 for each group) (Fig. 18D, 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 of adult Cdkl5-/y mice is reduced. A, 

Representative examples of c-fos immunohistochemistry in V1 of Cdkl5+/y and Cdkl5-/y mice 

(scale bar 50 µm). Analyses of c-fos+ cells density. (B) and c-fos cells density layer distribution 

(c) reveal a decrease in c-fos levels spanning across all cortical layers in mutant mice as 

compared to WT. D, Representative examples of c-fos immunohistochemistry in S1 of Cdkl5+/y 

and Cdkl5-/y mice (scale bar 50 µm) and quantification analysis of c-fos+ cells density (E). c-

fos cell density analysis: Studentôs t-test, ***p < 0.001; layer distribution: two-way ANOVA, 

***p < 0.001; Post hoc Bonferroni test, §p < 0.05, §§p < 0.01, §§§p < 0.001. 

 

 

8.2 Altered Synaptic Connectivity in V1 of Cdkl5-/y 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 analysed 

the localization of the vesicular glutamate transporters 1 (VGluT1) and 2 

(VGluT2), which are markers of cortico-cortical and thalamo-cortical 

A B 

C 

D E 
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glutamatergic axon terminals, respectively (Nahmani and Erisir, 2005; Wojcik 

et al., 2004), and the vesicular GABA transporter (VGAT), a marker of 

GABAergic axonal terminals (Chaudhry et al., 1998). Surprisingly, we found 

a significant increase in the density of VGluT1-positive puncta both in the 

upper and lower layers of V1 in sections from mutant mice compared to WT 

littermates (VGluT1+ puncta/µm2, layer II-III: Cdkl5+/y 0.49 ± 0.02, Cdkl5-/y 

0.59 ± 0.01 p < 0.01; layer V: Cdkl5+/y 0.41 ± 0.01, Cdkl5-/y 0.54 ± 0.02 p < 

0.01; n =5-6 for genotype) (Fig.19 A, B). On the other hand, we detected no 

changes in the density of VGluT2+ puncta in layer IV, where the majority of 

VGluT2+ terminals are located, between WT and KO mice (VGluT2+ 

puncta/µm2: Cdkl5+/y 0.13 ± 0.01, Cdkl5-/y 0.14 ± 0.01 p = 0.53; n = 5-6 for 

genotype) (Fig. 19C, D). These findings suggest that thalamo-cortical 

afferents are preserved in the mutant mice and that lack of CDKL5 has a 

specific impact on cortico-cortical excitatory synapses. 

Besides, the density of VGAT-immunopositive terminals was also augmented 

in mutant V1 (VGAT+ puncta/µm2, layer II-III: Cdkl5+/y 0.18 ± 0.001, Cdkl5-

/y 0.22 ± 0.001p < 0.01; layer V: Cdkl5+/y 0.15 ± 0.001, Cdkl5-/y 0.18 ± 0.01 p 

< 0.01; n =5-6for genotype) (Fig. 19 E, F). This concomitant increase of 

VGluT1+ and VGAT+ terminals are apparently in conflict with the reduced 

activity revealed by c-fos imaging.  
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To get further insights into the synaptic determinants of altered cortical 

activity, we next investigated postsynaptic compartments. First, we analyzed 

the expression of PSD-95, a major scaffolding molecule at the glutamatergic 

post synaptic site, crucially involved with the control of E/I ratio (Keith et al., 

2008; Prange et al., 2004). As shown in Figure 19A, the number of PSD-95 

immunofluorescent puncta was reduced in V1 of mutant mice compared with 

control animals (PSD-95+ puncta/µm2, layer II-III: Cdkl5+/y 0.88 ± 0.01vs. 

0.78 ± 0.02 in Cdkl5-/y, p < 0.05; layer V: 1.06 ± 0.03 in Cdkl5+/y vs. 0.76 ± 

0.01 in Cdkl5-/y; p < 0.0001; n = 5-6 for genotype) (Fig.20 A,B). 

A B 

C D 

E F 

Figure 19 Synaptic connectivity is altered in V1 of adult Cdkl5-/y mice. Representative 

micrographs acquired in the neuropil of V1 illustrating VGluT1+(layer V) (A), 

VGluT2+(layer IV;(C) and VGAT+ (layer V) (E) immunofluorescence from Cdkl5+/y and 

Cdkl5-/y mice (scale bar 5 µm). (B,D,F)Quantitative analysis of VGluT1+ (B), and 

VGAT+(F) puncta shows an increase of both excitatory and inhibitory terminals density 

in layer II-II and layer V of Cdkl5-/y mice compared to WT whereas no changes were 

detected in VGluT2+ density (D). Puncta density analysis: Studentôs t-test, **p < 0.01.  
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 Accordingly, we also found a significant decrease in the density of Homer, another 

postsynaptic constituent that is coupled to PSD-95 by the scaffolding protein Shank 

(Luo et al., 2012) (Homer+ puncta /µm2, layer II-III: 0.92 ± 0.03 in Cdkl5+/y vs. 0.81 

± 0.02 in Cdkl5-/y, p < 0.05; layer V: 0.86 ± 0.03 in Cdkl5+/y vs. 0.71 ± 0.02 in Cdkl5-

/y, p < 0.01; n = 5 for genotype) (Fig.20 C,D). Despite these alterations of 

glutamatergic postsynapses, we did not find any significant changes in the density 

of gephyrin, a scaffolding protein involved in regulating the maturation and 

plasticity of GABAergic synapses (Tyagarajan and Fritschy, 2014) (gephyrin+ 

puncta /µm2, layer II-III: 0.32 ± 0.03 in Cdkl5+/y vs. 0.29 ± 0.02 in Cdkl5-/y, p = 0.41; 

layer V: 0.30 ± 0.01 in Cdkl5+/y vs. 0.29 ± 0.03 in Cdkl5-/y, p = 0.92; n =5-6for 

genotype) (Fig.20 E,F). These data indicate that ablation of CDKL5 leads to a 

selective disruption of key molecular constituents of the glutamatergic PSD, alters 

the number of pre- and postsynaptic specializations in an unpredictable manner.  

  

 

 

Figure 20 The molecular organization of excitatory postsynapses is disrupted in Cdkl5-

/y mice. Representative micrographs of PSD-95 (A), Homer (C) and gephyrin (E) 

punctuate immunofluorescence in the neuropil (layer V) of V1 from Cdkl5+/y and Cdkl5-

/y mice (scale bar 5 µm). Quantitative analysis of immunoreactive puncta reveals a 

significant reduction of excitatory molecules PSD-95 (B), and Homer (D)in layer II-III 

and V in Cdkl5-/y mice with no changes in gephyrin+ puncta (F). Puncta density 

analysis: Studentôs t-test, *p <0.05, **p < 0.01, ***p < 0.001. 
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8.3 The Density of Parvalbumin-Positive Interneurons 

is Abnormal in V1 of Cdkl5-/y Mice 

Cdkl5 is expressed at high levels in inhibitory INs (Rusconi 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% of all cortical INs 

(Fishell and Rudy, 2011; Gonchar et al., 2007; Rudy et al., 2011; Wonders 

and Anderson, 2006): the fast-spiking parvalbumin+ (PV) INs, the regular-

spiking calretinin+ (CR) INs, and the burst-spiking somatostatin+ (SOM) INs. 

Moreover, since CR+ cells can be further subdivided by the differential 

expression of SOM (Xu et al., 2006), we also investigated SOM+CR+ cells. 

This analysis revealed that the density of PV+ cells was significantly increased 

(134.9 ± 10.28 in Cdkl5+/y vs. 187.5 ± 11.71 in Cdkl5-/y, p < 0.01cells/mm2; n 

=10 for genotype) in Cdkl5-/y mice compared to WT littermates (Fig. 21 A,B). 

Separate analysis of each cortical layer indicated that the density of PV+ cells 

was particularly increased in layers II-III and V (two-way ANOVA: p < 0.001; 

Bonferroni: layer II-III p < 0.05, layer V p < 0.001) (Fig. 21 C). In contrast, 

the number of CR+, SOM+ and SOM+CR+ positive cells was similar in both 

genotypes (CR: 114.3 ± 9,67 in Cdkl5+/y vs. 100.2 ± 9.65 in Cdkl5-/y, p = 0.87; 

SOM: 99.19 ± 10.8 in Cdkl5+/y vs. 100.6 ± 11.28 in Cdkl5-/y, p = 0.93 

cells/mm2; CR+SOM+: 32.60 ± 5.04 in Cdkl5+/y vs. 27.11 ± 3.4 Cdkl5-/y, p = 

0.37 cells/mm2; n = 5 for genotype) (Fig. 21 D-F). CR+ INs can be further 

subdivided in two functionally distinct subpopulations (Butt et al., 2005; 

Gelman and Marín, 2010) based 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 Cdkl5+/y vs. 17.75 ± 4.06 in Cdkl5-/y, p = 

0.36; Multipolar CR: 68.68 ± 8.97 in Cdkl5+/y vs. 65.89 ± 7.86 in Cdkl5-/y, p 

= 0.82 cells/mm2; n = 5 for genotype).  

Given the increased density of PV+ cells, we also evaluated the number of PV+ 

INs relative to the total number of neurons identified with NeuN labelling. As 

shown in Fig. 12G, H, the overall density of NeuN+ cells was unaffected by 

Cdkl5 deletion (Cdkl5+/y: 1934 ± 77.82, Cdkl5-/y: 2017 ± 43.38, p = 0.38 
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cells/mm2; n = 5 for genotype). However, the analysis of layer distribution 

revealed a specific increase of NeuN+ cell density in layer V of mutant mice 

(two-way ANOVA, Bonferroni: layer V p < 0.05) (Fig. 21 I). In perfect 

agreement, the percentage of PV+ INs relative to the total NeuN+ cells was 

significantly increased in Cdkl5 mutant mice (5.70 % ± 0.46 in Cdkl5+/y vs. 

7.40 % ± 0.22 in Cdkl5-/y, p < 0.05; n = 5 for genotype) (Fig. 20J). Layer 

distribution analysis showed that PV+ INs are significantly more abundant in 

layers II-III and layer V of KO mice (two-way ANOVA: p < 0.01; Bonferroni: 

layer II-III p < 0.01, layer V p < 0.01) (Fig. 21 K). 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 other classes of 

GABAergic INs. 
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Lastly, we verified whether the reduced c-fos expression observed in V1 of 

Cdkl5-/y mutants also affects PV+ cells. We found that in WT animals c-fos 

was expressed in a small percentage of PV+ cells, and this fraction was even 

smaller in Cdkl5-/y mice (PV+ c-fos+/total PV+: 8.77 % ± 2.7 in Cdkl5+/y vs. 

1.66 % ± 1.06 in Cdkl5-/y,p < 0.05; n = 5 for genotype). Reciprocally, the 

number of c-fos+ cells also expressing PV was also reduced (PV+c-fos+/total 

c-fos+: 2.44 ± 0.62 in Cdkl5+/y vs. 0.76 ± 0.51 in Cdkl5-/y,p < 0.05; n = 5 for 

genotype) (Fig.22A-C). Thus, c-fos is normally expressed by a small 

percentage of PV+ INs, and c-fos expression reveals a small but significant 

reduction of PV+ cell activation in Cdkl5-/y mice. 

 

 

 

 

 

 

 

 

Figure 21 Cdkl5 deletion affects the organization of neocortical interneurons.A, 

Representative confocal micrographs of triple immunofluorescence for PV+ (red), 

CR+ (green) and SOM+ (cyan) INs throughout V1 from Cdkl5+/y and Cdkl5-/y mice 

(scale bar 50 µm). B-F, Quantification of total density (B) of INs shows a selective 

increase of PV+ cells in Cdkl5-/y mice compared to WT that is particularly 

pronounced in layers II-III 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 immunofluorescence for PV+ (red) and NeuN+ 

(green) cells in V1 of Cdkl5+/y and Cdkl5-/y mice (scale bar 50 µm).H, I, Whereas 

quantification of total NeuN+ cells density shows no apparent changes of neuronal 

density in Cdkl5-/y mice (H), layer distribution analysis reveals a small but selective 

increase in layer V in mutant mice compared to WT (I). J, K, Total quantification 

(J)and layer distribution (K) analyses of PV+/NeuN+ ratio indicate an increase in 

the percentage of PV+ INs that particularly affects layers II -III and V of Cdkl5-/y 

mice. Total density analysis: Studentôs t-test, *p < 0.05, **p < 0.01. Layer density 

analysis: two-way ANOVA, **p < 0.01, ***p < 0.001; Post hoc Bonferroni test, §p 

< 0.05, §§p < 0.01, §§§p < 0.001. 
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8.4 Enhanced Connectivity Between Parvalbumin 

Interneurons and Pyramidal Cells in Cdkl5-/y Mice 

Given the abnormal density of PV+ subclass 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 all cortical layers. We found an higher density of 

excitatory terminals decorating the dendrites of PV+ INs in Cdkl5 null animals 

compared with WT mice (VGluT1+ puncta/µm, 1.39 ± 0.03 in Cdkl5+/y vs. 

1.70 ± 0.04 in Cdkl5-/y, p < 0.001; 8 dendrites/animal, n = 5 for genotype) 

Figure 22 The number of PV+ INs showing c-fos staining in V1 is reduced in Cdkl5-/y 

mice. A, Representative confocal micrographs (scale bar 50 µm) and higher 

magnification insets (scale bar 25 µm) showing V1 from Cdkl5+/y and Cdkl5-/y mice 

stained for PV+ (red) and c-fos+ (blu).B,C, Quantitative analyses of c-fos+/PV+ INs on 

total number of PV+ INs (B)and c-fos+/PV+ INs on total number of c-fos+ cells (C) 

reveal a reduction in the percentage of activated PV+ INs in mutant mice. Density 

analysis: Studentôs t-test, *p < 0.05. 
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(Fig. 23A,B). In support of a cell-specific action of Cdkl5 on INs organization, 

we did not find any difference in the number of excitatory inputs contacting 

the dendrites of CR+ INs (VGluT1+ puncta/µm, 0.91 ± 0.04 in Cdkl5+/y vs. 

1.033 ± 0.04 in Cdkl5-/y, p = 0.058; 8 dendrites/animal, n = 5 for genotype) 

(Fig. 23C,D). 

We then investigated the synaptic output of PV+ cells by counting the number 

of GABAergic synapses established by these cells with the cell body of 

pyramidal neurons. This analysis revealed a significant increase of the density 

of double-labelled (VGAT+/PV+) boutons decorating the cell body of layer V 

pyramidal neurons in mutant mice compared to WT animals (PV+VGAT+ 

puncta/µm, 0.41 ± 0.01 in Cdkl5+/y vs. 0.49 ± 0.02 in Cdkl5-/y, p < 0.01; 8 

pyramidal cell soma/animal, n = 5 for genotype) (Fig.22E,F). Surprisingly, no 

changes were found around the cell body of layer II/III pyramidal neurons 

(PV+VGAT+ puncta/µm, 0.41 ± 0.01 in Cdkl5+/y vs. 0.40 ± 0.01 in Cdkl5-/y, 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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8.5 The Density of Perineuronal Nets is Abnormal in V1 Cortex of 

Adult Cdkl5-/y Mice 

 To further characterize the effects of Cdkl5 deletion on PV+ cells, we next 

evaluated the density and pattern of expression of chondroitin sulfate 

proteoglycans (CSPGs) visualized with WFA labelling. CSPGs condense 

around the cell body and major dendrites of PV+ INs forming extracellular 

matrix specialized structures called perineuronal nets (PNNs) (Wang & 

Fawcett, 2012). PNNs were reported to progressively limit the plasticity of 

PV+ INs with the establishment of mature circuits (Kwok et al., 2011; 

Pizzorusso et al., 2002). As shown in fig. 17B, the percentage of PV+ cells 

enwrapped by PNNs was similar in both genotypes (76.39 % ± 4.43 in 

Figure 23 The connectivity between PV+ INs and pyramidal cells is enhanced in V1 of Cdkl5-

/y mice. A, C, Examples of VGluT1+ varicosities in V1 decorating dendritic branches of PV+ 

(A) and CR+ (C)INs from both Cdkl5+/y and Cdkl5-/y mice (scale bar 10 µm). B, D, Analysis 

of VGluT1+ terminals contacting dendrites reveals an increase in excitatory connectivity on 

PV+ INs in Cdkl5-/y mice compared to WT(B)while no changes in excitatory terminals were 

detected on CR+ cells (D). E, Representative micrographs of PV+/VGAT+ puncta decorating 

the somata of pyramidal neurons in V1 of Cdkl5+/y and Cdkl5-/y mice (scale bar 10 µm). Py, 

pyramidal neurons. Quantitative analysis (F) shows an increase of PV+ GABAergic synapses 

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

Studentôs t-test, **p < 0.01, ***p < 0.001. 
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Cdkl5+/y vs. 78.15 % ± 3.12 in Cdkl5-/y, p = 0.76; n = 5 for genotype). 

However, the density of cells surrounded by WFA+PNNs in V1 of mutant 

mice showed an increase compared to WT (140.1 ± 10.19 in Cdkl5+/y vs. 185.7 

± 8.04 in Cdkl5-/y, p < 0.01; n = 5 animals per genotype), consistent with the 

augmented density of PV+ INs (Fig 24A,C). Despite this, there were no 

obvious changes in the intensity of WFA+ PNNs in Cdkl5+/y and control mice 

(ɢ2 Cdkl5+/y vs. Cdkl5-/y, p = 0.97; n = 5 for genotype) (Fig. 24D). Thus, the 

increase of PV+ INs in Cdkl5-/y mutants is accompanied by an increase in the 

number of cells enwrapped by PNNs, although the general organization of 

PNNs is similar in both genotypes. 

Figure 24. CDKL5 loss affects PNNs density in adulthood. A, Representative confocal 

micrographs of WFA+ PNNs in V1 of 8-week old Cdkl5+/y and Cdkl5-/y mice (scale bar 50 

µm) and higher magnification insets showing PV+ INs (arrowheads) and PV+ cells 

enwrapped by WFA+ PNNs (arrows) (scale bar 25 µm). B, C, Analysis of the percentage of 

PV+ cells enwrapped by PNNs shows no differences between WT and mutant mice (B) 

whereas the quantification of the total density of PNNs reveals an increase in Cdkl5-/y mice 

(C). D, The analysis of the frequency distribution of PNNs maturation, based on WFA+ 

staining intensity, does not detect any changes between wild type and mutant mice. PNNs 

density analysis: Studentôs t-test, **p < 0.01. 
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  8.6 Cdkl5 Ablation Affects the Organization of the PV+ System 

During the Critical Period  

 Because the correct organization of the PV system is crucial for the CP of 

ocular dominance plasticity (ODP) in the visual cortex (Levelt and Hübener, 

2012), we investigated whether Cdkl5 deletion may tamper with the 

developmental trajectory of cortical circuitry refinement. Firstly, we analysed 

the density of PV+ INs in a pre-CP 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 P35) (Fagiolini et al., 2004; Hooks and Chen, 2007; Levelt and 

Hübener, 2012; Sugiyama et al., 2008; Sun et al., 2016). While the density of 

PV+ cells was similar in WT and mutant mice at P18 and P21 (two-way 

ANOVA: p > 0.05), null mice displayed a higher number of PV+ INs at the 

closure of the CP (two-way ANOVA: p < 0.01; Bonferroni: P35 Cdkl5+/y vs. 

Cdkl5-/y p < 0.05; n = 5 for group) (Fig. 25A,B). Interestingly, the analysis of 

layer distribution pointed out a selective increase of PV+ cells in layers IV-V 

of mutant mice (two-way ANOVA: p < 0.001; Bonferroni: P35 layer IV 

Cdkl5+/y vs. Cdkl5-/y p < 0.01; layer V Cdkl5+/y vs. Cdkl5-/y p < 0.01) (Fig. 

25C). Furthermore, this analysis showed an age-dependent increase of PV+ 

INs in KO mice that was not detected in WT animals (Bonferroni: Cdkl5-/y at 

P18 vs. Cdkl5-/y at P35 p < 0.01) (Fig. 25B). Intriguingly, our data show that 

while in adulthood the increase in PV+ cell density is detectable in layers II-

III and V, at P35 the increase is limited to layers IV-V of mutant mice. 

Given the increased density of PV+ cells at 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 genotype-related abnormalities at both 

developmental stages (two-way ANOVA: p > 0.05) (Fig 25D, E). However, 

in agreement with previous findings (Huang et al., 1999), we observed an age-

dependent increase in the density of inhibitory perisomatic synapses in both 

genotypes (layer II-III, two-way ANOVA: p < 0.001; Bonferroni: Cdkl5+/y at 
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P21 vs. Cdkl5+/y at P35 p < 0.05; Cdkl5-/y at P21 vs. Cdkl5-/y at P35 p < 0.01. 

layer V, two-way ANOVA: p < 0.05; n = 4 for group).  

Figure 25 CDLK5 loss affects PV+ INs density during the critical period of cortical 

plasticity. A, Representative confocal micrographs of PV+ INs in V1 of Cdkl5+/y and 

Cdkl5-/y mice before the onset (P18) and at the end (P35) of the CP (scale bar 50 µm). 

B-C, Quantitative analyses of total PV+ cells density (B) and layer distribution (C) 

at P18, P21 and P35 show an age-dependent increase of PV+ INs which is 

abnormally enhanced in mutant mice. D, Examples of PV+/VGAT+ puncta contacting 

the somata of layer V pyramidal neurons in in V1 from Cdkl5+/y and Cdkl5-/y mice 

aged P21 and P35 (scale bar 10 µm). Py, pyramidal neurons. Quantitative analysis 

(E)shows no changes in the density of PV+ inhibitory varicosities between WT and 

mutant mice at either development stages. However, there is an age dependent 

increase of PV+ putative synapses irrespective of genotype. PV+ INs density and 

PV+/VGAT+ puncta analyses: two-way ANOVA,*p < 0.05, **p < 0.01, ***p < 0.001; 

Post hoc Bonferroni test: §p < 0.05, §§p < 0.01 compared to the corresponding age-

matched wild type group; # p < 0.05, ## p < 0.01 compared to the corresponding 

genotype-matched 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 WFA+ PNNs before the opening and at the end of the CP. 

Interestingly, we found no difference in the percentage of PV+ INs surrounded 

by PNNs irrespective of the developmental stage and genotype (two-way 

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

intensity of WFA-positive nets were similar in Cdkl5 KO and control mice at 

P18 (ɢ2 Cdkl5+/y vs. Cdkl5-/y, p = 0.77; n = 5 for group) (Fig. 26D, E). 

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

WT mice (two-way ANOVA: p < 0.01; Bonferroni: P35 Cdkl5+/y vs. Cdkl5-/y 

p < 0.05, Cdkl5-/y at P18 vs. Cdkl5-/y at P35 p < 0.01; n = 5 for group) (Fig. 

26C), and WFA staining was significantly fainter in mutants (ɢ2 Cdkl5+/y vs. 

Cdkl5-/y, p < 0.05; n = 5 for group) (Fig. 26E). Importantly, while PNNs 

showed an age-dependent process of maturation in WT animals, reflected by 

an increased frequency of PNNs with strong WFA staining (ɢ2 Cdkl5+/y at P18 

vs. Cdkl5+/y at P35, p < 0.001; n = 5 for group), such developmental maturation 

of PNNs was completely abolished in Cdkl5-/y mice (ɢ2 Cdkl5-/y at P18 vs. 

Cdkl5-/y 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 PV+ IN 

assembly, together with defective formation of PNNs at the end of the CP.  
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Figure 26 CDLK5 deletion slows down PNNs organization during the critical period of cortical 

plasticity. A, Examples of WFA+ PNNs staining in wild type and mutant mice at P18 and P35 

(scale bar 50 µm). B-C, Quantification of the percentage of PV+ INs surrounded by WFA+ PNNs 

reveals no differences between Cdkl5+/y and Cdkl5-/y mice at either developmental stages (B). The 

density of WFA+ PNNs shows a significant age-dependent increase which is more pronounced in 

the mutant mice (C). D, Higher magnification insets showing PV+ INs (arrowheads) and PV+ cells 

enwrapped by WFA+ PNNs (arrows) (scale bar 25 µm). E, The analysis of the frequency 

distribution of PNNs, classified on the basis of their WFA+ staining intensity, revealed an age-

dependent increase only in wild type mice. PNNs density analysis: two-way ANOVA, **p < 0.01, 

Post hoc Bonferroni test: ## p < 0.01 compared to the corresponding genotype-matched P18 

group, §p < 0.05 compared to the corresponding age-matched wild type group. Frequency 

distribution analysis: ɢ2, ### p < 0.001 compared to the corresponding genotype-matched P18 

group, §p < 0.05 compared to the corresponding age-matched wild type group. 
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ñmGluR5 potentiation rescues cortical and behavioural 

defects in a preclinical model of CDKL5 deficiency disorderò 

(Gurgone et al., under revision). 

 

8.7 CDKL5 forms a multiprotein complex with Shank1 

and Homer1bc. 

Because the cooperation of Homer1bc and Shank1 regulates synaptogenesis 

and dendritic spines maturation (Sala et al., 2003, 2001), processes that are 

defective in CDD mouse models (Amendola et al., 2014; Wang et al., 2012), 

we assessed their interactions with CDKL5. When HEK293T cells were co-

transfected with flag-CDKL5, Em-Homer1bc and HA-Shank1 constructs, we 

found that both CDKL5 and Shank1 co-immunoprecipitated (co-IP) with 

Homer1bc (fig. 27A). Next, we transfected cells either with flag-CDKL5 and 

Em-Homer1bc or flag-CDKL5 and HA-Shank1 constructs. Intriguingly, 

CDKL5 co-IP only with Shank1 indicating that, through the interaction 

between CDKL5 and Shank1, a multi-protein complex including Homer1bc 

can be formed (fig. 27B,C). Identical results were obtained when these 

proteins were expressed and co-IP in a different cell line (i.e.: COS-7 cells; 

data not shown).  

We then performed co-clustering assay on transfected COS-7 cells examined 

with confocal microscopy. In agreement with previous works (Chen et al., 

2010; Lim et al., 1999; Romorini, 2004; Rusconi et al., 2008) (fig. 27DI), in 

single transfection experiments Homer1bc and flag-CDKL5 

immunofluorescence showed a diffused distribution in the cell whilst Shank1 

exhibited a filamentous pattern of expression. When we co-expressed flag-

CDKL5 with Em-Homer1bc, we observed no changes in the subcellular 

distribution and no colocalization of these proteins (fig. 27DII). Conversely, 

both flag-CDKL5/HA-Shank1 and HA-Shank1/Em-Homer1bc co-

transfection resulted in the disassembling of Shank1 filamentous organization 

associated with an extensive colocalization in discrete aggregates (fig. 

27DIII,IV ). Intriguingly, triple transfections clearly revealed that these three 
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proteins co-cluster in the cell cytoplasm (fig. 26DV). Importantly, the extent 

of proteins association, initially assessed by qualitative examination, was fully 

confirmed by the quantitative evaluation of colocalization by Pearsonôs 

correlation coefficient analysis (PCC) (flag-CDKL5/Em-Homer1bc vs flag-

CDKL5/HA-Shank1 and flag-CDKL5/Em-Homer1bc/HA-Shank1 vs flag-

CDKL5/Em-Homer1bc p < 0.001; fig. 27E). Finally, to assess whether 

CDKL5-Shank1 interaction occurs in the brain, we performed experiments on 

crude cortical synaptosomal fractions (P2) from 2-months-old WT and Cdkl5-

/y mice (fig. 27F). We found that CDKL5 co-IP with Shank1 in synaptosomes 

derived from WT cortices while, as expected, no immunosignal was present 

in cortical tissue derived from KO mice. Overall, our results identify Shank1 

as a new binding partner of CDKL5 both in heterologous cells and in the brain 

and show that these two proteins form ternary complexes with Homer1bc. 
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8.8 The C-terminus domain of CDKL5 mediates the 

interaction with Shank1.  

To map the functional domains required for CDKL5-Shank1 interaction, we 

analysed four CDKL5 pathogenic or likely pathogenic mutations previously shown 

to disrupt either the kinase activity or binding ability of CDKL5 (Bertani et al., 

2006; Hector et al., 2016; Kilstrup-Nielsen et al., 2012; Mari et al., 2005; White et 

al., 2010). Missense mutations are located within the N-terminal domain of 

CDKL5: whereas CDKL5C152F and CDKL5K42R either decrease or completely 

abolish the catalytic activity of CDKL5, respectively, CDKL5P209 is a likely 

pathogenic mutation that alters the aminoacidic composition of the SH3 domain 

mediating protein-protein interactions, also present on Shank1 (Hector et al., 2017; 

Lin et al., 2005; Sheng and Hoogenraad, 2007). Conversely, nonsense mutation at 

the C-terminal domain (flag-CDKL5ȹ781), produces the deletion of the last 249 

amino acids of CDKL5.  

After co-transfection with HA-Shank1, we found that all the N-terminal CDKL5 

constructs co-IP with anti-Shank1 antibody while only flag-CDKL5ȹ781 gave 

negative results (fig. 2A). In addition, co-clustering analyses showed that all the 

mutations did not affect the subcellular localization of CDKL5 (fig. 2BI) that 

remained similar to the wild-type protein (Bertani et al., 2006; Rusconi et al., 2008). 

Figure 27 CDKL5 interacts with Shank1 both in vitro and in cortical 

synaptosomal fractions. (A, B, C) Western blots (WB) showing co-

immunoprecipitation (IP) and lysates (INPUT) from HEK-293T cells co-

transfected with flag-CDKL5,Em-Homer1bc and HA-Shank1 plasmids. The IP 

was performed using anti-Homer1bc (A, B) and anti-Shank1 (C) antibodies. (D) 

Representative confocal images of co-clustering assays in COS-7 cells transfected 

with flag-CDKL5 (red), HA-Shank1 (blu) and Em-Homer1bc (green) constructs 

individually (DI) or in combination (DII-V) as indicated (scale bar: 5 µm). (E) 

Histograms showing the colocalization index, evaluated with Pearsonôs 

correlation coefficient (PCC), between the expressed proteins as indicated in the 

legend. (F) co-IP assay performed in P2 synaptosomal fraction from Cdkl5+/y 

and Cdkl5-/y mice by using antibodies against anti-Shank1. WB analysis shows 

the expression of Shank1 and CDKL5 in the co-immunoprecipitated material. NO 

IgG: IP control lane in the absence of antibodies. Ho: total cortical homogenate. 

Statistical analysis: one-way ANOVA followed by Fisherôs post hoc test, *** p < 

0.001 (flag-CDKL5 / Em-Homer1bc n = 37 cells; flag-CDKL5 / HA-Shank1: n = 

45 cells; flag-CDKL5 / Em-Homer1bc / HA-Shank1: n = 47 cells). 
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Importantly, we found that flag-CDKL5ȹ781 protein did not co-localize with Shank1 

(flag-CDKL5ȹ781/ HA-Shank1 vs flag-CDKL5/ HA-Shank p < 0.001; fig. 2C) 

whereas in the N-terminal mutants the co-localization with Shank1 was preserved 

(fig. 2BII -IV-C) indicating that the C-terminus domain of CDKL5 is  required for its 

binding with Shank1.   
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8.9 The kinase activity of CDKL5 modulates the 

interaction between Shank1 and Homer1bc 

 Next, we investigated the functional relevance of CDKL5-Shank1 

interaction. Because the synergistic action of Homer1bc and Shank1 is 

required for dendritic spines formation (20, 21) that is impaired in CDKL5-

KO mice (10, 29, 30), we hypothesized that CDKL5 activity could regulate 

Homer1bc-Shank1 complex formation. To test this idea, HEK293T cells were 

co-transfected with HA-Shank1 and Em-Homer1bc constructs in combination 

or not of either flag-CDKL5 or flag-CDKL5K42R that codes for a protein 

with no kinase activity (Bertani et al., 2006). In line with our hypothesis, in 

the absence of CDKL5 there was about 40% reduction of Shank1 co-IP with 

Homer1bc than in the presence of CDKL5 (flag-CDKL5/Em-Homer1bc/HA-

Shank1 vs Em-Homer1bc/HA-Shank1 p < 0.05; fig. 29A,B). Intriguingly, 

flag-CDKL5K42R expression resulted in a more robust reduction of Shank1-

Homer1bc interaction, as the amount of co-IP Shank1 was reduced of about 

70% compared to wild-type CDKL5 (flag-CDKL5/Em-Homer1bc/HA-

Shank1 vs flag-Cdkl5K42R/Em-Homer1bc/HA-Shank1 p < 0.01; fig. 

29A,B). In sum, these results indicate that when the kinase activity of CDKL5 

is disrupted the binding between Shank1 and Homer1bc becomes weaker. 

Figure 28 The C-terminus domain of CDKL5 is necessary for Shank1 

interaction.  (A) Proteins transfected in HEK293T cells (flag-CDKL5, flag-

CDKL5K42R, flag-CDKL5C152F, flag-CDKL5ȹ781 and HA-Shank1 plasmids) 

were immunoprecipitated with anti-Shank1 antibody. Western blot analysis was 

performed with anti-CDKL5 and anti-Shank1 antibodies on co-

immunoprecipitated (IP) and lysate (INPUT) materials. (B) Representative 

confocal images of co-clustering assays in COS-7 cells transfected with HA-

Shank1 (green) and flag-CDKL5 full length plasmid or flag-CDKL5 constructs 

bearing CDD pathogenic mutations (red), either individually (BI) or in 

combination (BII-VI) with HA-Shank1 as indicated (scale bar: 5 µm). (C) 

Histograms showing PCC analysis of the colocalization index between the 

expressed proteins, as indicated in the legend. Statistical analysis: one-way 

ANOVA followed by Fisherôs post hoc test, *** p < 0.001 (flag-CDKL5ȹ781/ HA-

Shank1 n = 22 cells, flag-CDKL5/ HA-Shank1 n = 71 cells, flag-CDKL5K42R/ 

HA-Shank1 n = 27 cells; flag-CDKL5C152F/ HA-Shank1 n = 31 cells; flag-

CDKL5P209R/ HA-Shank1 n = 46 cells). 
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Figure 29 The strength of Shank1-Homer1bc complex is dependent on the expression of 

CDKL5 and is reduced by the presence of the kinase-dead CDKL5K42R mutant. 

(A) Co-IP assay performed from HEK293T cells lysates co-transfected with HA-Shank1, Em-

Homer1bc, flag-CDKL5 or flag-CDKL5K42R constructs, as indicated, and 

immunoprecipitated with antibody against Homer1bc. The immunoprecipitated proteins and 

the corresponding lysates were immunoblotted with anti-CDKL5, anti-Shank1 and anti-

Homer1bc antibodies. (B) Histograms showing the differences produced by the 

presence/absence of either flag-CDKL5 or flag-CDKL5K42R, as indicated by the color-

coded legend, on Shank1/Homer1bc interaction evaluated by optical density (O.D.) 

quantitation. Statistical analysis: one-way ANOVA followed by Fisherôs post hoc test * p < 

0.05, **p < 0.01 (flag-Cdkl5 / Em-Homer1bc / HA-Shank1 n = 10, Em-Homer1bc / HA-

Shank1 n = 11, flag-Cdkl5K42R / Em-Homer1bc / HA-Shank1 n = 7). 

 

8.10 The localization of excitatory scaffolding proteins is 

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

Because our in-vitro findings indicate that CDKL5 strengthens Shank1-Homer1bc 

association, we hypothesized Shank1 expression and/or localization to be altered in 

the brain of CDKL5 mutant mice. Surprisingly, we found that the density of 

Shank1+ immunofluorescence synaptic puncta is not altered by CDKL5 loss in 

sections of S1 cortex (fig. 30 A,B), while we confirmed a robust reduction of both 

PSD-95 and Homer1bc expression in CDKL5 mutants (fig. 24D-F; see also 17, 18). 

Indeed, the density of Shank1+ immunopuncta showed no significant difference 

between genotypes (layers II-III and layer V: Cdkl5+/y vs Cdkl5-/y p > 0.1; fig. 30 

A,B) whilst we found significantly fewer PSD-95+ (layers II-III: Cdkl5+/y vs Cdkl5-

/y p < 0.01; layer V: Cdkl5+/y vs Cdkl5-/y, p < 0.05; fig. 30 D,F) and Homer1bc+ 

puncta (layers II-III and layer V: Cdkl5+/y vs Cdkl5-/y p < 0.01; fig. 30D,E) in 

CDKL5-KO mice compared to WT. Because Homer1bc-Shank1 antibodies 

combination is unsuitable for co-labelling experiments, we instead analysed 

Shank1+-PSD-95+ puncta colocalization within S1 cortex. As shown in fig. 30 A,C, 
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the percentage of co-localized Shank1+-PSD-95+ puncta, relatively to the total 

number of PSD-95+ puncta, was sharply decreased in CDKL5-KO mice compared 

to WT (layers II-III: Cdkl5+/y vs Cdkl5-/y p < 0.01; layer V: Cdkl5+/y vs. Cdkl5-/y p 

< 0.05) suggesting that also the extent of Shank1-Homer1bc colocalization is 

decreased in mutants. Thus, CDKL5 loss differentially affects the synaptic 

expression of excitatory scaffolding proteins by modifying the amount of 

Homer1bc and PSD-95 while leaving Shank1 expression apparently unaltered. 

 

8.11 Postmortem visual cortices of CDD individuals 

show a decreased number of Homer1bc/PSD-95-containing 

dendritic spines.  

To assess the translational potential of our findings, we next examined the 

simultaneuous localization of Homer1bc and PSD-95 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 sections from the primary 

visual cortex (BA17) of CDD cases and age/sex-matched controls. 

Intriguigly, these results showed a clear reduction of both PSD-95+ and 

Homer 1bc+ puncta in CDD individuals, irrespective of case age (5 and 30 

years old), compared to neurotypical controls (fig. 30G). Moreover, although 

statistical analysis could not be performed with only 2 cases, a semi-

quantitative analysis indicated that the density of puncta labelled for 

Homer1bc and PSD-95 show a clear trend toward a reduction in the cortices 

of CDD patients compared to healthy controls (fig. 30G-I). Altogether, these 

observations are in support of a reduction of dendritic spines in the cortex of 

CDD patients as observed in CDKL5-KO mice (Della Sala et al., 2016). 
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8.12 The loss of CDKL5 affects mGluR5-mediated 

NMDA currents in cortical neurons.  

To establish the functional consequences of CDKL5 loss on excitatory 

synapses, we focused on mGluR5s because they exert a pivotal role in 

Figure 30 Aberrant organization of excitatory scaffolding proteins in cortices from CDKL5-

KO mice and CDD patients.(A, D, G) Representative confocal images of layers II-III of S1 

and BA17 cortices from Cdkl5-/y mice and human CDD cases, respectively, and their 

corresponding controls, illustrating Shank1+ (green), PSD-95+ (red), Homer1bc+ (green) 

immunofluorescence puncta (scale bar: 5 µm). (B, E, F, H, I) Histograms showing quantitative 

analysis of Shank1+ (B), Homer1bc+ (E, H) and PSD95+ (F, I) puncta density in layers II-

III and V of the cortex. (C) Histograms of the percentage of doubly labelled Shank1+/PSD95+ 

puncta relatively to PSD95+ puncta density in layers II-III and V of Cdkl5-/y mice and WT 

littermates. Statistical analysis: studentôs t-test, * p < 0.05, ** p < 0.01 (n = 6 animals for 

genotype; C1 = Case 5976: F, 4 years old; P1 = Case AN06796: F, 5.7 years old; C2 = Case 

5644: F, 29 years old; P2 = Case AN11848: F, 30 years old). 
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dendritic spines formation/maturation by the interacting with 

Shank1/Homer1bc complex (Giuffrida 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 mGluR5. These experiments showed 

that the density of mGluR5+ puncta is strongly reduced in layers II-III and V 

of S1 cortex in CDKL5-KO mice compared to WT (fig. 31A), as confirmed 

by quantitative analysis (layers II-III and layer V: Cdkl5+/y vs Cdkl5-/y p < 

0.05; fig. 31B). Next, we assessed mGluR5 activity by performing whole-cell 

patch-clamp recordings in cortical neuronal cultures. The function of mGluR5 

was analysed by determining the NMDA currents elicited by concurrent 

mGluR5 activation as in (Reiner and Levitz, 2018). At first, we measured the 

average inward current activated by administration of NMDA (50 µM) 

(INMDA). Interestingly, CDKL5-KO cultures showed a very robust 

reduction of INMDA with respect to WT cultures (fig. 31C,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. 31E). Next, we quantified the effect induced by 

mGluR5 activation on INMDA by application of the selective agonist DHPG 

(100 µM) for 2 minutes before NMDA administration. Intriguingly, we found 

that DHPG increases INMDA in WT cells, (fig. 31C, lower part, fig. 24F) 

while this agonist produced no effect in KO neurons (fig. 30C, lower part), as 

illustrated by the sharp difference in the percentage of INMDA change 

between genotypes (WT: 38.35%; KO: ï14.47%, p < 0.05. Fig. 31F). 

Furthermore, while 73% of WT cortical neurons (11/15 cells) showed 

potentiated INMDA after the application 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 mGluR5 function 

are strongly dependent on CDKL5 expression. 
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8.13 The positive allosteric modulation of mGluR5 with 

CDPPB prevents the alteration of NMDAR current produced 

by the lack of CDKL5.  

It has been previously shown that in cases when mGluR5 were non-

responding to DHPG, their activity could be regulated by selective 

compounds such as positive allosteric modulators (PAMs) (Auerbach 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 2-min CDPPB (10 µM) 

application before NMDA administration produced an increase of INMDA 

(Fig. 30D, lower part) in both genotypes (WT 25.83%; KO 32.68%, fig. 31H). 

Intriguingly, most of the KO and WT cells tested showed potentiated INMDA 

after the application of CDPPB (WT: 13/18, 78%; KO 10/12, 83%; fig. 31I), 

resulting in a significantly higher percentage of KO-neurons responding to 

CDPPB treatment compared to DHPG (chi-square KO-DHPG: 29% vs KO-

CDPPB: 83% p < 0.0001). Thus, CDPPB can produce a rescue of mGluR5-

mediated excitatory synaptic transmission produced by the absence of 

CDKL5.  
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8.14 CDPPB treatment produces molecular, structural 

and functional ameliorations in Cdkl5-/y 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 was sufficient to 

increase the density of Homer1bc+ puncta in both S1 and V1 cortices of 

Cdkl5-/y mice (S1: layers II-III and layer V vehicle-Cdkl5-/y vs CDPPB-Cdkl5-

/y p < 0.01. V1: layers II-III and layer V vehicle-Cdkl5-/y vs CDPPB-Cdkl5-/y 

p < 0.05; fig. 32A-C), reproducing WT conditions (S1 and V1: layer II-III and 

layer V: vehicle-Cdkl5+/y vs CDPPB-Cdkl5-/y p > 0.3; fig. 32A-C). 

Surprisingly, CDPPB treatment also re-established typical mGluR5+ puncta 

density in the S1 cortex of CDKL5-KO mice (S1: layers II-III and layer V: 

vehicle-Cdkl5-/y vs CDPPB-Cdkl5-/y p < 0.001; vehicle-Cdkl5+/y vs CDPPB-

Cdkl5-/y p > 0.3. V1: layers II-III and layer V: vehicle-Cdkl5-/y vs CDPPB-

Cdkl5-/y p < 0.05. S1 and V1: vehicle-Cdkl5+/y vs CDPPB-Cdkl5-/y p > 0.3; 

fig. 32D-F). Finally, also the typical number of cells expressing ARC, an 

immediate early gene regulated by mGluR5 activity (Jenks et al., 2017; 

Figure 31 CDKL5 loss produces the reduction of both mGluR5+ puncta and DHPG-

induced NMDA current that is instead potentiated by CDPPB application. (A) 

Representative confocal images showing mGluR5+ (green) and PSD-95+ (red) 

immunopuncta in the neuropil of S1 cortex, layers II-III, from Cdkl5+/y and Cdkl5-/y mice 

(scale bar: 5 µm), (B) histograms showing puncta density of Cdkl5-/y and WT mice. (C, D) 

Representative traces of currents obtained with patch-clamp recordings on S1 neurons 

cultures from WT and CDKL5-KO embryos after NMDA (50 µM) application (C,D: upper 

part), after 2-min application of DHPG (100 µ M) + NMDA (C: lower part) or 2-min CDPPB 

application (10 µ 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 of DHPG (F) or CDPPB (H) in CDKL5-KO and WT neurons. 

(G, I) Histograms displaying the percentage of cells from both genotypes showing potentiated 

INMDA after the application of either DHPG (G) or CDPPB (I). Statistical analysis: 

Studentôs t-test, chi-square, * p < 0.05, ** p < 0.01,  *** p < 0.001 (NMDA: Cdkl5+/y n = 

36 cells, Cdkl5-/y n = 23 cells; NMDA+DHPG Cdkl5+/y n = 15 cells and NMDA+DHPG 

Cdkl5-/y n = 14 cells; NMDA+CDPPB Cdkl5+/y n = 12 cells, NMDA + CDPPB Cdkl5-/y = 

9 cells). 
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Wilkerson et al., 2018), was restored in the V1 cortex of CDKL5-mutants 

after a single CDPPB administration (layers I-VI: vehicle-Cdkl5+/y vs vehicle-

Cdkl5-/y p < 0.01; vehicle-Cdkl5-/y vs CDPPB Cdkl5-/y p < 0.001; fig. 32G,H). 

These results show that CDPPB treatment restores several synaptic and 

molecular alterations shown by the cerebral cortex of Cdkl5-/y mice. 

Furthermore, we investigated the cortical visual responses by 

transcranial intrinsic optical signal (IOS) imaging before and after CDPPB 

administration in the same animals. As expected from our previous data 

(Lupori et al., 2019; Mazziotti et al., 2017), baseline response amplitude of 

CDKL5-KO mice was strongly decreased compared to WT littermates (one 

way ANOVA p < 0.01; Tukey multiple comparison Cdkl5+/y vs CDPPB-

Cdkl5-/y p < 0.01; Cdkl5+/y vs vehicle-Cdkl5-/y p < 0.01; vehicle-Cdkl5-/y vs 

CDPPB-Cdkl5-/y p = 0.92. Fig. 33A,B). After CDPPB treatment visual 

responses approached WT levels (one way ANOVA p < 0.01; Tukey multiple 

comparison Cdkl5+/y vs CDPPB-Cdkl5-/y post injection p = 0.6; Cdkl5+/y vs 

vehicle-Cdkl5-/y post injection p < 0.05) significantly increasing from their 

baseline values (two-way RM ANOVA; main effects not significant, 

interaction treatment*time p < 0.05; Sidak multiple comparison: vehicle-

Cdkl5-/y post injection vs CDPPB-Cdkl5-/y post injection p < 0.05; CDPPB-

Cdkl5-/y baseline vs CDPPB-Cdkl5-/y post injection p < 0.05; vehicle-Cdkl5-/y 

baseline vs vehicle-Cdkl5-/y post injection p = 0.90). By contrast, 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 defects exhibited by Cdkl5-/y mice are rescued by acute 

CDPPB administration. (A, D) Representative confocal images showing Homer1bc+ and 

mGluR5+ puncta in layer II-III of S1 cortex from either vehicle- or CDPPB-treated 

Cdkl5+/y and Cdkl5-/y mice (scale bar: 5 µm). (B, C, E,F) Histograms showing 

differences between genotypes in Homer1bc+ (B,C) and mGluR5+ (E,F) immunopuncta 

density counted from layers II-III and V of S1 (B, E) and V1 (C,F) cortices in either 

vehicle- or CDPPB-treated mice. (G) Confocal images of ARC immunostaining in sections 

of the V1 cortex from Cdkl5+/y and Cdkl5-/y mice, treated with vehicle or CDPPB (scale 

bar: 25 µm), and relative ARC+ cells density quantitation (H) throughout layers of V1 

cortex. Statistical analysis: two-way ANOVA followed by Fisherôs multiple comparison 

test, *p < 0.05, ** p < 0.01, *** p < 0.001; (n = 6 animals for each genotype). 

 



106 
 

We then tested CDPPB on both sensory-motor and short-term memory 

performances in CDKL5 mutants. First, we evaluated somatosensory function 

in mice by using the adhesive tape-removal test (Bortolato et al., 2013; Bouet 

et al., 2009; Komotar et al., 2007). We found that Cdkl5-/y mice display a 

significant increase in the latency to remove the tape compared to WT mice 

(vehicle-Cdkl5+/y vs vehicle-Cdkl5-/y p < 0.01; fig. 33C). Importantly, single 

CDPPB injection produced a reduction of the latency exclusively in mutant 

mice that became very similar to controls (vehicle-Cdkl5+/y vs CDPPB-Cdkl5-

/y p > 0.4; fig. 33C). Next, the effect of CDPPB was assessed in mice tested 

in the Y-maze paradigm for working memory, known to be impaired in 

Cdkl5-/y mutants (Wang et al., 2012). First, we found that correct 

spontaneous alternations are decreased in Cdkl5-/y mice compared to WT 

animals (vehicle-Cdkl5+/y vs vehicle-Cdkl5-/y p < 0.01; fig. 33D), confirming 

previous observations. Intriguingly, CDPPB rescued working memory 

defects in Cdkl5-/y mice by normalizing the frequency of spontaneous 

alternations (vehicle-Cdkl5+/y vs CDPPB-Cdkl5-/y p > 0.4; fig. 33D), 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. 33E). Thus, these data indicate that the action of CDPPB can 

reverse atypical functional and behavioural responses shown by CDKL5-KO 

mice.  
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8.15 The effects of prolonged CDPPB treatment in 

Cdkl5-/y mice are long-lasting. 

To assess the therapeutic potential of mGluR5 modulation, we treated 

animals for five consecutive days and, 24 hours after the last injection, 

animals were behaviourally tested and then sacrificed for brain analyses. We 

found that sub-chronic CDPPB treatment increased the density of Homer1bc+ 

puncta in both upper and deeper layers of the S1 cortex in mutant mice (layers 

II -II I and layer V: vehicle-Cdkl5-/y vs CDPPB-Cdkl5-/y p < 0.01; fig. 

Figure 33 Acute CDPPB treatment rescues CVI, as well as tactile and memory 

deficits in Cdkl5-/y mice. (A) Samples images showing differences of IOS evoked 

responses in vehicle-Cdkl5-/y and CDPPB-Cdkl5-/y treated mice. (B) Trajectory of the 

IOS amplitude in vehicle-Cdkl5+/y, vehicle-Cdkl5+/y and CDPPB-Cdkl5-/y treated 

mice. (C) Histograms showing contact latency with the tape placed under miceôs paw. 

(D, E) Histograms showing the percentage of the correct alternations (D) and the 

number of entries (E) made by Cdkl5+/y and Cdkl5-/y mice, treated with either vehicle 

or CDPPB, in the Y-maze. Statistical analysis: two-way ANOVA followed by Sidak or 

Bonferroniôs multiple comparison test, * p< 0.05, ** p< 0.01 (IOS: vehicle-Cdkl5+/y 

n = 3, vehicle-Cdkl5-/y n = 8, CDPPB-Cdkl5-/y n = 6; behavioural tests: vehicle-

Cdkl5+/y n = 12, vehicle-Cdkl5-/y n = 13, CDPPB-Cdkl5+/y n = 8, CDPPB-Cdkl5-/y 

n = 7). 
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34A,B), re-establishing their value to WT levels (layers II-III and layer V: 

vehicle-Cdkl5+/y vs CDPPB-Cdkl5-/y p > 0.3; fig. 34B). In contrast, no effect 

of CDPPB on Homer1bc expression was found in WT animals (layers II-III 

and layer V: vehicle-Cdkl5+/y vs CDPPB-Cdkl5+/y p > 0.9; fig. 34A,B). 

Next, we analysed hind-limb clasping, one solid sign showed by CDKL5-KO 

mice (Amendola et al., 2014). In line with previous studies (Amendola et al., 

2014), vehicle-treated mutants showed increased hind-limb clasping 

compared to WT littermates (vehicle-Cdkl5+/y vs vehicle-Cdkl5-/y p < 0.001; 

fig. 34C) whereas after CDPPB treatment Cdkl5-/y mice spent significantly 

less time clasping their hind paws (vehicle-Cdkl5-/y vs CDPPB-Cdkl5-/y p < 

0.01; fig. 33C). Nevertheless, clasping time was still significantly higher in 

treated mutants compared to WT mice (vehicle-Cdkl5+/y vs. CDPPB-Cdkl5-

/y p < 0.01; fig. 33C). Finally, we evaluated whether the sub-chronic treatment 

with CDPPB could rescue low cortical activity in CDKL5-KO mice (Pizzo et 

al., 2016) by analysing c-Fos expression. As shown in fig. 27D and E, 

confirmed that the S1 cortex of CDKL5 KO mice shows a robust reduction of 

c-Fos expression compared to WT littermates (vehicle-Cdkl5+/y vs vehicle-

Cdkl5-/y p < 0.01). Although there was only a small increase, not statistically 

significant, of c-Fos expression in treated-mutant mice (vehicle-Cdkl5-/y  vs 

CDPPB-Cdkl5-/y p = 0.09), the levels of c-Fos were no longer different 

between these and control WT mice (vehicle Cdkl5+/y vs CDPPB-Cdkl5-/y 

p > 0.09; fig. 34E). Taken together, these results show that CDPPB treatment 

can produce several long-lasting effects in Cdkl5-/y mice, suggesting that is 

compatible with a therapeutic designed protocol. 
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Figure 34 Subchronic treatment with CDPPB ameliorates synaptic, behavioural 

and neuronal activity defects showed by Cdkl5-/y adult mice. (A) Representative 

confocal images of Homer1bc+ (red) immunopuncta of layers II-III from the S1 

cortex of Cdkl5+/y and Cdkl5-/y mice. (B) Histograms showing Homer1bc+ puncta 

density quantification of layers II-III and V in the S1 cortex of either vehicle- or 

CDPPB-treated Cdkl5+/y and Cdkl5-/y mice. (C) Histograms showing time spent 

clasping by vehicle- or CDPPB-treated WT and Cdkl5-/y mice. (D) Representative 

images of c-Fos immunoreactive cells in S1 of vehicle- or CDPPB-treated Cdkl5+/y 

and Cdkl5ī/y mice (scale bar 50 Õm). (E) Histograms showing the quantitation of 

integrated intensity analysis for c-Fos immunofluorescence signal in the S1 of 

vehicle- or CDPPB-treated Cdkl5+/y and Cdkl5ī/y mice. Statistical analysis: two-

way ANOVA followed by Fisherôs LSD: * p < 0.05, ** p < 0.01, *** p < 0.001 

(Homer+ puncta: n = 9 for each group; clasping and c-Fos vehicle-Cdkl5+/y  n = 

34 , vehicle-Cdkl5-/y n = 23, CDPPB-Cdkl5+/y n = 17,  CDPPB-Cdkl5-/y n = 23). 
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9. Discussion  

 

9.1 CDKL5 as a ñmasterò protein necessary for the 

synaptic formation.  

CDKL5 is accumulated at the PSD where it interacts with palmitoylated-

PSD-95 (Zhu et al., 2013) an interaction that produces the phosphorylation of 

NGL-1 thus promoting the maturation of excitatory synaptic contacts 

(Ricciardi et al., 2012). Indeed, in CDKL5 KO mice it has been found that 

new spines are generated normally but fail to stabilize and are eliminated at 

an atypically high rate leading to a significant reduction in the density of 

mature spines (Della Sala et al., 2016). Moreover, the lack of CDKL5 impacts 

on the correct excitatory synaptic transmission and maintenance of long-term 

potentiation induced by theta-burst stimulation. All these findings strongly 

indicate that CDKL5 plays a pivotal role in dendritic spines stability and 

synaptic plasticity. These previous results were further investigated in the first 

part of my thesis in which we found that in the visual cortex of CDKL5 mice 

there is a severe synaptic downregulation of both PSD-95 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 different synaptic 

mechanisms. Among these molecules, the co-operation between Shank and 

Homer results to be necessary for the correct development and maturation of 

spines (Kato Hayashi et al., 2009; Sala et al., 2001). Indeed Sala and 

colleagues showed that Shank1 is accumulated at the dendritic shaft and it is 

capable to promote the growth of dendritic spines, however is the binding with 

Homer that stabilizes the localization of Shank1 at the PSD (Sala et al., 2001). 

This binding is also necessary for the enlargement of the dendritic spines 

underlying the maturation of these structures leading to the formation of active 

spines (Sala et al., 2003, 2001). Differently from Shank, if Homer is 

transfected alone it is not able to induce any spine enlargement until its 
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interaction with Shank (Sala et al., 2001). Thus, the mutual co-operation 

between Shank and Homer is crucial for spine maturation. Since the relevant 

role of CDKL5 at the PSD (Ricciardi et al., 2012; Zhu et al., 2013), we 

evaluate if CDKL5 could interact with these scaffolding proteins. As showed 

in the paragraph 8.7, we discover that CDKL5 interacts, through its C-terminal 

domain, only with Shank1. Surprisingly, despite this interaction, the lack of 

CDKL5 does not alter the correct synaptic localization of Shank1+ puncta in 

CDKL5 KO mice, but influences negatively the expression of both Homer1bc 

and PSD-95 in the primary cortices (S1 and V1). In addition, in CDKL5 

mutant mice the co-localization between Shank1 and PSD-95 is decreased 

suggesting that the absence of CDKL5 produces differential effects on the 

localization of excitatory scaffolding proteins in the S1 cortex of adult mice.  

 It has been recently shown that CDKL5 can  phosphorylate different 

substrates, such as NGL-1, MAP2 and EB2 inducing axonal growth and the 

stabilization of dendritic spines (Baltussen et al., 2018) . Since the lack of 

CDKL5 does not induce any perturbation in the correct expression of Shank1, 

we investigated if the kinase activity of CDKL5 can regulate the binding 

between Shank1 and Homer1bc as  both proteins can be phosphorylated (Guo 

et al., 2015; Li et al., 2016). For example, the C-terminal domain of Homer1bc 

can be phosphorylated by CaMKII a posttranslational modification that 

disrupts the link between Homer1bc and mGluR5 (Guo et al., 2015). In 

addition, it was reported that purified CaMKII is able to reduce Homer3-

Shank1 interaction in-vitro (Kato Hayashi et al., 2009). On the other hand, it 

has been recently found that Shank1 could be phosphorylated in response to 

LTP, even though to the effects of this protein modification are still unknown 

(Li et al., 2016). Moreover, no data are available on putative phosphorylation 

mechanisms underlying the Shank1/Homer1bc interaction. Intriguingly, we 

revealed that, by completely abolishing the kinase activity of CDKL5 (using 

the kinase-dead mutant CDKL5K42R) in a cell line, the binding between 

Homer1bc and Shank1 becomes weaker than in the presence of CDKL5. 

These findings disclosed a new molecular mechanism 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 

frequently occurring in CDD patients (Lin et al., 2005; Tao et al., 2004) we 

can hypothesize that the neuronal failures underlying the pathological signs 

shown by patients could stem from the defective interaction between Shank1 

and Homer1bc. So far, we did not experimentally investigate which of these 

scaffolding proteins can be phosphorylated by CDKL5 although both Shank1 

and Homer1bc contain serine/threonine phosphorylation sites. However, 

given that the motif commonly shared by some of CDKL5 substrates such as 

EB2, MAP2 is RPXS* (Lucas L Baltussen et al., 2018; Muñoz et al., 2018), 

and that only Shank1 contains such motif, it is feasible to hypothesize that this 

is the protein targeted by CDKL5 phosphorylation. Thus, based on these data, 

we can also assume that this CDKL5/Shank1 interaction is necessary to 

reinforce the binding between Shank1 and Homer1bc likely inducing the 

correct synaptic localization of the latter into the PSD. Noticeably, additional 

experiments have to be performed to test this promising hypothesis. In sum, 

these results support the idea that CDKL5, through its interaction with both 

PSD-95 and Shank1, takes part into the formation of the multiprotein complex 

that is fundamental for the organization of functional excitatory synapses.  

The multiprotein complex composed by PSD-95/Shank1/Homer1bc is 

important for both membrane insertion and correct function of glutamate 

receptors. In particular, Shank1 forms on one side a ternary complex with 

Homer1bc and the group I mGluRs, and, on the other, interacts with the PSD-

95/NMDAR complex via GKAP (Ango et al., 2000; Hering & Sheng, 2001; 

Tu et al., 1999). In such way, Shank1 is a key player for the physical proximity 

between NMDAR and mGluR thus modulating glutamatergic transmission 

and the downstream signalling pathways activated by these receptor types 

(Guo et al., 2016; Ribeiro et al., 2017).  

It is widely accepted that mGluRs are deeply involved in the onset of several 

neurodevelopmental diseases. Intriguingly, our results showed that the 

synaptic localization of mGluR5 is strongly reduced in both S1 and V1 

cortices of CDKL5 KO mice. This is likely the consequence of the reduced 

synaptic expression of Homer1bc shown by these mutants cortices, a 
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requirement for the correct membrane insertion/stabilization of mGluR5 and 

their activity (Ango et al., 2002; Xiao et al., 1998).  

Therefore, these results strongly suggested that the lack of CDKL5 induces an 

aberrant composition of the excitatory PSD, leading to a weak 

Shank1/Homer1bc interaction that consequently affects the 

mGluR5/Homer1bc complex formation. Hence, it is likely that CDD negative 

behavioural signs may, at least in part, be produced by defects in mGluR5-

mediated signalling activation, a feature that indicates how CDD may share 

common molecular bases may be associated with other neurodevelopmental 

diseases, such 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 that mGluR5-mediated potentiation of NMDA 

currents produced by the application of DHPG, a selective agonist of mGluR5, 

was abnormal in CDKL5-KO S1 cortical neurons. It is thus likely that the 

consequences of the Shank1/Homer1bc binding disruption produced by loss 

of CDKL5 can be the cause also of the altered co-operation between mGluR5 

and NMDAR leading to severe defects in both organization and function of 

excitatory synaptic circuits. 

In addition to the function of CDKL5 at the PSD, recently is has also been 

reported that CDKL5 has a role in the presynaptic compartment by 

participating in mechanisms underlying axonal growth and function (Zhu and 

Xiong, 2018). Indeed, one study showed that in vitro, CDKL5 phosphorylates 

amphiphysin 1 (AMPH1), a brain specific protein involved in the exocytosis 

of synaptic vesicles at the active zone (Katayama et al., 2015; Sekiguchi et al., 

2013). Moreover, another study, reported that CDKL5 can directly interact 

with shootin1, a protein presented in the growth cone where it regulates axon 

formation and neuronal polarization so the lack of CDKL5 produces defects 

in the organization axonal growth cone (Nawaz et al., 2016). Thus, these data 

strongly suggest that the impairments produced by CDKL5 mutations in the 

presynaptic terminal may 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, we assessed how CDKL5 loss, and its 

consequences on PSD organization, could impact the refinement of cortical 

connectivity. To this aim, we used as a model the V1 cortex because it has 

been revealed that CDKL5 KO mice show severe defects of cortical visual 

responses, setting off at about one month of age, associated with circuit-

specific morphofunctional alterations (Lupori et al., 2019; Mazziotti et al., 

2017). Importantly, such visual impairments matched those shown by CDD 

patients (Demarest et al., 2019) a reliable sign of the pathology that have been 

thus selected as a biomarker for CDD. In the CDD mouse model, visual 

defects were assessed using two different techniques: longitudinal transcranial 

intrinsic optical signal (IOS) imaging and intracortical VEPs recordings. Prof. 

Pizzorussoôs team showed that cortical responses are dramatically reduced in 

amplitude already at PND 27-28 in CDKL5 mutants, a reduction that 

correlated with impaired visual acuity in adult mutants, suggesting that 

aberrant cortical wiring occurring during the critical period of plasticity (CP) 

of the visual cortex can negatively impact visual responses in CDKL5 KO 

mice (Mazziotti et al., 2017). The CP of the visual cortex is fundamental to 

establish proper neural maps, which accurately represent the surrounding 

environment (Maffei et al., 2010). Our results suggest that the ablation of 

CDKL5 can contribute to the circuits 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 inputs. Our anatomical analyses show a reduction in the 

expression of the excitatory post synaptic contacts, identified by PSD-95 and 

Homer1 labelling, that is accompanied by an increased expression of 
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VGluT1+ presynaptic terminals. In contrast, while the labelling for the 

inhibitory postsynaptic marker gephyrin does not change, the density of 

VGAT+ inhibitory presynaptic terminals is increased in CDKL5 KO mice. 

Moreover, our experiments show that the density of PV+ interneurons is 

greater in CDKL5 mutants, and that these cells are hyperconnected with layer 

5 pyramidal neurons of the V1 cortex compared to WT animals. Altogether, 

these morphological changes are likely to be the cause of a putative reduced 

activation of these projection neurons as postulated by their decreased c-Fos 

expression. Interestingly, similar defects in the organization of PV+ cells have 

also been reported by our group and others in RTT mice (S. Durand et al., 

2012; Morello et al., 2018; Tomassy et al., 2014), indicating that these two 

conditions share cellular and synaptic defects that may underly the analogous 

symptomatic traits. Because our data show that impairments in the density of 

PV+ INs cells appear at the end of the CP, it is possible that CDKL5 loss 

affects visual stimuli-driven refinement of cortical circuits mostly at this 

postnatal stage, a defect that result in a reduction of the amplitude response 

analysed by IOS experiments (Fig. 33).  

Finally, it has been reported that impairments in the refinement of V1 

synaptic circuits can be caused by defects in the expression and activity of 

mGluR5 causing an abnormal translation of ARC, one of the main 

downstream gene target of this receptor, which expression is responsible for 

the correct opening and closure of the visual CP (Jenks et al., 2017). On the 

same line, the set of experiments I designed to study the effects of CDPPB in 

CDKL5 KO mice also disclosed that the morphofunctional defects occurring 

in V1 cortex may stem from the abnormal expression of both mGluR5 and 

ARC shown by these mutants (Fig. 32). Given that abnormalities in ARC 

expression at the end of the CP, we can speculate that the cortical defects 

found in CDKL5 KO mice could be caused by a downregulation of ARC in 

addition to the an upregulation of PV+ cells (fig 22), which connectivity is 

also deeply involved in CP-associated plasticity (Jenks et al., 2017; Krishnan 

et al., 2015).  
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These ideas that emerged from my study, however, will need further 

experimental work to be finally tested and understood in the context of 

CDKL5 mutation. 

 

9.3 Targeting mGluR5 activity for CDD 

Abnormalities of mGluR5 expression and activity have been found in PMS, 

FXS, TCS and RTT animal models that were rescued by treatments using 

either positive or negative allosteric modulators of these metabotropic 

receptors (Auerbach et al., 2011; Gogliotti et al., 2016; Scharf et al., 2015; 

Vicidomini et al., 2017).  

For instance, in FXS models the lack of FMRP induces an increased mGluR5 

signalling pathway, that results in an umbalance of protein synthesis leading 

to the excessive translation of several synaptic or plasticity-related proteins, 

and to an augmented synaptogenesis. Pre-clinical studies on FXS KO mouse 

model revealed that both acute and chronic treatments with negative allosteric 

modulators (NAM) that inhibit the activity of mGluR5 rescue all the defects 

(i.e. behavioural, electrophysiological, molecular and signalling) shown by 

FXS mouse model. During these years many NAM have been used,  such as 

2-methyl-6-(phenylethynyl) pyridine (MPEP), fenobam, the 2-chloro-4-((2,5-

dimethyl-1-(4(trifluoromethoxy)phenyl)-1H-imidazol-4-yl)ethynyl) pyridine 

(CTEP) and mavoglurant (Bagni and Zukin, 2019; Guo et al., 2016; Zerbi et 

al., 2019) and, among them, due to the positive results from preclinical studies 

and the absence of toxicity, mavoglurant was administered to FXS patients. 

Even though clinical trials conducted between 2008 and 2014 has positive 

results, phase IIb studies failed to replicate the behavioural improvements 

observed in previous pre-clinical phases, suggesting that is important to 

evaluate in a different way the outcomes between animal models and humans 

(Berry-Kravis et al., 2016).  

It is possible that the mGluR5 expression and activity are downregulated, for 

this reason, the activity of these receptors can be modulated positively by 

using positive allosteric modulators (PAM) such as VU0409951, VU0462807, 

VU-29, CDPPB, this last PAM has been studied more and used in pre-clinical 
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treatments for different neurodevelopmental disorders (Auerbach et al., 2011; 

Vicidomini et al., 2017). As other PAMs, CDPPB shows blood brain barrier 

permeability, it does not induce any receptor desensitization and importantly, 

it exhibits some agonist-like activity that is thought to increases its ability to 

ameliorate its therapeutic efficiency (Kinney et al., 2005). Indeed, Shank3 KO 

mice were treated acutely and chronically with CDPPB and Vicidomini and 

colleagues found that these treatments were able to rescue not only 

behavioural defects, but also electrophysiological impairments: the abnormal 

mGluR5-dependent NMDA current, shown by Shank3 KO mice, has been 

rescued by CDPPB but not by the application of DHPG, a specific mGluR5 

agonist (Vicidomini et al., 2017), suggesting the intrinsic agonist property of 

CDPPB. In addition, the treatment with CDPPB rescues both behavioural and 

memory defects shown by Shank3 KO mice, revealing that is a valid 

compound to treat PMS (Vicidomini et al., 2016). In addition, the treatment 

with CDPPB on TSC mouse model, shown that the protein synthesis defects 

could be also rescued and this amelioration impacts positively on the 

behavioural defects showed by these mutant mice (Auerbach et al., 2011).  

Considering that also our CDKL5 KO mice model show defects in both 

expression and activity of mGluR5, we decided to treat CDKL5 mutant mice 

with CDPPB. Both acute and chronic CDPPB administration in-vivo revealed 

that equally sensory and memory behavioural defects shown by CDKL5 KO 

mice have been rescued as well as the synaptic morpho-functional 

abnormalities that characterized CDD mouse model. Furthermore, an acute 

injection of CDPPB in CDKL5 KO mice, increased the reduced ARC 

expression and importantly, augmented the amplitude of the response to visual 

stimuli.  

 In addition, with electrophysiological experiments on neuronal cultures from 

CDKL5 KO mice, we found that the NMDA mediated currents impaired in 

the mutant neuronal cultures is ameliorates after the infusion of CDPPB. 

Overall, both the in-vivo and in-vitro results, suggested that the positive 

modulation of the mGluR5 could represent a new pre-clinical therapeutic 

treatment for CDD, however, other experiments and other compounds needed 



118 
 

to be tested to be sure that this new approach could be translate into clinical 

trials.   

 

To conclude, in the presented thesis I reported a new CDKL5/Shank1 

interaction which suggested that CDKL5 takes part to the multiprotein post-

synaptic complex necessary for the growth, maturation and stabilization 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 correct brain 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 revealed that some molecular, behavioural and morpho-

functional defects can be rescued by modulating the mGluR5 with CDPPB. 

 

So, 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, FXS, TSC and other 

diseases that show defects on the mGluRs, suggesting that abnormalities in 

the metabotropic pathway could represent a solid hallmark for 

neurodevelopmental diseases.   
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