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ABSTRACT 
 
CDKL5 (cyclin-dependent kinase-like 5) deficiency disorder (CDD) is a rare and severe 

neurodevelopmental disease that mostly affects girls who are heterozygous for mutations in 

the X-linked CDKL5 gene. The lack of CDKL5 protein expression or function leads to the 

appearance of numerous clinical features, including early-onset seizures, marked hypotonia, 

autistic features, and severe neurodevelopmental impairment. Mouse models of CDD, 

Cdkl5 KO mice, exhibit several behavioral phenotypes that mimic CDD features, such as 

impaired learning and memory, social interaction, and motor coordination. CDD 

symptomatology, along with the high CDKL5 expression levels in the brain, underscores 

the critical role that CDKL5 plays in proper brain development and function. Nevertheless, 

the improvement of the clinical overview of CDD in the past few years has defined a more 

detailed phenotypic spectrum; this includes very common alterations in peripheral organ 

and tissue function, such as gastrointestinal problems, irregular breathing, hypotonia, and 

scoliosis, suggesting that CDKL5 deficiency compromises not only CNS function but also 

that of other organs/tissues. Here we report, for the first time, that a mouse model of CDD, 

the heterozygous Cdkl5 KO (Cdkl5 +/-) female mouse, exhibits cardiac functional and 

structural abnormalities. The mice also showed QTc prolongation and increased heart rate. 

These changes correlate with a marked decrease in parasympathetic activity to the heart and 

in the expression of the Scn5a and Hcn4 voltage-gated channels. Moreover, the Cdkl5 +/- 

heart shows typical signs of heart aging, including increased fibrosis, mitochondrial 

dysfunctions, and increased ROS production. Overall, our study not only contributes to the 

understanding of the role of CDKL5 in heart structure/function but also documents a novel 

preclinical phenotype for future therapeutic investigation. 
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1. INTRODUCTION  
 

1.1 CDKL5 Deficiency Disorder (CDD)  
 

CDKL5 deficiency disorder (CDD, OMIM *300203) is a rare X-linked neurodevelopmental 

disorder caused by dominant loss of function mutations in the cyclin-dependent kinase-like 

5 (CDKL5) gene, which is located on the short arm of the X chromosome (Tao et al., 2004; 

Weaving et al., 2004; Hector et al., 2016). CDKL5 encodes for the CDKL5 protein kinase 

(CDKL5/STK9) (Montini et al., 1998; Kalscheuer et al., 2003; Weaving et al., 2004). 

CDD is characterized by a wide range of clinical symptoms such as early-onset intractable 

seizures, severe intellectual disability, and Rett’s syndrome-like features such as hand 

stereotypies and decreased social interaction, appearing in the first few weeks or months of 

life.  

Despite being rare, the incidence rate varies from 1:40,000 to 1:60,000 live births, making 

it one of the most common genetic epilepsy disorders in children (Hector et al., 2017; Lindy 

et al., 2018). Due to the fact that CDKL5 is located in  the X chromosome, the prevalence 

of CDD among women is four times higher than in men (Fehr et al., 2015) with an incidence 

of 1:42.000 live birth (Symonds et al., 2019), probably due to the more severe consequences 

of dominant X-linked mutations in male patients (Olson et al., 2019).  

 

1.1.1 CDD clinical history  
 
The history of CDD started very recently in 2003, when Vera Kalscheuer and colleagues 

showed that a balanced translocation causing a truncation of the X-linked cyclin-dependent 

kinase–like 5 (CDKL5/STK9) gene was responsible for the infantile spams and profound 

developmental delay exhibited by two unrelated girls (Kalscheuer et al., 2003). The disease 

associated with CDKL5 deficiency was initially diagnosed as an early-onset seizure variant 

of Rett syndrome, also known as “Hanefeld variant”.  

Rett Syndrome [RTT, OMIM 312750] is a severe childhood progressive neurological 

disorder, that was firstly described in 1966 by an Austrian pediatrician, Andreas Rett. RTT 

has an incidence of 1:10000-15000 live births (Hagberg et al., 1983) and it is most often 

caused by mutations in the X-linked gene of the methyl-CpG-binding protein 2 (MeCP2), a 

transcriptional repressor, that is located on the X chromosome (Amir et al., 1999; Cheadle 

et al., 2000), but several atypical variants of RTT have been described. After achieving the 

main developmental milestones in the first 6-18 months of life, affected children show a 

subsequent arrest and regression of their development (Weaving et al., 2005). RTT 
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phenotype is variable but the most common clinical features include impairment of motor 

and cognitive functions, spinal problems (scoliosis), epilepsy, loss of communication 

ability, and characteristic stereotypic hand movements.  

Together with the typical RTT syndrome, several atypical variants were then described; the 

preserved speech variant (PSV), the congenital variant, and the early seizure variant (ESV) 

(also called “Hanefeld variant”) (Scala et al., 2005). Patients with these variants display 

several typical RTT symptoms but show considerable variations in type and age of onset, 

severity of impairment, and clinical course. Mutations in MeCP2 gene are found in 95-97% 

of individuals diagnosed with the classic variant of RTT (Neul et al., 2008) while only 50-

70% of patients with atypical variants of RTT show mutations in MeCP2 gene. Together 

with MECP2, the primary genetic drivers of the condition were thought to be mutation in 

CDKL5 gene (Ariani et al., 2008) and forkhead box protein G1 (FOXG1) (Evans et al., 

2005; Philippe et al., 2010). 

Due to many overlapping clinical features, such as neurodevelopmental delay, stereotypic 

hand movements, hypotonia, seizures and intellectual disability (Archer et al., 2006; Bahi-

Buisson et al., 2008b; Artuso et al., 2010; Fehr et al., 2013), patients with these clinical 

features were studied and found to be positive for CDKL5 mutations (Tao et al., 2004; 

Weaving et al., 2004). However, the variation in type and age of epilepsy onset, the severity 

of impairment, and clinical course associated with CDKL5 deficiency disorder and its 

genetic cause are different from those of Rett syndrome. Only in 2013, using a large 

international data collection (InterRett database), Fehr and colleagues recognized CDKL5 

as a distinct condition from RTT syndrome especially for its unique features such as the 

early drug-resistant epilepsy starting within the first 6 months of life and the lack of 

regression after a period of normal development (Fehr et al., 2013; Katayama et al., 2020) 

(Table 1).  

So, even though encephalopathies related to mutations in MeCP2 and CDKL5 genes share 

molecular pathways and present common symptomatology, they are now worldwide 

considered as independent diseases.  
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Table 1. Clinical features of MECP2- and CDKL5-gene-related encephalopathies (Guerrini and 

Parrini, 2012) 

 

1.1.2 CDD clinical features  

The clinical profile of CDD patients is characterized by a very early onset symptomatology 

and is highly variable, it extends from milder forms, with controlled epilepsy and 

independent ambulation, to severe ones, with absolute microcephaly, no motor milestones 

and drug-resistant seizures.  

Notwithstanding this clinical heterogeneity, the major feature of CDD is the appearance of 

drug-resistant epileptic seizures in the first few months of life, which manifest as epileptic 

encephalopathy with infantile spasms between the first few days and fourth month of life; 

patients also exhibit a distinct seizure pattern characterized by generalized tonic-clonic 

episodes, which subsequently transition into repetitive distal myoclonic jerks in a gradual 

manner (Guerrini and Parrini, 2012). 

Bahi-Buisson and colleagues, tried to define the clinical profile of 20 patients with CDKL5 

mutations screened among 183 females with early seizure encephalopathy. They proposed 
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a three-stage evolution trend in epilepsy based on age. Stage I characterizes younger patients 

(1-10 weeks old) with early-onset epilepsy and frequent prolonged tonic-clonic seizures 

occurring 2-5 times a day; Stage II (from 6 months to 3 years of age) is identified by the 

presence of epileptic encephalopathy with infantile spasms and hypsarrhythmia; finally, in 

Stage III, about 71% of patients show refractory epilepsy with tonic seizures and myoclonic 

jerks (Bahi-Buisson et al., 2008a) 

CDD patients also show nonspecific abnormalities. Brain MRI demonstrates that most of 

them exhibit cortical atrophy combined with hyperintensities in the white matter of the 

temporal lobe (Bahi-Buisson et al., 2008a; Artuso et al., 2010). The EEG typically shows 

epileptiform discharges or hypsarrhythmia in the temporal or tempo-occipital head regions. 

Neuroimaging may show delayed myelination in the temporal lobes, hyperintensities in the 

posterior white matter, cerebral atrophy and dentate nuclei or may be normal (Morrison-

Levy et al., 2021) (Figure 1). 

 

 

Figure 1: Brain MRI results reveal specific findings in patients with CDKL5 point mutations. 

Figure A displays nonspecific hyperintensities in both temporal lobes (T2 FLAIR coronal section) 

of a 12-year-old patient with a CDKL5 mutation. In Figure B, a 3-year-old CDKL5 mutation patient 

exhibits nonspecific periventricular hyperintensities (T2 axial section). Similarly, Figure C shows  

nonspecific periventricular hyperintensities (T2 FLAIR axial section) in a 9-month-old CDKL5 

mutation patient. The arrows indicate the precise locations of the primary abnormalities in each 

corresponding figure (Bahi-Buisson and Bienvenu, 2012b). 

 

In addition to epileptic encephalopathy, CDD patients experience significant developmental 

delays, manifesting as a persistent inability to acquire proper motor skills, often 

accompanied by severe hypotonia. Approximately 85% of cases also exhibit autistic-like 

characteristics, including reduced social interaction and impaired eye fixation. However, it 
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is important to note that while these autistic features can contribute to poor eye contact, 

other factors such as visual impairment or the presence of epileptic encephalopathy can also 

contribute to this behavior. Moreover, individuals with CDD commonly display two types 

of repetitive movements: hand stereotypies, such as hand mouthing and hand clapping, and 

bruxism. 

The CDD phenotypic spectrum encompasses various additional traits, both commonly 

observed and less frequently reported. These include cortical visual impairments, 

disruptions in sleep patterns and respiratory functions, absence of language skills, 

cardiorespiratory dysrhythmias, difficulties with feeding, constipation, dysautonomia 

(dysfunction of the autonomic nervous system), and scoliosis (Bahi-Buisson et al., 2008b; 

Artuso et al., 2010; Pini et al., 2012; Fehr et al., 2013; Demarest et al., 2019; Kadam et al., 

2019) (Figure 2). 

 

 

Figure 2. Prevalence of 18 clinical features in 20 CDD patients. Early seizures were observed in 

all CDD patients (Bahi-Buisson et al., 2008b).  
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1.2 Cyclin-dependent kinase-like 5 (CDKL5)  
 

1.2.1 CDKL5 gene  
 

The human CDKL5 gene was initially identified through a positional cloning study to 

identify disease-genes mapping on the Xp22, a critical region for several pathologies on the 

X- chromosome (Montini et al., 1998). The gene was named STK9 (Serine Threonine 

Kinase 9) for the sequence homologies with the serine-threonine protein family (Montini et 

al., 1998), given the strong similarity to some cell division protein kinases, it was 

subsequently renamed Cyclin-Dependent Kinase-Like 5 (CDKL5).  

The human gene CDKL5 is located on the short arm of the X- chromosome in position 22 

(Xp22), spanning approximately 240kb. It comprises 27 exons that rearrange in five major 

transcript isoforms containing distinct coding regions (Hector et al., 2016). Although all the 

isoforms appear to have the same ATG start codon from exon 2, the first 6 untranslated 

exons (exons 1, 1a, 1b, 1c, 1d, and 1e) contain transcriptional start sites (TSS), suggesting 

their role of promoters and reflecting the differences in the 5’UTR of the different 

transcribed mRNAs. Exons 1, 1a, and 1b act as promoters of the adult brain’s isoforms, 

whereas exons 1c and 1d are used by isoforms that are notably expressed in the adult testis 

(Hector et al., 2016). On the contrary, the last exons (19-22) codify for a very large 3’UTR 

(>6,6kb), implying their importance in the potential additional regulation of CDKL5 

transcripts, while the coding sequence is contained within the remaining exons 2-22 (Figure 

3) (Hector et al., 2016) 

 

 
Figure 3. Human CDKL5 gene (modified from (Balestra et al., 2019). Schematic representation 

of the CDKL5 gene with introns and exons represented respectively by lines and boxes.  The 

catalytic domain is shown in green while the C-terminus domain is depicted in red. 

 

1.2.2 CDKL5 protein structure and protein isoforms  
 

In 1998, CDKL5 was first reported as a gene encoding a novel protein kinase situated on 

the X chromosome, and coding for a protein of 1030 amino acids (Mari et al., 2005; 

Katayama et al., 2020). 

CDKL5 protein has a kinase activity and it belongs to the CMGC family of serine/threonine 

kinases (Bertani et al., 2006), which includes cyclin- dependent kinases (CDKs), mitogen-

activated protein kinases (MAP kinases), glycogen synthase kinases (GSK) and CDK-like 
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(CDKL) kinases (Montini et al., 1998; Canning et al., 2018). Human CDKL5 protein is 

characterized by an N-terminal catalytic domain (aa 13-297), which is homologous to the 

one of the other CDKL-family members, but mostly by its uniquely long C- terminal tail 

(over 600 aa), with no obvious similarities to other protein domains but with a high degree 

of conservation between the different CDKL5 orthologs that differ only for the extreme C-

terminus (Figure 4). 

The N-terminal region includes the ATP-binding region (aa 13-43), the serine- threonine 

kinase active site (aa 131-143), and the typical TEY motif (Thr-Asp-Tyr, aa 169-171) of the 

MAPK proteins, whose dual phosphorylation usually induces protein kinase activation. 

Interestingly as other CMGC protein kinases, CDKL5 itself, is capable of 

autophosphorylate this motif (Lin et al., 2005; Bertani et al., 2006). 

Instead, the large C-terminal region presents a unique sequence that includes two nuclear 

localization signals (NLSs) and one nuclear export sequence (NES), that are involved in 

protein import/export from the nucleus, regulating protein subcellular localization (Lin et 

al., 2005; Rusconi et al., 2008). 

The kinase function of the protein is attributed to the N-terminal catalytic domain, which 

carries out the enzymatic activity. On the other hand, the C-terminal domain appears to play 

a regulatory role in controlling the catalytic action of the protein as well as its intracellular 

distribution (Russo et al., 2009; Stalpers et al., 2012; Bahi-Buisson et al., 2012a) . 

 

Figure 4: Schematic representation of the protein isoforms hCDKL5_1 (CDKL5107) and 

hCDKL5_5 (CDKL5115) with the functional domains and signatures indicated. NLS: nuclear 

localization signal; NES: nuclear export signal. (modified from Kilstrup-Nielsen et al., 2012). 

 

The human CDKL5 gene undergoes alternative splicing events leading to the production of 

at least five distinct proteins in humans: hCDKL5_1 to hCDKL5_5 (Katayama et al., 2020) 

(Figure 5). The transcripts hCDKL5_1 and hCDKL5_5 encode for the two main CDKL5 

protein isoforms, namely CDKL5107 and CDKL5115, respectively. Initially, CDKL5115 was 

the first isoform to be discovered and studied (Kalscheuer et al., 2003; Tao et al., 2004). 
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However, later research revealed that CDKL5107 is the predominant isoform expressed in 

the central nervous system of humans and mice (Williamson et al., 2012). This suggests that 

CDKL5107 likely plays a primary pathogenic role in the development of CDKL5 disorder. 

The variations in weight between the two isoforms (107kDa and 115kDa) are attributed to 

differences in their C-terminal regions, which are believed to be involved in regulating 

activity, determining localization, and facilitating protein interactions (Lin et al., 2005; 

Rusconi et al., 2008). Significantly, one of these transcripts (CDKL5_1) is prevalent in 

several species, such as mice, which makes Cdkl5 mouse models highly pertinent for 

investigating the functions of CDKL5 (Kilstrup-Nielsen et al., 2012). 

Additionally, three others human CDKL5 transcripts have been identified: hCDKL5_2, 

hCDKL5_3, and hCDKL5_4. These transcripts are highly similar to hCDKL5_1 but exhibit 

variations such as the inclusion of exon 17, truncation of exon 11 due to alternative splicing, 

or a combination of both. Exon 17 does not contain known functional elements, while 

truncation of exon 11 results in the potential loss of a nuclear localization signal. The 

specific characteristics and functions of the proteins encoded by these transcripts have not 

been characterized yet, likely due to their lower abundance compared to the other isoforms 

(Hector et al., 2016).  

 

 
 
Figure 5. Human CDKL5 gene and transcript isoforms. Splicing events are represented as angled 

lines connecting exons, dotted lines are used to denote alternative splice sites, suggesting the 

presence of multiple possible arrangements. Asterisks placed next to exon numbers highlight the 

locations where differences occur among various transcript isoforms (Hector et al., 2016). 

 

For this research, to provide a comprehensive overview of CDKL5 protein isoforms, it is 

essential to include the isoforms found in mice as well. The majority of the CDKL5 coding 

region is similar and well-preserved between humans and mice (as shown in Figure 6). 
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While mice have a total of 23 exons compared to humans (27), both species produce five 

major transcript isoforms with distinct coding regions. The murine isoforms mCDKL5_1-2 

correspond to their human counterparts in an orthologous manner. However, the remaining 

three mouse isoforms, namely mCDKL5_6, mCDKL5_7, and mCDKL5_8, exhibit a higher 

level of dissimilarity (Hector et al., 2016). 

 

 
Figure 6. Correlation between human and mouse CDKL5 gene structures (Hector et al., 2016). 

 

1.2.3 CDKL5 pathological mutations  

 

Since the discovery of the first disease-causing mutation in the CDKL5 gene in 2003, 

researchers have been investigating how disruptions in the CDKL5 protein lead to specific 

phenotypes. The majority cases of CDD arise from de novo mutations. However, there have 

been reported instances of CDKL5 mutations in individuals with a family history of the 

disorder. These cases likely arise from germline mosaicism in one of the parents. Germline 

mosaicism refers to the presence of a mutation in some but not all germ cells (sperm or 

eggs) of an individual. In these situations, the offspring may inherit the mutated CDKL5 

gene, leading to the manifestation of CDD (Jakimiec et al., 2020). 

 A wide range of pathogenic mutations, including missense and nonsense mutations, small 

and large deletions, frameshifts, and aberrant splicing, have been identified (as depicted in 

Figure 7) (Tao et al., 2004; Kilstrup-Nielsen et al., 2012; Hector et al., 2017). The most 

common mutation (62%) was a transition at CpG dinucleotides (Bahi-Buisson et al., 2012a). 

This mutational heterogeneity may contribute to the clinical variability observed in CDD. 

Although the number of documented cases is limited, it has been noted that the de novo 

mutations identified encompass various regions of the CDKL5 protein. While large-scale 

mutations such as chromosomal rearrangements involve significant alterations within the 

CDKL5 gene region, small-scale mutations are evenly distributed across the entire coding 

sequence. 
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Figure 7. Graphical map of hCDKL5 genomic locus and the reported CDKL5 mutations. 

(Kilstrup-Nielsen et al., 2012). In color exons codifying for kinase domain (blue) and extreme C-

terminal tail (red). Above: deletions, frameshift mutations and splice variants; Below: Missense and 

nonsense mutations (fuchsia and black). 

 

It is interesting to note that missense mutations primarily occur in the catalytic domain of 

the protein. These mutations involve single amino acid substitutions that can significantly 

impact the structural folding required for the proper formation of the kinase pocket. This 

observation underscores the critical role of CDKL5 catalytic activity in ensuring correct 

brain function and development. On the other hand, various types of mutations such as 

nonsense mutations, frameshifts, and aberrant splicing can lead to premature stop codon 

formation and truncation of the protein. These mutations can occur in both the N-terminal 

and C-terminal regions, suggesting the relevance of the long tail for protein activity. While 

missense mutations do not typically affect protein expression levels, there are no reports of 

truncated proteins in human cells, indicating that these types of mutations may trigger the 

process of nonsense-mediated mRNA decay (Bahi-Buisson et al., 2008b). 

To explore the molecular consequences of these mutations and the most commonly observed 

modifications in patients, researchers have conducted experiments involving the 

overexpression of mutated variants in non-neuronal cell culture lines (Lin et al., 2005; 

Bertani et al., 2006; Rusconi et al., 2008). These studies have shed light on the molecular 

effects of the mutations. Notably, they have revealed that the C-terminal region of the 

protein plays multiple regulatory roles. It acts as a negative regulator of the protein's 

phosphorylating activity and is involved in determining its subcellular localization. 

Mislocalization of the protein due to mutations in this region could potentially contribute to 

the pathogenic phenotype associated with the disorder, particularly considering the 

significance of proper kinase localization-related functions. 
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Loss-of-function mutations, which result in impaired catalytic activity, are often associated 

with a more severe form of the pathology. This observation suggests a correlation between 

the extent of functional impairment and the severity of the resulting phenotype. Conversely, 

gain-of-function alterations, which typically retain kinase function but affect its control and 

regulation, have been proposed to have a lesser impact on the overall phenotypic outcome 

(Rusconi et al., 2008; Fehr et al., 2016). 

In the context of CDKL5, two well-known derivatives associated with Rett syndrome 

(RTT), namely R781X and L879X, are suggested to cause neurological phenotypes. These 

derivatives lead to kinase mislocalization into the nucleus and exhibit increased 

autocatalytic activity in vitro (Bertani et al., 2006). However, further investigation is needed 

to determine the precise in vivo expression and functional consequences of these mutations. 

In addition, large duplication events involving the CDKL5 gene have also been identified in 

various studies (Szafranski et al., 2015). However, these duplications often encompass a 

broad region (ranging from 8 to 21 megabases) and include multiple genes, making it 

challenging to interpret the specific effects of gene overexpression in such cases (Hector et 

al., 2017). While more evidence is needed to establish a well-defined CDKL5 duplication 

syndrome, similar to what is observed in closely related genes such as MeCP2 and FOXG1, 

the potential influence of gene dosage effects should be considered.  

Continued investigation of cases that examine both genotypic and phenotypic expressions, 

as well as the diagnosis of copy number variations involving CDKL5, may contribute to a 

better understanding of the pathological aspects associated with CDKL5 mutations. 

 

1.2.4 Genotype-phenotype correlation  
 

Genotype-phenotype characterization is useful both for the understanding of CDKL5 

function and for prognostic family counseling. 

The majority of reported CDD patients are girls; however, boys with CDD have been 

identified, with a female/male ratio of 4:1 (Olson et al., 2019). Male patients, hemizygous 

for CDKL5 mutations (YX-), with just one mutated copy of CDKL5, seemed to show a more 

severe phenotype compared to heterozygous females (XX-), who usually have a wild-type 

copy of the gene that was thought to be responsible for the milder form of the pathology 

(Fehr et al., 2015; Liang et al., 2019). Nevertheless, in a recent clinical study conducted by 

the International Foundation for CDKL5 Research Centres of Excellence (COEs), it was 

indicated that males may exhibit a less severe manifestation, and there were no notable 

distinctions found between genders (Olson et al., 2019). However, female cells, can express 
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either the normal or the mutated copy, due to the process of dosage compensation of the X 

chromosome expression through random X-inactivation. Because of this, the different 

phenotypic outcomes of the disorder may arise from the resulting variable mosaic pattern 

among different tissues in the body (Zhou et al., 2017), but the influence of somatic CDKL5 

mosaicism on clinical phenotype is still unknown (Olson et al., 2019). Furthermore, this big 

clinical heterogeneity can also be explained by the wide CDKL5 mutational spectrum 

identified in patients, accounting for the severe to profound alterations in CDKL5 protein 

function (Bahi-Buisson et al., 2008a; Bahi-Buisson et al., 2008b; Fehr et al., 2016). 

Therefore, the clinical picture of patients extends from a milder form of the disorder with 

independent ambulation and controlled epilepsy to severe forms that include no motor 

milestones, absolute microcephaly, and intractable refractory seizures. Recently, Aznar-Laìn 

and colleagues reported a rare and less severe phenotype of CDD that does not involve 

epilepsy. These findings suggest that epilepsy may not be a mandatory characteristic in 

CDKL5 deficiency disorder. They specifically highlight a distinct phenotype of CDD that 

does not manifest epilepsy and document the first male individual with this phenotype. The 

nature of the CDKL5 mutation and the pattern of X-chromosome inactivation may 

contribute to the development of this milder form of CDD (Aznar-Laín et al., 2023). 

Moreover, the reported case of two twin CDD patients, showing a significant discordant 

phenotype, strengthened the idea that CDKL5 mutational variability is strictly correlated to 

the heterogeneous clinical presentation (Weaving et al., 2004). Since both girls were 

characterized by random X-inactivation, this observation emphasizes the idea that 

epigenetic or environmental factors may also play a role in influencing the phenotypic 

outcome of the pathology (Kilstrup-Nielsen et al., 2012).  

 

After almost a decade of data collection, in 2021, Mackay and colleagues conducted a study 

in which they collected data on individuals with CDD. The information gathered from these 

individuals and their families was submitted to the International CDKL5 Disorder database 

(https://www.cdkl5.com/cdkl5-international-registry-database). The data was collected 

through online or paper-based questionnaires that were completed by the families of 

individuals with CDD (Mackay et al., 2021). The study spanned almost a decade, providing 

valuable insights into the condition, and contributing to the growing body of knowledge on 

CDKL5-related disorders. 

During the analysis of the collected data, the CDKL5 variants were categorized into five 

groups based on their predicted functional consequences. These groups were as follows: (1) 
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variants leading to the absence of functional protein, (2) missense or in frame variants within 

the catalytic domain, (3) truncations occurring between amino acid 172 and amino acid 781, 

(4) truncations occurring after amino acid 781 (Bertani et al., 2006; Fehr et al., 2015). 

However, it remains unclear whether these categorizations are optimal and comprehensive. 

To enhance the accuracy and efficiency of data collection, a questionnaire was developed. 

This questionnaire included inquiries about developmental milestones, gross and fine motor 

skills, seizures, feeding and gastrointestinal health, respiratory illnesses, behavior, 

communication, sleep, vision, and scoliosis. To group individuals with similar expected 

developmental abilities together, they were assigned to specific age categories. This 

approach facilitated the analysis and comparison of data among individuals within the same 

developmental stage. 

In their study utilizing a comprehensive international dataset, Mackay and colleagues found 

significant variations in the severity of phenotypes associated with specific recurrent 

variants in the CDKL5 gene. Notably, individuals carrying missense variants such as 

p.Arg178Trp and p.Arg178Gln, as well as the nonsense variant p.Arg559*, exhibited the 

most severe phenotypes. These variants were associated with high severity scores, 

indicating a limited attainment of developmental milestones. 

Conversely, individuals with variants like p.Arg134* and p.Arg550* demonstrated milder 

phenotypes with lower severity scores, suggesting a relatively better achievement of 

developmental milestones. 

 

The extensive and robust data collected through the International CDKL5 Disorder 

Database have the potential to provide valuable prognostic information during genetic 

counseling. While initial research findings have demonstrated the feasibility of utilizing this 

data for prognostic purposes, it is important to note that only a small number of variants 

have been identified with sufficient recurrence, accounting for approximately 22% (62 out 

of 285) of the individuals in the database (Mackay et al., 2021). 

Currently, despite the observed relative homogeneity of certain clinical phenotypes among 

patients carrying the same mutation, we are still far from achieving a clear and definitive 

understanding of the genotype-phenotype correlation in CDKL5-related disorders. This 

highlights the complexity and heterogeneity of the disorder, indicating that further research 

and data collection are necessary to unravel its intricacies and fully comprehend its clinical 

manifestations. 
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1.2.5 CDKL5 expression profile  
 

1.2.5.1 Tissue-dependent expression  
 
The levels of CDKL5 proteins and their specificity in different tissues have been examined 

in humans and mice. Studies have revealed that CDKL5 mRNA levels are highest in the 

brains of both species, which aligns with the disease's pathological characteristics 

(Williamson et al., 2012). However, CDKL5 can also be found in other organs such as the 

testis, prostate, spleen, lung, uterus, and placenta, albeit at lower levels. It is also detectable, 

albeit less prominently, in the heart, kidney, liver, and skeletal muscle (Figure 8). This broad 

expression suggests that CDKL5 may have functions not only in the nervous system but 

also in various organs. 

 

 

 

 

 

 

 

Figure 8. CDKL5 isoform expression in human tissues (left) and in mouse tissues (right). RT-

PCR analysis of CDKL5 isoforms in a panel of adult tissues. β-Actin was used as a loading control 

(Hector et al., 2016). 

 

Research involving RT-PCR analysis of CDKL5 isoforms in adult tissues has been 

conducted, using β-Actin as a reference for comparison (Hector et al., 2016). It is important 

to note that CDKL5 expression in the developing mouse brain follows a temporal and spatial 

pattern (Rusconi et al., 2008). During embryonic stages, CDKL5 expression levels are 

relatively low. However, they undergo a significant induction during the first two weeks 

after birth, reaching a plateau at P14 in mice. Following this initial increase, CDKL5 

expression gradually declines.  

Considering the striking resemblance between CDD and RTT and considering the 

developmental expression pattern of MeCP2, a potential link between neuronal maturation 

and CDKL5 expression has been contemplated. In fact, although CDKL5 is diminished 

during embryonic stages, its expression emerges during the perinatal period and exhibits a 

significant increase in the early days after birth, demonstrating a well-regulated modulation 
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of CDKL5 expression throughout prenatal and postnatal development (Rusconi et al., 

2008). 

Furthermore, in situ hybridization studies conducted on rat and mouse brain has revealed 

varying levels of CDKL5 in different brain regions (Weaving et al., 2004; Mari et al., 2005; 

Chen et al., 2010). Forebrain structures like the hippocampus and cortex exhibit higher 

expression levels compared to other regions. The thalamus and striatum also show 

detectable, albeit lower, levels of CDKL5, while the cerebellum and hypothalamus display 

minimal presence (Rusconi et al., 2008). In the hippocampus, high CDKL5 levels are found 

in all CA fields except the dentate gyrus (DG), where neuronal maturation and neurogenesis 

primarily occur in adulthood (Kilstrup-Nielsen et al., 2012). As for cortical areas, superficial 

layers such as the motor, cingulate, pyriform, and entorhinal cortices, which play roles in 

higher cognitive functions such as language and information processing, exhibit higher 

levels of CDKL5 expression compared to other cortical areas, suggesting the physiological 

importance of this kinase for these brain districts (Kilstrup-Nielsen et al., 2012) (Figure 9). 

 

           

 

 

 

 

 

 

Figure 9. CDKL5 expression profile in the mouse brain (Kilstrup-Nielsen et al., 2012)  

 

1.2.5.2 Cell-type-dependent expression  

 

At the cellular level, CDKL5 is readily detectable in most neurons but expressed at very 

low levels in glial cells (Rusconi et al., 2008; Rusconi et al., 2011), suggesting a potential 
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essential role in neuronal development and function. Based on its expression pattern, it has 

been hypothesized that CDKL5 is primarily expressed in glutamatergic and GABAergic 

neurons, with limited expression in dopaminergic and noradrenergic regions. 

However, CDKL5 transcript levels not only differ among brain areas and cell types but also 

exhibit distinct spatial and temporal expression profiles within various cellular 

compartments (Hector et al., 2016). Neuronal CDKL5 protein is found in both the nucleus 

and cytoplasm, with the ratio varying depending on brain regions and developmental stages 

(Rusconi et al., 2008). During embryonic and early postnatal stages, CDKL5 is 

predominantly cytoplasmic (Figure 10). However, the nuclear fraction increases during 

postnatal stages, starting from P14 (post-natal day fourteen), until adulthood. This 

differential localization is particularly observed in the hippocampus, cortex, and thalamus, 

where approximately 40% of total CDKL5 is detected in the nucleus, compared to around 

20% in the striatum and cerebellum (Rusconi et al., 2008).  

 

 

 

 

 

 

 

Figure 10. The cytoplasmic and nuclear levels of CDKL5 in early postnatal stages of the 

developing mouse brain. Grey bars indicate cytoplasmic localization, the black bars indicate 

nuclear levels (Rusconi et al., 2008). 

 

Additionally, CDKL5 has been discovered to be present in excitatory postsynaptic 

structures, playing a crucial role in regulating dendritic spine maturation, growth, and 

controlling excitatory synaptic function (Ricciardi et al., 2012; Pizzo et al., 2020). The 

synaptic localization of CDKL5 is facilitated by its interaction with the palmitoylated form 

of postsynaptic density protein 95 (PSD-95) (Zhu et al., 2013; Zhang et al., 2014). 

Studies conducted in non-neuronal cell cultures have revealed that the translocation of 

CDKL5 is regulated by an active export mechanism. This process is mediated by the 

receptor CRM1/Exportin 1, which recognizes nuclear export signals present in the C-

terminal domain of the CDKL5 protein (Rusconi et al., 2008). The C-terminal domain also 

contains a nuclear localization signal (NLS) that is essential for the nuclear import of 

CDKL5. Phosphorylation of CDKL5 near its NLS by the dual specificity tyrosine-
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phosphorylation-regulated kinase 1A (DYRK1A) localizes the kinase in the cytosolic 

compartment of cultured neuronal cells (Oi et al., 2017). 

Further studies have confirmed the crucial role of the C-terminal region in determining the 

subcellular localization of CDKL5 protein isoforms when exogenously expressed (Lin et 

al., 2005; Bertani et al., 2006; Williamson et al., 2012). Interestingly, in primary murine 

hippocampal neurons, CDKL5 is found in both the nucleus and the cytoplasm. However, it 

does not undergo constitutive shuttling between these compartments as observed in 

proliferating cells. In contrast, glutamate stimulation resulted in the translocation and 

accumulation of the kinase in the perinuclear cytoplasm (Rusconi et al., 2011). Additionally, 

prolonged exposure to glutamate stimulation led to the degradation of CDKL5 through the 

proteasome. These events were mediated by the specific activation of N-methyl-D-aspartate 

receptors (NMDARs) located in the extrasynaptic region. Furthermore, the degradation 

through the proteasome pathway was also triggered by the withdrawal of neurotrophic 

factors and the hydrogen peroxide treatment, which are two distinct methods of inducing 

cell death. These results indicate that the expression and positioning of CDKL5 are 

influenced by the activity of extrasynaptic NMDARs. 

 

1.2.6 CDKL5 target proteins and downstream signaling pathways 
 

Supporting the concept of a nuclear role for CDKL5, potential binding partners and targets 

within the nucleus have been proposed, primarily identified through in vitro kinase assays 

or investigations in heterologous cell lines. 

 These interactions include DNA methyltransferase 1 (DNMT1) and suggest that CDKL5 

may participate in regulating mRNA splicing activity by associating with the nuclear 

speckle component SC35 (Kameshita et al., 2008; Ricciardi et al., 2009).  

In recent investigations, multiple laboratories have reported a growing body of evidence 

supporting the functional association between CDKL5 microtubules and actin (Ricciardi et 

al., 2012; Amendola et al., 2014; Barbiero et al., 2017a; Barbiero et al., 2017b; Muñoz et 

al., 2018; Baltussen et al., 2018b). Microtubules, along with actin and intermediate 

filaments, form a dynamic structural framework within neurons which plays a vital role in 

intracellular transportation of cargo and facilitates neuronal adaptations, crucial for synaptic 

plasticity (Kapitein and Hoogenraad, 2015). 

A chemical-genetic approach was employed to identify direct targets of CDKL5 kinase 

activity, this approach utilized an ATP analog-specific mutant of CDKL5 in mouse brain 

tissue lysates, combined with thiophosphopeptide-targeted mass spectrometry. The study 
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revealed that CDKL5 directly phosphorylates peptides at the RPXS* motif, which are 

associated with proteins involved in the microtubule network of neurons (Baltussen et al., 

2018b). Notable targets included the microtubule-associated protein RP/EB family member 

2 (MAPRE2/EB2), microtubule-associated protein 1S (MAP1S), and Rho guanine 

nucleotide exchange factor 2 (ARHGEF2). These findings were corroborated by an 

independent group that conducted a global phosphoproteomic screen using TMT-based 

labeling to identify CDKL5 substrates. This study confirmed the enrichment of CDKL5-

phosphorylated proteins associated with the actin cytoskeleton and microtubule-related 

proteins, including MAP1S, DLG5 (discs large MAGUK scaffold protein 5) and ARHGEF2 

(Rho-Rac guanine nucleotide exchange factor 2) (Muñoz et al., 2018).  

Furthermore, Munoz and colleagues found the interaction between CDKL5 and the 

centrosomal protein CEP131 (Muñoz et al., 2018), this protein is implicated in the formation 

and function of primary cilia (Graser et al., 2007). Depletion of CEP131 can cause reduced 

proliferation rate, centriole amplification, chromosomal instability, and DNA damage 

(Staples et al., 2012; Villumsen et al., 2013; Tollenaere et al., 2015). These findings align 

with observations of increased cell death and DNA damage-associated biomarkers in mouse 

hippocampal cultures and human neuroblastoma (SH-SY5Y) cell lines following CDKL5 

deletion (Barbiero et al., 2017a; Fuchs et al., 2019; Loi et al., 2020). 

Intriguing connections between CDKL5 and primary cilia have been reported, Canning et 

al. in 2018 showed that human CDKL5 localizes to cilia and impairs ciliogenesis when 

overexpressed (Canning et al., 2018). Furthermore, Di Nardo et al., in 2022 reported 

elongated and slender cilia in rat and mouse Cdkl5 KO brain (Di Nardo et al., 2022). 

Collectively, these discoveries shed light on a novel, activity-dependent molecular pathway 

involved in the regulation of dendritic microtubules, which may be relevant to the pathology 

of CDKL5-related disorders. 

 

Several hypotheses have been proposed regarding the synaptic role of CDKL5 within 

neurons. In rat primary neuron cultures, it was observed that knockdown of CDKL5 

disrupted neuronal morphogenesis and neurite outgrowth during BDNF-induced actin 

remodeling, indicating its association with Rac1 (Chen et al., 2010). Similarly, two 

independent studies highlighted the involvement of CDKL5 in dendritic spine morphology 

in cultured hippocampal neurons. CDKL5 was found to interact with phosphorylating 

netrin-G1 ligand (NGL-1) and co-localize with palmitoylated postsynaptic density protein 

95 (PSD-95), both of which are components of the postsynaptic compartment (Ricciardi et 
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al., 2012; Zhu et al., 2013). In an in vitro system, CDKL5 was also linked to the 

phosphorylation of amphiphysin 1 at the presynaptic terminal (Sekiguchi et al., 2013; 

Katayama et al., 2015). Furthermore, a yeast two-hybrid screen identified an interaction 

between CDKL5 and shootin1, a regulator of neuronal polarization during axon 

development (Nawaz et al., 2016). Notably, a mind bomb 1 (Mib1) interactome screen 

revealed that CDKL5 is ubiquitinated by Mib1 and targeted for degradation by the 

proteasome (Mertz et al., 2015). However, the direct relevance of these synaptic and axonal 

targets in vivo is yet to be validated, largely due to limitations in visualizing and tagging 

endogenous CDKL5. 

The protein interaction network and downstream signaling pathways involving CDKL5 are 

still not fully understood. However, the development of Cdkl5 KO mice has provided initial 

insights into some intriguing signaling changes. A kinome profiling study conducted by 

Wang et al. revealed disruptions in several signaling transduction pathways associated with 

neuronal and synaptic plasticity in the forebrain of male Cdkl5 KO mice (Wang et al., 2012). 

These changes included alterations in the phosphorylation profiles of AMPK, AKT, PKC, 

and MAPK substrates. Importantly, these pathways converge downstream of PTEN 

signaling, which has been implicated in the etiology of various neurodevelopmental 

disorders such as autism, Rett syndrome (RTT), Fragile X syndrome (FXS), and Tuberous 

Sclerosis (Rademacher and Eickholt, 2019). 

Similarly, Amendola et al. reported a decrease in the phosphorylation of AKT at Ser473 and 

rpS6 at Ser240/244 in multiple brain structures (cortex and hippocampus) of male 

hemizygous and female heterozygous and homozygous Cdkl5 KO mice (Amendola et al., 

2014). 

The AKT-GSK3β signaling pathway holds particular interest among the signaling pathways 

affected by the absence of CDKL5. This pathway is crucial for brain development and 

function (Salcedo-Tello et al., 2011). Elevated GSK-3β activity contributes to various 

neurodevelopmental abnormalities observed in CDKL5-deficient brains. Notably, the 

inhibition of GSK-3β through pharmacological means rescues dendritic morphogenesis and 

synapse development in mice lacking Cdkl5 (Fuchs et al., 2015; Fuchs et al., 2018b). 

Similarly, the AKT activator IGF-1 demonstrates beneficial effects on the impaired number 

and dynamics of dendritic spines in Cdkl5 KO mice (Della Sala et al., 2016). However, it is 

important to note that while GSK-3β inhibition proves advantageous in juvenile Cdkl5 KO 

mice, it may not be as effective in adults (Fuchs et al., 2018a). 



 

 24 

This suggests that interventions targeting only the dysregulated GSK-3β activity might not 

suffice to fully restore the complex defects associated with CDD. 

 

1.3 Cdkl5 KO mouse models  
 

Animal models enable the investigation of the underlying pathological and physiological 

mechanisms of diseases. Specifically, mice have emerged as the primary model organism 

in human disease research. Mice colonies are advantageous due to their lower maintenance 

costs and easier breeding in captivity compared to other mammals. The key factors 

contributing to the prominence of mice include their genetic similarity to humans, sharing 

approximately 99% of genes, and the ability to manipulate their genomes to create models 

of human pathologies. Thus, mice serve as a valuable tool for preliminary biomedical 

experimentation before testing in humans. Experimental techniques can "humanize" the  

mouse physiology, allowing the study of human diseases that mice do not typically develop, 

mimicking clinical manifestations. This approach facilitates the investigation of disease 

mechanisms and serves as a starting point for therapeutic interventions in patients 

(Rosenthal and Brown, 2007). 

 

As mentioned earlier, both human and mouse CDKL5_1 isoforms are highly abundant in 

the brain, exhibiting similar expression profiles and a substantial degree of sequence 

similarity at the nucleotide and amino acid level (Hector et al., 2016). This significant 

homology has enabled the development of animal models that are highly relevant for 

studying CDD. Although these animal models do not fully replicate the disorder, they are 

indispensable for in-depth investigations into the development and progression of the 

disease and provide a valuable foundation for therapeutic interventions. 

Over the years, several KO mouse models targeting Cdkl5 have been created and 

extensively characterized. Specifically, constitutive KO mouse models have been generated 

to examine how CDKL5 dysfunction leads to neurological defects in CDD.  

 

 



 

 25 

 

Figure 11. Generation of Cdkl5 knockout mice (Amendola et al., 2014).  

Utilizing the site-specific Cre-Lox recombinase technology, researchers have targeted 

exons 6 (Wang et al., 2012; Jhang et al., 2017), exon 4 (Amendola et al., 2014), and exon 

2 (Okuda et al., 2017) in constitutive KO mouse models, resulting in a premature stop codon 

within the N-terminal kinase domain, effectively mimicking a loss of function mutation 

(Figure 11).  

In addition to constitutive models, several conditional KO mouse models for Cdkl5 have 

been generated to investigate the specific cell types responsible for CDKL5 deficiency-

related symptoms (Amendola et al., 2014; Tang et al., 2017; Schroeder et al., 2019; Wang 

et al., 2021; Terzic et al., 2021b). Amendola et al. crossed mice carrying a Cre-conditional 

knockout (cKO) allele of Cdkl5 with the Dlx5/6::Cre transgene (targeting CDKL5 

expression specifically in cortical GABAergic neurons such as cortical interneurons and 

striatal medium spiny neurons) or the Emx1::Cre transgene (targeting CDKL5 expression 

specifically in cortical glutamatergic neurons, including cortical and hippocampal 

pyramidal neurons) (Amendola et al., 2014). Similarly, Tang et al. have developed an 

additional mouse model for conditional knockout of Cdkl5, specifically targeting the 

deletion of Cdkl5 in exon 6 of excitatory forebrain neurons. This was achieved using the 

Nex-Cre mouse line (Tang et al., 2017). 

Moreover, to examine the impact of Cdkl5 loss-of-function specifically in CaMKIIα-

positive excitatory neurons and GAD65-positive inhibitory neurons, Schroeder et al 

developed a new conditional KO mouse model (Schroeder et al., 2019). The research 
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conducted on this model revealed that the absence of Cdkl5 in these specific neuronal 

populations disrupts various components of the mTOR signaling pathway (Schroeder et al., 

2019) that plays a crucial role in governing gene expression, protein synthesis, and neuronal 

growth (Saxton and Sabatini, 2017). 

In 2021, Terzic and colleagues temporally manipulated endogenous Cdkl5 expression in 

male mice and found that post developmental loss of Cdkl5 disrupts numerous behavioral 

domains, hippocampal circuit communication, and dendritic spine morphology (Terzic et 

al., 2021b). Wang and colleagues conducted a study where they created a specific 

conditional KO model to investigate the effects of Cdkl5 absence in glutamatergic neurons 

of the forebrain, excluding GABAergic neurons. Their findings revealed that the absence of 

Cdkl5 in these specific neurons lead to recurrent spontaneous epileptic seizures between 2 

and 7 months of age (Wang et al., 2021). This innovative model not only provides valuable 

insights into the underlying mechanisms of epilepsy in CDD but also serves as an 

experimental platform for the development of therapies targeting CDD-related seizures 

(Wang et al., 2021). 

 

1.3.1 Behavioral deficits in Cdkl5 KO mice  
 

The absence of functional Cdkl5 in KO mouse models results in various behavioral deficits 

that partially resemble those observed in individuals with CDD. The initial constitutive 

Cdkl5 KO mice, which had exon 6 deleted, exhibited hyperactivity, reduced anxiety, motor 

impairments, decreased sociability, and learning and memory difficulties, mirroring features 

characteristics seen in CDD patients (Wang et al., 2012). Amendola et al. discovered 

hippocampal-dependent learning and memory impairments in a CDD mouse model with 

exon 4 deleted, along with abnormal clasping of hind-limbs (reminiscent of hand-wringing 

in CDD patients) and visual impairments (Amendola et al., 2014). In 2017, Jhang and 

colleagues characterized another mouse model with exon 6 deleted. They not only 

confirmed the behavioral alterations observed by Wang and colleagues but also reported 

additional features resembling core symptoms of attention-deficit hyperactivity disorder 

(ADHD) and autism, such as aggressiveness, impulsivity, disruption of dopamine synthesis, 

and changes in sociocommunication-associated gene expression in the corticostriatal areas 

(Jhang et al., 2017). A recent study on a Cdkl5 KO mouse model targeting exon 2 

highlighted a significant increase in anxiety and fear-related behaviors, as well as 

impairment in both acquiring and retaining spatial reference memory (Okuda et al., 2018). 
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Motor function has consistently been found to be impaired in Cdkl5 constitutive KO mice. 

Studies have shown various motor deficits in these mice, including abnormal gait, reduced 

locomotor activity, impaired motor coordination and deficits in motor learning (Wang et al., 

2012; Amendola et al., 2014; Jhang et al., 2017). Impaired motor coordination was assessed 

through the accelerating Rotarod assay; however, these mice still demonstrate some ability 

to improve their performance over multiple trials (Wang et al., 2012; Amendola et al., 2014; 

Jhang et al., 2017). In terms of locomotor activity, KO mice exhibit hyperactivity in new or 

unfamiliar environments during various behavioral tests (Wang et al., 2012; Jhang et al., 

2017), but hypoactivity in a familiar home-cage setting with extended monitoring 

(Amendola et al., 2014). The deficits in motor coordination and locomotor activity observed 

in Cdkl5 knockout mice are also reproduced in a conditional knockout mouse model where 

Cdkl5 loss is specifically limited to forebrain glutamatergic neurons (Tang et al., 2017) . 

This suggests that CDKL5 plays a crucial role in regulating motor function within this 

specific population of neurons (Tang et al., 2017). 

Severe intellectual disability is a prominent characteristic of CDKL5 deficiency in humans 

(Fehr et al., 2013). Similarly, mouse models of Cdkl5 deficiency consistently exhibit 

impairments in various learning and memory tasks (Wang et al., 2012; Fuchs et al., 2014; 

Fuchs et al., 2015; Trazzi et al., 2016; Jhang et al., 2017; Tang et al., 2017; Ren et al., 2019). 

These tasks include those that heavily rely on hippocampal function, such as the Barnes 

maze, Morris water maze, and contextual fear conditioning, as well as working memory 

tasks that likely involve multiple brain regions. 

Recent studies demonstrated that mice lacking Cdkl5 exhibit hyperlocomotion and 

impulsivity, resembling core symptoms of attention-deficit hyperactivity disorder (ADHD) 

(Jhang et al., 2017; Jhang et al., 2020; Adhikari et al., 2022; Viglione et al., 2022). Cdkl5 

KO mice display impulsivity, together with low levels of cognitive flexibility and 

perseverative behaviors (Viglione et al., 2022). Pupillometry reveals in Cdkl5 KO mice a 

smaller pupil size and an impaired response to unexpected stimuli associated with 

hyperlocomotion, demonstrating a global defect in arousal modulation (Viglione et al., 

2022). 

In 2017, Tang and colleagues, elucidated the cellular origins of learning and memory 

impairments in a CDD mouse model by generating a forebrain excitatory neuron-specific 

Cdkl5 knockout line (Nex-cKO). Nex-cKO mice demonstrated impaired hippocampal-

dependent memory, along with context-dependent hyperactivity and hindlimb clasping. At 

the cellular level, altered neuronal morphology in Nex-cKO mice was accompanied by 
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increased spontaneous excitatory and inhibitory synaptic activity, resulting in altered 

spatiotemporal dynamics in the CA1 microcircuit, which is relevant to learning and 

memory. These findings reveal the glutamatergic origins of learning and memory 

impairments in CDKL5 deficiency and suggest that CDKL5 plays a role in regulating 

synaptic and circuit function in glutamatergic neurons (Tang et al., 2017). 

In 2019, researchers selectively eliminated Cdkl5 expression in murine forebrain 

GABAergic neurons (Dlx-cKO). They found that these mice exhibited an autistic-like 

phenotype but, in contrast to Nex-cKO mice, preserved learning and memory. Additionally, 

Dlx-cKO mice showed enhanced excitatory synaptic transmission and circuit-level 

hyperexcitability, along with elevated levels of NMDA receptors. Reducing NMDAR 

activity using an antagonist called memantine significantly alleviated the behavioral deficits 

observed in Dlx-cKO mice (Tang et al. 2019). To assess the translational potential of these 

findings, Tang and colleagues generated a novel CDD model carrying a patient mutation 

(CDKL5 R59X) and found that these mice, similar to Dlx-cKO mice, exhibited increased 

NMDA receptor levels (Tang et al., 2019). Collectively, these findings support a novel 

mechanism in which CDKL5 loss in GABAergic neurons leads to excessive NMDAR 

signaling and contributes to the development of autistic-like behaviors in mouse models of 

CDD. Additionally, in a recent study Tassinari and colleagues demonstrated impaired 

neonatal reflexes in Cdkl5 KO pups lacking exon 4, indicating the presence of early 

behavioral defects during postnatal development (Tassinari et al., 2023). 

 

1.3.2 Neuroanatomical defects in Cdkl5 KO mice  
 

The lack of Cdkl5 function in KO mouse models also leads to the development of various 

neuroanatomical abnormalities, most notably a severe dendritic hypotrophy. In Cdkl5 KO 

mice targeting exon 4, there is a significantly reduced total length of dendrites and a 

decreased number of branches compared to control mice (Amendola et al., 2014; Fuchs et 

al., 2014; Fuchs et al., 2015; Tassinari et al., 2023). In the Cdkl5 KO mouse line with exon 

6 deletion, the complexity of dendrites in CA1 pyramidal neurons is diminished, while the 

overall length remains unaffected compared to control mice (Tang et al., 2017). This 

suggests that the presence of CDKL5 protein is necessary and sufficient to promote 

dendritic growth. Indeed, overexpressing CDKL5 in neuronal cultures leads to an increase 

in total dendritic length (Chen et al., 2010). The exact mechanism of how CDKL5 functions 

in the signaling pathways that regulate dendritic growth is still unknown (Zhu and Xiong, 
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2019). 

Moreover, studies conducted on Cdkl5 KO mice have demonstrated changes in the 

organization and stability of dendritic spines, as well as alterations in the density of PSD-

95 dendritic clusters within various brain regions, including the somatosensory and visual 

cortex, and hippocampus (Fuchs et al., 2015; Della Sala et al., 2016; Pizzo et al., 2016; 

Trazzi et al., 2016; Gurgone et al., 2023; Tassinari et al., 2023). These findings suggest that 

the deficiency of CDKL5 results in disruptions of structural synaptic plasticity within 

excitatory circuits. Specifically, through repeated in vivo imaging, Della Sala and colleagues 

have provided insights into the underlying mechanisms of dendritic spine abnormalities in 

male mice lacking Cdkl5 (Della Sala et al., 2016). Their research indicates that the reduced 

spine density observed in Cdkl5 mutants primarily due to an imbalance in the processes of 

spine formation and elimination. 

Cdkl5 mutant mice exhibit an increased rate of spine elimination from early postnatal stages 

to adulthood, suggesting that CDKL5 plays a crucial role in synaptic stabilization 

throughout the lifespan (Della Sala et al., 2016). However, in conditional KO mice where 

Cdkl5 was specifically deleted in excitatory neurons of the forebrain, there was a tendency 

towards higher density and volume of dendritic spines (Tang et al., 2017). The reason for 

this discrepancy remains unclear, but it is possible that gene deletion in large clusters of 

cells triggers compensatory mechanisms that complicate the analysis of phenotypes 

resulting from loss-of-function mutations in individual cells (Zhu and Xiong, 2019). 

In Cdkl5 KO mice, alterations have been observed in long-term potentiation (LTP), a form 

of synaptic plasticity associated with learning and memory, as well as in the frequency of 

miniature excitatory postsynaptic currents, which serve as an indicator of the level of 

excitatory synaptic transmission (Della Sala et al., 2016; Ren et al., 2019). Recent 

immunohistochemical studies have also revealed changes in the density of both excitatory 

and inhibitory synaptic markers (Pizzo et al., 2016; Sivilia et al., 2016; Gennaccaro et al., 

2021a; Gennaccaro et al., 2021b). Notably, the higher number of GABAergic terminals in 

the cortex of Cdkl5 KO mice compared to wild-type mice suggests that increased inhibitory 

transmission might contribute to the impairment of LTP observed in these mice (Gennaccaro 

et al., 2021b). 

Interestingly, recent findings have demonstrated that CDKL5 is involved in sensory-induced 

plasticity of both excitatory and inhibitory synapses in the barrel cortex (Pizzo et al., 2020). 

This indicates that CDKL5 deficiency affects both excitation and inhibition, suggesting that 
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the delivery of sensory inputs to the cortex may be less efficient in individuals with CDKL5 

deficiency disorder (CDD). 

Awad and colleagues, through resting-state functional MRI (rs-fMRI) analysis conducted 

on adult male and female Cdkl5-deficient mice, found an increase in homotopic 

interhemispheric connectivity and functional hyperconnectivity across higher cognitive 

areas (Awad et al., 2023). The presence of an increased number of callosal synaptic inputs 

combined with a decrease in local synaptic connectivity within the cingulate cortex indicates 

a disruption in the development of excitatory synapses and suggests that CDKL5 plays a 

distinct and varying role across different subtypes of excitatory neurons (Awad et al., 2023). 

However, the underlying molecular mechanisms still need to be explored. 

In conclusion, the deficits in dendritic spine formation observed in Cdkl5 KO mice 

collectively underscore the role of Cdkl5 in the regulation of dendritic development and 

synapse formation. Importantly, CDKL5 deficiency also affects synaptic organization and 

experience-dependent plasticity, highlighting the broader impact of CDKL5 on neuronal 

connectivity (Zhu and Xiong, 2019). 

Interestingly, recent evidence has shown that CDKL5, in addition to neuronal maturation 

and dendritic outgrowth, also affects neuronal survival (Fuchs et al., 2014; Fuchs et al., 

2019; Loi et al., 2020). Fuchs and colleagues showed that Cdkl5 KO mice are characterized 

by an increased rate of apoptotic cell death in the hippocampal dentate gyrus that causes a 

reduction in the final number of granule neurons, suggesting a role of CDKL5 in 

maintaining the delicate balance between precursor proliferation and survival (Fuchs et al., 

2014). In addition, Cdkl5 KO mice are characterized by an increased rate of apoptotic cell 

death in the hippocampal dentate gyrus and by increased susceptibility to 

neurotoxic/excitotoxic stress of pyramidal hippocampal neurons (Fuchs et al., 2014; Fuchs 

et al., 2019; Loi et al., 2020), indicating that an absence of Cdkl5 increases neuronal 

vulnerability. 

Interestingly, Cdkl5 KO mice are characterized by accelerated neuronal senescence/death 

during aging (Gennaccaro et al., 2021a) and by a generalized status of microglia 

overactivation in the brain that worsens during aging (Galvani et al., 2021; Tassinari et al., 

2023).The finding that microglia overactivation exerts a harmful action in the Cdkl5 KO 

brain (Galvani et al., 2021; Tassinari et al., 2023), impairing brain development and 

neuronal survival, suggests that a neuroinflammatory process contributes to the 

pathogenesis of CDD.  
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1.3.3 Neurophysiological features of Cdkl5 KO mice  
 
As mentioned previously, sleep and respiratory abnormalities are commonly observed in 

individuals with CDKL5 deficiency (Hagebeuk et al., 2013; Mangatt et al., 2016; Hagebeuk 

et al., 2023). Similar features have been identified in Cdkl5 KO mice, which exhibit an 

increased occurrence of sleep apneas during both non-rapid eye movement (NREM) and 

rapid eye movement (REM) sleep (Lo Martire et al., 2017). 

Investigations of two independent Cdkl5-deficient mouse lines have revealed significant 

abnormalities in both auditory and visual evoked responses (AER and VEP, respectively) 

(Wang et al., 2012; Amendola et al., 2014; Mazziotti et al., 2017). The cortical visual 

response is severely impaired in both hemizygous males and heterozygous females 

(Mazziotti et al., 2017), indicating that CDKL5 is necessary for the proper functioning of 

cortical circuits. Using a conditional Cdkl5 KO model, Lupori and colleagues recently 

demonstrated that selective deletion of Cdkl5 from excitatory cells in the cortex is sufficient 

to produce abnormalities in visual cortical responses, highlighting the dependence of normal 

cortical circuit functioning on CDKL5 (Lupori et al., 2019). 

In an interesting finding, La Montanara and colleagues discovered in 2020 that CDKL5 is 

required for CaMKII-dependent TRPV1 signaling and the growth of sensory neurons in 

both murine and human CDKL5-deficient neurons. In vivo, this translates to impaired 

capsaicin-dependent nociceptive signaling, altered behavioral responses, and reduced 

epidermal innervation in a CDD animal model (La Montanara et al., 2020). 

 

1.3.4 Epileptic features of Cdkl5 KO mice  
 
Although early onset epileptic seizures and infantile spasms are characteristic of CDD, 

spontaneous seizures have not been reported in three different lines of constitutive Cdkl5 

KO mice (Wang et al., 2012; Amendola et al., 2014; Okuda et al., 2017) or in conditional 

Cdkl5 KO lines that specifically delete Cdkl5 in forebrain glutamatergic or GABAergic 

neurons (Amendola et al., 2014; Tang et al., 2017). However, various Cdkl5 KO models 

have shown abnormal electroencephalogram (EEG) responses and altered susceptibility to 

convulsant treatments. Amendola and colleagues observed that high-dose kainic acid 

induced tonic-clonic seizures and epileptiform EEG activity in both hemizygous Cdkl5 KO 

and wild-type mice, with the Cdkl5 KO mice exhibiting longer duration of high amplitude 

bursts but lower frequency compared to wild-type littermates (Amendola et al., 2014). 

Another study demonstrated increased seizure susceptibility in Cdkl5 KO mice in response 
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to NMDA treatment (52.5 mg/kg at 4 weeks of age; 60 mg/kg at 13-15 weeks of age), which 

was rescued by a GluN2B-selective NMDA receptor antagonist, ifenprodil (Okuda et al., 

2017). This suggest that upregulation of GluN2B in Cdkl5 mutants might be responsible for 

the enhanced seizure susceptibility. It is worth mentioning that this particular study did not 

observe a significant difference in seizure susceptibility to kainic acid in the conditional 

Cdkl5 KO mice. In addition, it was recently demonstrated that NMDA-treated heterozygous 

Cdkl5 KO female mice, exhibited increased seizure persistence compared to their wild-type 

counterparts (Galvani et al., 2021).  

It's worth noting that two more recent studies have reported recurrent spontaneous seizures 

in Cdkl5 KO mice (Wang et al., 2021; Terzic et al., 2021a). Wang and colleagues utilized 

conditional KO mouse lines to selectively delete Cdkl5 in either glutamatergic or 

GABAergic neurons and found that Cdkl5 deficiency in glutamatergic neurons led to high-

frequency spontaneous seizure activities resembling the epileptic phenotype observed in 

individuals with CDKL5 deficiency, eventually leading to sudden death in mice (Wang et 

al., 2021). On the other hand, Cdkl5 deficiency in GABAergic neurons did not generate 

such seizures. 

Furthermore, spontaneous seizure activity has been described in heterozygous female Cdkl5 

mice, both in Cdkl5 KO mice and Cdkl5 R59X knock-in mice (Mulcahey et al., 2020; Terzic 

et al., 2021a). However, this phenotype typically manifests with aging, with a median onset 

around 28 weeks of age, and is not observed in hemizygous KO males or homozygous KO 

females, suggesting that X-linked cellular mosaicism is a contributing factor to these 

seizure-like events (Terzic et al., 2021a) . 

All together these findings highlight the complex nature of seizure susceptibility in relation 

to Cdkl5 deficiency in the mouse and suggests that different factors and models may 

influence the manifestation of seizures. 

 

1.4 Metabolic alterations in Cdkl5 KO mice 
 
Emerging evidence suggests that CDKL5 plays a role in the regulation of energy 

metabolism. In line with recent evidence that mitochondrial dysfunction and oxidative stress 

occur in CDD patients (Pecorelli et al., 2011; Ricciardi et al., 2012; Pecorelli et al., 2015), 

an aberrant mitochondrial function was described in isogenic neural progenitor cells (NPCs) 

derived from a CDD patient (Jagtap et al., 2019). Other studies showed reduced activity of 

mitochondrial respiratory chain complexes in the brains of Cdkl5 KO mice (Vigli et al., 

2019; Carli et al., 2021). This reduction in activity is associated with impaired mitochondrial 
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ATP production rate and decreased ATP levels in the whole brain. In particular, Vigli and 

colleagues reported functional defects in complexes III-IV-V, suggesting that electron 

transport chain (ETC) complexes may be affected in the Cdkl5 KO mouse brains (Vigli et 

al., 2019). In 2021 Carli and colleagues, through in vivo proton-MR spectroscopy (MRS), 

revealed a metabolic dysregulation indicative of mitochondrial dysfunctions in the Cdkl5 

KO mouse brain (Carli et al., 2021). They showed a significant reduction in ATP levels and 

a significant reduction of Cox7b, which is a crucial subunit of Complex IV responsible for 

its assembly, functioning, and mitochondrial oxidative phosphorylation, despite these 

findings, the quantity of mitochondria remained relatively unaffected (Carli et al., 2021). 

The observed decrease in the transcriptional activity of Cox7b appears in line with the 

previously documented reduced expression of ETC genes in Rett syndrome (Gold et al., 

2014), autism (Chauhan et al., 2011; Tang et al., 2013) and other neuropsychiatric disorders 

(Rezin et al., 2009; Indrieri et al., 2012), highlighting the importance of ETC for central 

nervous system physiology. This finding suggests, for the first time, a potential molecular 

basis for the manifestation of mitochondrial dysfunctions in CDD. However, the underlying 

mechanisms responsible for these mitochondrial dysfunctions and their specific role in the 

pathogenesis of CDD have not been fully elucidated. 

Recently, Fuchs and colleagues reported for the first time in a female mouse model of CDD, 

increased blood levels of reactive oxidizing species and a reduction in glycemia (Fuchs et 

al., 2022). They showed that this difference in glucose levels was particularly marked at 

base-line, on food-deprived animals (Fuchs et al., 2022). Furthermore, authors 

demonstrated that a treatment with FRAX486, a brain-penetrant molecule that was reported 

to selectively inhibit group I p21-activated kinases (PAKs) - a serine/threonine kinases 

critically involved in the regulation of neuronal morphology and glucose homeostasis 

completely rescued the fasting-induced hypoglycemia of Cdkl5 KO mice and normalized 

the levels of reactive oxidizing species (Fuchs et al., 2022). 

 

1.5 Epilepsy and cardiac disorders  
 

There is growing clinical and experimental evidence indicating that adults with epilepsy 

frequently report cardiovascular disease compared to those without epilepsy. The potential 

importance of cardiac dysfunction related to epilepsy is underscored by findings of 

abnormalities in the heart during seizures (ictal), between seizures (interictal), and at the 

molecular level. (Ravindran et al., 2016). Seizure-induced changes in the heart include 
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alterations in heart rate, arrhythmias, asystole, and various electrocardiogram (ECG) 

abnormalities such as ST segment depression, T-wave inversion, and prolonged QT interval 

during seizures (Dlouhy et al., 2016). Interictal studies have also reported prolonged QT 

interval, increased sympathetic tone, decreased parasympathetic tone, and myocardial 

damage associated with seizure activity (Lotufo et al., 2012; Kishk et al., 2018; Myers et 

al., 2018).  

Recent studies in animals have further revealed changes in the expression of cardiac ion 

channels, which regulate cardiac electrical activity, as a result of epileptogenesis. which are 

accompanied by abnormal cardiac electrophysiology (Powell et al., 2014; Biet et al., 2015; 

Brewster et al., 2016). 

Indeed, seizures have been demonstrated to modify the levels of messenger RNA (mRNA) 

and protein expression of specific ion channels in the heart. These include voltage-gated 

sodium channels such as Nav1.1 and Nav1.5, voltage-gated potassium channels (Kv4.2, 

Kv4.3), sodium-calcium exchangers (NCX1), and nonspecific cation-conducting channels 

(HCN2, HCN4) (Li et al., 2019). Seizure activity can lead to alterations in the transcription 

and translation of these channels, which subsequently affect their functionality in cardiac 

tissue. These changes in ion channel expression contribute to the electrical abnormalities 

observed during seizures, including variations in heart rate, QT interval prolongation, and 

an increased susceptibility to ventricular arrhythmias (Li et al., 2019). 

These acquired cardiac channelopathies, caused by epilepsy, differ in their mechanisms 

from inherited cardiocerebral channelopathies, although they involve the same ion channels 

that govern both cardiac and neuronal excitability. While the exact pathophysiology of 

acquired cardiac channelopathies in epilepsy remains poorly understood, autonomic 

dysfunction and structural cardiac abnormalities are considered potential underlying 

mechanisms. 

 

The association between chronic uncontrolled epilepsy and cardiac dysregulation has 

garnered significant attention in recent years, primarily due to the increased awareness of 

Sudden Unexpected Death in Epilepsy (SUDEP). SUDEP refers to the unexpected and 

unexplained death of an otherwise healthy individual with epilepsy, where no specific cause 

of death can be identified (Dlouhy et al., 2016).  

To be more precise, SUDEP is defined based on specific criteria. According to these criteria, 

SUDEP refers to the sudden and unexpected death of an individual with epilepsy, whether 

witnessed or unwitnessed, that occurs without any apparent traumatic or drowning-related 
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cause. The definition includes cases where the person experienced a seizure prior to death, 

as well as cases where no seizure activity was observed. It is important to note that 

documented status epilepticus (prolonged seizures) is excluded from the definition. 

Furthermore, postmortem examination should not reveal any structural abnormalities or 

toxicological causes that could explain the cause of death. SUDEP is a complex 

phenomenon with various contributing factors, and its exact mechanisms are still not fully 

understood (Nashef, 1997). 

The majority of SUDEP cases are unwitnessed, but evidence suggests that they often occur 

following generalized tonic-clonic seizures (GTCS) (Nashef et al., 1998). 

While factors like age, gender, and ethnicity are not likely to have a significant impact on 

the risk of SUDEP, certain characteristics of epilepsy do play a role. The duration of 

epilepsy, the age at which it started, and an increased frequency of GTCS are considered 

risk factors for SUDEP. This suggests that SUDEP is not solely a result of something 

inherent or intrinsic to epilepsy that is unrelated to seizure events. Seizures themselves 

induce pathophysiological changes that contribute significantly to SUDEP (Dlouhy et al., 

2016). 

However, it's important to note that the pathophysiology of SUDEP is complex and involves 

multiple factors. Seizure-induced changes in cardiorespiratory function are one aspect, but 

other factors such as arousal, patient position, time of day, intrinsic pulmonary and cardiac 

dysfunctions, and genetic mutations also contribute to the occurrence of SUDEP. Therefore, 

the development of SUDEP involves a combination of seizure-related changes and other 

underlying factors, making it a multifactorial phenomenon. 

SUDEP accounts for a significant proportion (17-38%) of deaths among individuals with 

epilepsy, making it the leading cause of epilepsy-related mortality. The risk of sudden 

unexpected death is 20-40 times higher in individuals with chronic epilepsy compared to 

the general population (Ficker et al., 1998; Ficker, 2000; Mohanraj et al., 2006). 

 

1.5.1 Cardiac disease and Rett syndrome 
 
In Rett syndrome (RTT), sudden death is a prevalent occurrence, accounting for 

approximately 26% of all deaths in affected individuals (Kerr et al., 1997). Cardiac 

dysfunction is strongly suspected to contribute to these cases. Studies have shown that 

individuals with RTT often exhibit prolonged QT intervals (LQT) on electrocardiograms 

(ECGs) (Acampa and Guideri, 2006; Fu et al., 2020) (Table 2), indicating an abnormality 
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in cardiac repolarization that can predispose them to life-threatening cardiac rhythm 

disturbances (Morita et al., 2008).  

This prolonged QT interval is considered as one potential cause of death in individuals with 

RTT. The severity of QTc prolongation, may be linked to a higher likelihood of experiencing 

potentially fatal cardiac arrhythmias. Previous studies have reported an association between 

QTc prolongation and sudden death in individuals with RTT (Clark et al., 2020). 

Genetic mutations affecting potassium channels KVLQT1 (LQT1) and HERG (LQT2) and 

sodium channels SCN5A (LQT3), as well as autonomic nervous system dysfunctions, 

contribute to the prolonged QT phenotype observed in RTT patients (Das and Zipes, 2010). 

Apart from genetic factors, changes in autonomic nervous system function can affect 

cardiac repolarization and contribute to the development of a long QT phenotype (Goldman 

et al., 2009). Specifically, an imbalance in sympathetic activity may lead to an increased 

QTc interval (Cuomo et al., 1997). 

 

 Clinical and experimental evidence has shown that individuals with RTT exhibit not only 

ventricular repolarization abnormalities but also abnormalities in the autonomic nervous 

system. These autonomic nervous system abnormalities have been implicated in the 

development of life-threatening ventricular arrhythmias in RTT patients. Therefore, both 

ventricular repolarization abnormalities and autonomic nervous system dysfunction play a 

role in the pathogenesis of lethal ventricular arrhythmias in individuals with RTT (Dlouhy 

et al., 2016) 

 

 

Table 2. Summary of studies investigating QTc interval prolongation in Rett syndrome 

(Modified from (Acampa and Guideri, 2006). 

 

Furthermore, Hara and colleagues conducted research to investigate the role of MeCP2 in 

cardiac development and dysfunction. They discovered that deficiency of MeCP2 was 
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associated with alterations in myocardial structures. Moreover, through qRT-PCR analysis, 

they identified changes in the expression of genes related to voltage-gated channels, 

including Hcn, Cacna1g, Kcnq1, Scn5a, and Kcnj12 genes, in the hearts of Mecp2-null 

mice. These findings highlight the significance of MeCP2 as a crucial regulator of the gene-

expression program responsible for maintaining normal cardiac development and 

cardiomyocyte structure. The loss of MeCP2 in the heart is considered one of the 

contributing factors to cardiac dysfunction, including the occurrence of arrhythmias, 

observed in the Mecp2-null mouse model of RTT (Hara et al., 2015).  

 

Amin and colleagues reported that one caregiver survey reported arrhythmia in 11 out of 29 

individuals with CDD who underwent an electrocardiogram (Amin et al., 2017). Similar to 

the findings observed in individuals with RTT, mild prolongation of the corrected QT 

interval has been identified in a subset of patients with CDD (Stansauk et al., 2023). This 

suggests a potential overlap in cardiac abnormalities between these two conditions. A recent 

study utilizing next-generation sequencing has even identified CDKL5 as a gene potentially 

involved in cardiac disorders associated with epilepsy (Coll et al., 2017), suggesting that 

CDKL5 may play a role in cardiac function. 

Since seizures induce a variety of cardiac changes in heart rate, arrhythmias, and various 

other ECG abnormalities, some potentially lethal (Dlouhy et al., 2016), the knowledge 

whether loss of CDKL5 leads to heart defects can have an important clinical impact. 
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2. AIM OF THE STUDY 
 

CDKL5 (cyclin-dependent kinase-like 5) Deficiency Disorder (CDD) is a severe X-linked 

neurodevelopmental disease caused by mutations in the CDKL5 gene which lead to a lack 

of CDKL5 protein expression or function. CDD affects mostly girls, and due to the 

numerous clinical features, that overlap with the more well-characterized Rett syndrome 

(RTT), it was initially termed as an “early seizure variant” or “Hanefeld variant” of RTT. 

Similarities between RTT and CDD regard the severe neurodevelopmental impairment, 

intellectual disability, motor impairment, and, in some cases, respiratory dysregulation. 

Nevertheless, the improvement of the clinical overview of CDD in the past few years has 

defined a more detailed phenotypic spectrum; this includes very common alterations of 

peripheral organ and tissue function, such as gastrointestinal problems, irregular breathing, 

hypotonia, cardiorespiratory dysrhythmias, and scoliosis, complications that strongly 

impair the quality of life of patients and their families.  

 

Unfortunately, our present knowledge of the function of CDKL5 in other organs/tissues is 

still rather limited, curtailing the possibility of therapeutic intervention. The role of CDKL5 

in biological processes that take place in non-neuronal tissues has recently emerged. 

Interestingly, a recent study using next-generation sequencing has identified CDKL5 as a 

gene that is potentially involved in cardiac disorders associated with epilepsy, suggesting 

that CDKL5 may play a role in cardiac function. Moreover, two recent studies reported 

arrhythmia and prolonged QTc interval in some CDD patients who underwent ECG, 

suggesting the presence of cardiac abnormalities in the CDKL5 deficiency condition. 

Similarly, it has been well established that RTT patients are more prone to display a 

prolonged QTc interval, possibly due to immature medullary cardio inhibition and reduced 

cardiac vagal tone. 

 

Based on these premises the overall goal of the study was to carry out the first 

investigation into the effect of CDKL5 loss at a cardiac level and explore its relevance 

for CDD, by exploiting a mouse model of the pathology.  
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3. MATERIALS AND METHODS 
 

3.1 Animal Husbandry  
 
The mice used in this work were derived from the Cdkl5 −/Y strain in the C57BL/6N 

background developed in (Amendola et al., 2014) and backcrossed in C57BL/6J for three 

generations. Heterozygous Cdkl5 +/− and homozygous Cdkl5 −/− females were produced 

and genotyped as previously described (Amendola et al., 2014), and age-matched wild-type 

Cdkl5 +/+ littermate controls were used for all experiments. The day of birth was designated 

as postnatal day (P) zero, and animals of 24 h of age were considered as 1-day-old animals 

(P1). After weaning (P21-23), mice were housed three to five per cage with a 12 h light/dark 

cycle in a temperature- and humidity-controlled environment with food and water provided 

ad libitum. The animals’ health and comfort were controlled by the veterinary service. 

Experiments were carried out on a total of 121 adult (3–4-month-old) Cdkl5 KO mice 

(Cdkl5 +/+ n = 50; Cdkl5 +/− n = 62; Cdkl5 −/− n = 9). The study protocols complied with 

EU Directive 2010/63/EU and with Italian law (DL 26, 4 March 2014) and were approved 

by the Italian Ministry of Health (protocol n◦ 535/2022-PR). All efforts were made to 

minimize animal suffering and to keep the number of animals used to a minimum.  

 

3.1.1 Genomic DNA extraction 
 
Genomic DNA extraction and purification were performed from tail biopsies of newborn 

mice, using the NucleoSpin®Tissue Kit (Macherey-Nagel, Düren, DE) extraction kit. The 

initial step involves the lysis of the tails, obtained by incubating the samples at 56 ° C, for 

1-3 hours or overnight, with the T1 buffer (180 μl) and the proteinase K (25 μl), contained 

in the kit. At the end of the incubation period, to complete the lysis, 200 μl of buffer B3 (10 

minutes at 70° C), also contained in the kit, were added to each sample. At the end of the 

lysis, 210 μl of ethanol (96-100%) are added to the lysate, which allows the DNA to 

precipitate and bind to the silica membrane of the column, where the cell lysate is contained 

(centrifuge one minute at 11,000 x g). Two washes are carried out with buffer BW (500 μl) 

and B5 (600 μl), which allow to eliminate the protein residues and possible contaminants 

that could compromise the purity of the sample (centrifuge 2 times for one minute at 11,000 

x g). A further centrifuge (one minute at 11,000 x g) is performed to remove residual ethanol 

and the genomic DNA is eluted by means of a slightly alkaline BE buffer (100 μl) (incubate 

for one minute at room temperature and then centrifuge to one minute at 11,000 x g). All 
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buffers used in the DNA extraction protocol are supplied with the extraction kit, with the 

exception of ethanol. The DNA obtained is quantified using a NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) which also provides 

the values corresponding to the purity of the samples. 

 

3.1.2 Genotyping 
 
The mice were genotyped using an end-point PCR to detect the presence of the knockout 

allele for Cdkl5 containing the loxP region in the vicinity of exon 4 (Amendola et al., 2014). 

The primers used in the reaction are: 108F: 5′-ACGATAGAAATAGGATCAACCC-3 ′, 

109R: 5′-CCCAAGTATACCCCTTTCCA-3 ′, 125R: 5′-CTGTGACTAGGGGCTAGAGA-

3 ′. 

The PCR reaction was performed according to the following protocol: initial denaturation 

at 94 °C for 4 minutes, 33 denaturation cycles (94 °C/40s), pairing (59 °C/30s), extension 

(72 °C /40s), final step at 72 °C for 7 minutes. The product of the PCR reaction gives rise 

to a fragment of 240 bp for the wild type allele and 344 bp for the knockout allele. 

 

3.2 Surgical Procedure, In Vivo Recording, and Data Analysis  
 
Eight Cdkl5 +/+, 10 Cdkl5 +/−, and 8 Cdkl5 −/− female mice were instrumented with 

electroencephalographic (EEG), electromyographic (EMG), and electrocardiographic 

(ECG) electrodes to characterize the electrical activity of the heart during sleep under 

baseline conditions. A second group of mice (Cdkl5 +/+ n = 10, Cdkl5 +/− n = 10) 

instrumented with the same surgical protocol also underwent surgery to implant an 

intraperitoneal (IP) catheter for the continuous infusion of autonomic blockers with the 

purpose of testing the autonomic modulation of heart rhythm.  

All mice were deeply anesthetized with isoflurane (1.8–2.4% in O2, inhalation route) and 

treated with intraoperative analgesia (carprofen 4 mg/kg subcutaneously, Pfizer, Italy) and 

postoperative antibiotic prophylaxis (benzylpenicillin benzathine, 12,500 IU/kg, and 

dihydrostreptomycin sulphate, 5 mg/kg, subcutaneously). For the recording of the EEG 

signal, mice were implanted with two miniature stainless-steel screws (2.4 mm length, 

PlasticsOne, Roanoke, VA, USA) in contact with the dura mater (frontoparietal derivation); 

for the recording of the EMG signal, mice were implanted with two multistranded PFA-

coated stainless-steel wires (KF Technology srl, Roma, Italy) inserted into the nuchal 

muscles. For ECG recording, two PFA-coated stainless-steel wires were inserted 
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subcutaneously; one was put in contact with muscles in the right-upper quadrant of the 

thorax, while the second touched the abdominal muscles on the left flank. All electrode 

wires were then collected in a socket placed over the mouse’s head and fixed with dental 

cement (RelyX Unicem, 3M ESPE, Pioltello, (MI), Italy) and dental acrylic (Respal NF, 

SPD, Mulazzano (LO), Italy). The second batch of mice was also implanted with a silicone 

catheter (Lo Martire et al., 2017; Alvente et al., 2021) with the tip inserted into the 

abdominal cavity and the other extremity tunneled to the mouse head and fixed with the 

abovementioned socket. After 12 days of postoperative recovery and habituation to the 

recording apparatus (ambient temperature set at 25 ◦C), EEG, EMG, and ECG signals of 

mice included in the baseline protocol were continuously recorded for 24 h. Signals were 

transmitted via a cable connected to a rotating electrical commutator (SL2 + 2C/SB, Plastics 

One, USA) and to a balanced cable suspensor, allowing the mice to make unhindered 

movements (Bastianini et al., 2021).  

Mice included in the protocol for testing of the autonomic control of heart rhythm were 

allowed to recover from surgery and to habituate to the recording settings for 14 days. Each 

mouse underwent 3 recording sessions (7 h each starting at light on) with acquisition of 

EEG, EMG, and ECG signals while being continuously infused with either saline, with the 

muscarinic receptor antagonist atropine methyl nitrate (Vinci-Biochem, Italy, 0.5 mg/mL in 

saline) to block parasympathetic activity to the heart, or with the selective β1-adrenergic 

receptor antagonist atenolol (Sigma-Aldrich, Milano, Italy, 0.25 mg/mL in saline) to block 

the sympathetic activity to the heart. Each mouse first received saline infusion and was then 

randomly subjected to atropine and atenolol infusions. Each infusion was performed at least 

48 h after the preceding infusion. The IP catheter was connected to a remote infusion pump 

(model 22 multiple syringe pump, Harvard Apparatus, Cambridge, MA, USA) by an 

external tube prefilled with saline solution or drug solution, as previously described (Lo 

Martire et al., 2017; Alvente et al., 2021). A rapid infusion was performed before the start 

of each recording session at a rate of 30 μL/min for 5 min to fill the IP catheter with saline 

or either of the drug solutions; then, the infusion rate was set at 100 μL/h for 7 h. At the end 

of the recording session, mice were sacrificed under deep anesthesia (isoflurane 4% in O2).  

The EEG signal was cut with a band pass filter between 0.3 and 100 Hz and stored at 128 

Hz. The EMG signal was filtered between 100 and 1000 Hz and stored at 128 Hz, while the 

ECG was filtered between 10 and 1000 Hz and stored at 2048 Hz. Data acquisition was 

performed with LabVIEW 8.0 software (National Instruments, Austin, TX, USA).  
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The EEG and EMG signals were imported and analyzed to automatically score the wake–

sleep states (wakefulness, rapid-eye-movement sleep (REMS) and non-rapid-eye- 

movement sleep (NREMS)). On the contrary, the ECG signal was imported in Labchart 8.0 

(ADInstruments, Colorado Springs, CO, USA), a specific notch (50 Hz) filter was digitally 

applied to exclude electrical noise, and the signal was then analyzed with the ECG analysis 

module to automatically detect QRS complexes and their intervals. For each mouse, ECG 

analysis was restricted to 8 episodes of NREMS and 8 episodes of REMS (longer than 30 

s) homogeneously distributed throughout the whole recording. For each session, we 

calculated the following ECG parameters: P-wave duration, QRS, RR, PR, JT, and QT 

intervals. To compensate for the elevated mouse heart rate, we corrected the QT interval 

(QTc) with Hodges’ formula (the most effective for rodents, (Botelho et al., 2019)).  

The vagal (parasympathetic) contribution to cardiac modulation was examined using 

validated mouse indices computed in the time domain on spontaneous RR fluctuations 

(Silvani et al., 2010): pNN8, % of RR values that differ from the following values by >8 ms 

(Laude et al., 2008); RMSSD, root mean square of the successive RR differences (Shaffer 

et al., 2014). To date, no index of spontaneous RR fluctuation in the time domain has been 

validated for the sympathetic contribution to cardiac modulation.  

 

3.3 Heart Dissection, Measurement, and Collection  
 
Adult Cdkl5 −/−, Cdkl5 +/−, and Cdkl5 +/+ female mice aged 3–4 months were weighed 

and put under deep anesthesia through inhalation of 2% isoflurane in pure oxygen and 

sacrificed through cervical dislocation. Hearts were quickly removed, cleaned from the 

surrounding structures, and thoroughly washed in PBS to remove all blood, then weighed. 

The ratio of heart weight to body weight (HW/BW) was then calculated by dividing the 

weight of the heart by the weight of the whole animal. The atrioventricular distance was 

measured. All measurements were performed by the same person with the same precision 

scales. Hearts were quickly frozen in isopentane, cooled in liquid nitrogen, and stored at 

−80 ◦C until used for RT-qPCR, immunohistochemistry, and Western blot analyses.  

 

3.4 RNA Isolation and RT-qPCR  
 
RNA isolation and RT-qPCR were conducted on frozen hearts of Cdkl5 −/−, Cdkl5 +/−, and 

Cdkl5 +/+ female mice and on frozen cortices of Cdkl5 +/+ female mice. Total RNA was 

isolated using the TRI reagent method (Sigma-Aldrich, St. Louis, MO, USA), and cDNA 
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synthesis was achieved with 5 μg of total RNA using an iScriptTM advanced cDNA 

synthesis kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions. 

Real-time PCR was performed using SsoAdvanced Universal SYBR Green Supermix (Bio-

Rad) in a CFX real-time PCR detection system (Bio-Rad). We used primer pairs (Table 3) 

that provided an efficiency close to 100%. Each biological replicate was run in triplicate. 

The mean of the two more stable reference genes (Actb and Gapdh) were used as a 

normalization factor in the RT-qPCR analysis, and relative quantification was performed 

using the ∆∆Ct method. The primers used are listed in Table 1. 

 

3.5 Histological and Immunohistochemistry Procedures  
 
For histological and immunohistochemistry procedures, frozen hearts were cut with a 

cryostat (Histo-Line Laboratories) into 7 μm thick sections. Sections were mounted on super 

frost slides.  

 

3.5.1 Hematoxylin and Eosin (H&E)  

 

Sections were stained with hematoxylin and eosin (H&E), immersed in graded alcohols 

followed by xylene, and mounted in mounting medium (DPX mountant, Sigma-Aldrich, St. 

Louis, MO, USA).  

 

3.5.2 Masson’s Trichrome Staining  
 
Sections were stained with Masson’s trichrome (MT) using Masson’s Trichrome Stain Kit-

Mallory’s (StatLab, KTMAL); the procedure was carried out according to the protocol 

included with the kit.  

 

3.5.3 Connexin 43, Actinin, and β-Catenin Staining  
 
Immunohistochemistry was performed on 7 μm thick frozen sections fixed via immersion 

in 4% paraformaldehyde (100 mM phosphate buffer, pH 7.4) and permeabilized with 0.2% 

TritonX-100 in PBS. Furthermore, 2% BSA in PBS was used as a blocking reagent. Sections 

were incubated overnight with anti-β-Catenin antibody or double-stained with anti-

connexin 43 and anti-actinin antibodies, washed with PBS, and subsequently incubated for 

2 h at room temperature with FITC-conjugated or CY3-conjugated secondary antibodies. 

The primary and secondary antibodies used in this study are listed in Table 4. The sections 
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were mounted with DAPI (4′,6-diamidino-2-phenylindole)- Fluoromount-G 

(SouthernBiotech, AL).  

 

3.6 Image Acquisition and Measurements  
 

Fluorescence images were taken with an Eclipse TE 2000-S microscope equipped with a 

DS-Qi2 digital SLR camera (Nikon Instruments Inc.). A light microscope (Leica 

Mycrosystems) equipped with a motorized stage and focus control system and a color digital 

camera (Coolsnap-Pro, Media Cybernetics) were used to take brightfield images of 

Masson’s trichrome and hematoxylin eosin-stained sections.  

 

3.6.1 Quantification of β-Catenin Staining Intensity and Areas  
 
Starting from 20× magnification images of β-catenin-stained ventricular slices, the area of 

β-catenin staining in intercalated discs was manually drawn using the Image Pro Plus 

measurement function and expressed in μm2. The intensity of β-catenin staining within each 

area was then quantified by determining the sum intensity of all positive (bright) pixels 

within the area. Approximately 100 intercalated discs were analyzed from each sample.  

 

3.7 Western Blotting  
 
For the preparation of protein extracts, ventricles were homogenized in RIPA buffer and 

quantified using the Bradford method as previously described (Bradford, 1976).  

Equivalent amounts (50 μg) of protein were subjected to electrophoresis on BoltTM 4–12% 

Bis-Tris Plus gel (Life Technologies Corporation, Carls- bad, CA, USA, No. 04127) and 

transferred to a Hybond ECL nitrocellulose membrane (GE Healthcare Bio-Science, 

Piscataway, NJ, USA, No. 10600003). The primary and secondary antibodies used are listed 

in Supplementary Table 2. The densitometric analysis of digitized Western blot images was 

performed using Chemidoc XRS Imaging Systems and Image LabTM software (Bio-Rad), 

which automatically highlights any saturated pixels of the Western blot images in red. 

Images acquired with exposition times that generated protein signals outside of a linear 

range were not considered for quantification. 
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3.8 Adenine Nucleotide Measurement  
 
For the determination of adenine nucleotides, mouse hearts were quickly removed and 

placed in ice-cold PBS supplemented with 10 mM EDTA. The tissue was homogenized 

using an Ultra-Turrax (1 cycle for 10 s); then, the resuspension was transferred to a glass 

potter with a Teflon pestle operated at 1600 r.p.m (10 strokes). All steps were performed at 

4 ◦C. ATP and ADP were extracted and detected as previously described (Jones, 1981) using 

HPLC (Agilent 1100 series system) using a Kinetex C18 column (250 × 4.6 mm, 100 Å, 5 

μm; Phenomenex). Nucleotide peaks were identified at λ = 260 nm by comparison and 

coelution with the standards. Different nucleotides were quantified through peak area 

measurement compared with standard curves.  

 

3.9 Mitochondrial Oxygen Consumption  
 
Intact mitochondria from mice hearts were isolated as previously described (Frezza et al., 

2007). Briefly, freshly prepared mitochondria were assayed for oxygen consumption at 30 

◦C by means of a thermostatically controlled oxygraph apparatus (Instech Mod. 203, 

Plymouth Meeting, PA, USA) equipped with a Clark electrode and a rapid mixing device. 

Mitochondria (0.2 mg protein) were incubated in the respiration medium (10 mM Tris/HCl, 

5 mM MgCl2, 2 mM Pi, 20 μM EGTA and 0.25 M sucrose, pH 7.4) in a final volume of 

1600 μL. Respiratory substrates (5 mM glutamate–malate or 13 mM succinate) were added 

after signal stabilization. State 4 respiration was recorded for 2 min, and state 3 respiration 

was induced by the addition of 300 μM ADP. The respiratory rates were expressed in nmol 

oxygen/min/mg of protein.  

 

3.10 Enzymatic Activities of the Mitochondrial Respiratory Chain  
 
The activity of mitochondrial complexes I and II was assessed in heart mitochondria isolated 

from Cdkl5 +/− and Cdkl5 +/+ mice as previously described (Spinazzi et al., 2012) with 

minor modifications. Complex I (NADH: ubiquinone oxidoreductase) activity was 

measured spectrophotometrically following NADH (ε = 6.22 mM cm−1) oxidation at λ = 

340 nm and 37 ◦C using a Jasco-v750 spectrophotometer equipped with a cuvette stirring 

device and thermostatic control. Briefly, the isolated mitochondria were subjected to three 

freeze–thaw cycles in hypotonic buffer (20 mM phosphate buffer (pH 7.5)) to avoid 

compartmental ization. Then, 50 μg of mitochondria was added to 700 μL of distilled water 

in a 1 mL quartz cuvette for 1 min. Then, 100 μL of potassium phosphate buffer (0.5 M, pH 
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7.5), 60 μL of fatty-acid-free BSA (50 mg ml−1), 30 μL of KCN (10 mM), and 10 μL of 

NADH (10 mM) were added. The volume was adjusted to 994 μL with distilled water. In 

parallel, a separate cuvette containing the same quantity of reagents and sample with the 

addition of 10 μL of 1 mM rotenone was prepared. The reaction was started by adding 6 μL 

of 10 mM CoQ1 (2,3-dimethoxy-5-methyl-6-(3-methyl-2-butenyl)-1,4-benzoquinone, 

Sigma-Aldrich), and the decrease in absorbance at 340 nm was followed for 3 min. Specific 

complex I activity was obtained by subtracting the rotenone-insensitive activity and 

normalized to mitochondrial protein content as determined by a Lowry assay (Lowry et al., 

1951). Complex II (succinate dehydrogenase) was measured spectrophotometrically at λ = 

600 nm following the reduction of DCPIP (2,6-dichlorophenolindophenol, Sigma-Aldrich) 

(ε = 19.1 mM cm−1) at 37 ◦C. Briefly, 60 μg of cell lysate, 50 μL of potassium phosphate 

buffer (0.5 M, pH 7.5), 20 μL of fatty-acid-free BSA (50 mg ml−1), 30 μL of 10mM KCN, 

50 μL of 400 mM succinate, and 145 μL of DCPIP (0.015% (wt/vol) were added to a 1 mL 

glass cuvette, and the volume was adjusted to 996 μL with distilled water. After ten minutes 

of incubation inside the spectrophotometer at 37 ◦C, the reaction was started by adding 4 

μL of 12.5 mM decylubiquinone (2,3-dimethoxy-5-methyl-6-decyl-1,4-benzoquinone, 

Sigma-Aldrich), and the absorbance decrease at λ = 600 nm was followed for 3 min. To 

check the specificity of complex II activity, 10 μL of 1 mM carboxine (5,6-dihydro-2-

methyl-N-phenyl-1,4-oxathiin- 3-carboxamide, Carbathiine, Sigma-Aldrich) was added 

before starting the reaction. The specific activity of complex II was obtained by subtracting 

the TTFA-insensitive activity and normalized to mitochondrial protein content determined 

by a Lowry assay (Lowry et al., 1951) .  

 

3.11 Measurement of ROS Production  
 
Reactive oxygen species production was assessed in cardiac mitochondria from Cdkl5 +/− 

and Cdkl5 +/+ female mice using a fluorogenic probe (2′,7′-dichlorodihydrofluorescein 

diacetate; Thermo Fisher Scientific Inc, Waltham, MA, USA) as previously described (Fato 

et al., 2009). For ROS determination, mitochondria (0.1 mg/mL in 125 mM KCl, 10 mM 

TRIS, 1 mM EDTA, pH 7.5) were incubated with 2 mM KCN and 10 μM DCFDA for 10 

min in the presence and absence of 2 μM antimycin A. After this time, mitochondria were 

energized with 15 mM succinate, and the DCF fluorescence emission (λex = 485 nm; λem 

= 535 nm) was recorded 10 min after energization using a plate reader (EnSpire; 

PerkinElmer).  
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3.12 Measurement of Lipid Peroxidation  
 
Lipid peroxidation in isolated mitochondria from Cdkl5 +/− and Cdkl5 +/+ female mice was 

assessed by measuring the biomarker malondialdehyde (MDA) as previously described by 

Reilly et al. (Reilly and Aust, 2001). Briefly, quantification of MDA was performed through 

reaction with thiobarbituric acid (TBA), and measurement of TBA-MDA adduct was carried 

out at 535 nm using a Jasco V-750 spectrophotometer. 1,1,3,3-tetramethoxypropane (Sigma- 

Aldrich, St. Louis, MO, USA) was used as a standard.  

 

3.13 Transmission Electron Microscopy  
 
For ultrastructural characterization, small heart specimens were fixed in 2.5% 

glutaraldehyde in 0.1 M cacodylate buffer and post-fixed in osmium tetroxide 1% in the 

same buffer. After dehydration in graded ethanol, specimens were embedded in araldite. 

Thin sections were counterstained with uranyl acetate and lead citrate and observed under 

a Philips CM100 transmission electron microscope (Philips, Amsterdam, the Netherlands).  

 

3.14 Statistical Analysis  
 
Statistical analysis was performed using GraphPad Prism (version 9). Values are expressed 

as means ± standard error (SEM). The significance of results was obtained using a two-

tailed Student’s t-test or one-way and two-way ANOVA, followed by Fisher’s LSD post hoc 

test, as specified in the figure legends. For the in vivo recordings under the baseline 

condition, data were analyzed with 2-way repeated-measure ANOVAs (considering sleep 

state and genotype as factors) and corrected for multiple comparisons with Sidak’s test. For 

mice included in the pharmacological testing of autonomic cardiac contribution, we first 

calculated the % modification of RR and QTc values induced by the drug compared to saline 

infusion. Then, for each experimental group, we performed a one-sample t-test, checking 

for significant deviations from the reference value (100%). A probability level of p < 0.05 

was considered to statistically significant. The confidence level was taken as 95%.  
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             Table 1. List of primers used for quantitative RT-PCR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 

 

 

Gene                                         Primer sequence (5’-3’)

Cdkl5 Forward TGCAGACACAAGGAAACACATGA

Reverse TTTCCTGCTTGAGAGTGCGAA

Gapdh Forward CCAGTGAGCTTCCCGTTCA

Reverse GAACATCATCCCTGCATCCA

Actb Forward AAGTGGTTACAGGAAGTCC

Reverse ATAATTTACACAGAAGCAATGC

Kcnq1 Forward ATCGGTGCCCGTCTGAACAG

Reverse TTGCTGGGTAGGAAGAGCTCA

Kcnh2 Forward GATCGCCTTCTACCGGAAA

Reverse CATTCTTCACGGGTACCACA

Kcnj2 Forward CCCCATGATCCTGTACCAG

Reverse ATGGATGCTTCCGAGAACC

Scn5a Forward GCAGAAGGTGAAGTTCGTGG

Reverse TGAAGACCAAGTTTCCGACC

Hcn4 Forward CGACAGCGCATCCATGACTA

Reverse GCTGGAAGACCTCGAAACGC

Chrm2 Forward CCCCAATACAGTGTGGACAA

Reverse GCAGGGTTGATGGTGCTATT

Adrb1 Forward GCTCTGGACTTCGGTAGATGTG

Reverse CGTCAGCAAACTCTGGTAGCGA

Col1a2 Forward CACCCCAGCGAAGAACTCAT

Reverse TCTCCTCATCCAGGTACGCA

Col3a1 Forward TGACTGTCCCACGTAAGCAC

Reverse AGGGCCATAGCTGAACTGAA

Gja1 Forward GAGAGCCCGAACTCTCCTTT

Reverse TGGGCACCTCTCTTTCACTT
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Table 2. WB, western blot; IHC, Immunohistochemistry 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antibody against Description Use/Diluition Product nr and Manufacturer 

Actinin Goat polyclonal IHC 1:100 17829, Santa Cruz Biotechnology

AKT Rabbit polyclonal WB 1:1000 4691, Cell signaling Technology

b-Catenin Rabbit polyclonal WB 1:500 05665, Millipore

IHC 1:300

Cx43 Rabbit monoclonal WB 1:500  3512, Cell signaling Technology

IHC 1:200

ERK1/2 Rabbit polyclonal WB 1:1000 4695, Cell signaling Technology

GAPDH Rabbit polyclonal WB 1:5000 G9545, Sigma-Aldrich

GSK-3b Rabbit polyclonal WB 1:1000 9315, Cell Signaling Technology

LC3B Rabbit polyclonal WB 1:1000 PA1-16930, Thermo Fisher Scientific

Nrf 2 Rabbit polyclonal WB 1:500 365949, Santa Cruz Biotechnology

P-AKT (Ser473) Rabbit polyclonal WB 1:1000 4060, Cell Signaling Technology

P-ERK1/2 (Thr202/Tyr204)Rabbit polyclonal WB 1:1000 9101, Cell signaling Technology

P-GSK-3b Ser9) Rabbit polyclonal WB 1:1000 5558, Cell Signaling Technology

PARP1 Rabbit polyclonal WB 1:500 227244, Abcam

Vimentin Mouse monoclonal WB 1:500 V6630, Sigma-Aldrich

Secondary antibodies

Antibody Conjugate Use/Diluition Product nr and Manufacturer 

Donkey Anti-Rabbit IgG Cy3 IHC 1:200 711-165-152, Jackson ImmunoResearch Laboratories, Inc.

Donkey Anti-Goat IgG Cy3 WB 1:200 705-165-147, Jackson ImmunoResearch Laboratories, Inc.

Goat Anti-Mouse IgG Cy3 IHC 1:200 115-165-062, Jackson ImmunoResearch Laboratories, Inc.

Goat Anti-Mouse IgG HRP WB 1:5000 115-005-003, Jackson ImmunoResearch Laboratories, Inc.

Goat Anti-Rabbit IgG HRP WB 1:5000 111-035-003, Jackson ImmunoResearch Laboratories, Inc.
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4. RESULTS 
 

4.1 Cdkl5 expression in the hearts of Cdkl5 +/− and Cdkl5 −/− female mice  
 

We found that Cdkl5 is expressed in the mouse heart (Fig. 1A), albeit at lower levels than 

in the brain. Cdkl5 expression was reduced to 39 ± 5.6% in heterozygous (Cdkl5 +/−) female 

mice in comparison with wild-type (Cdkl5 +/+) mice (Fig. 1B), and was absent in Cdkl5 

−/− mice (Fig. 1B).  

 

 

 

 

 

 

 

 

 

Figure 1. Cdkl5 expression in the heart of Cdkl5 +/- mice.  

A: Real-time qPCR analysis of Cdkl5 mRNA expression in the cortex (n=3) and heart (n=3) of 3-

month-old wild-type Cdkl5 +/+ mice. Data are given as a percentage of Cdkl5 cortical expression. 

*** p<0.001 (two-tailed Student’s t-test). B: Relative Cdkl5 mRNA expression in the heart of 3-

month-old Cdkl5 +/+ (n=6) heterozygous Cdkl5 +/− (n=9) and homozygous Cdkl5 −/− (n=9) female 

mice. The results are expressed as percentages of Cdkl5 cardiac expression in Cdkl5 +/+ mice. 

**p<0.01; ***p<0.001 (Fisher’s LSD test after one-way ANOVA). 

 

4.2 Prolonged QTc interval and elevated heart rate in Cdkl5 +/− mice 
 

To determine whether CDKL5 has a physiological function in the heart, we recorded and 

analyzed the ECG signal during sleep in Cdkl5 +/-, Cdkl5 -/- and wild-type (Cdkl5 +/+) 

mice. Interestingly, we found that both Cdkl5 +/- and Cdkl5 -/- female mice exhibited 

tachycardia (reduced RR interval, Fig. 2A, and Table 3 and a longer QTc interval (Fig. 2B 

and Table 3) in comparison with Cdkl5 +/+ mice.  

As expected, tachycardia also produced significant reductions in P wave duration, and in 

QRS and JT intervals in Cdkl5 +/- mice compared to Cdkl5 +/+ mice (Fig. 2C-F). Using 

validated mouse indexes computed in the time domain on spontaneous RR fluctuations 

(pNN8 and MRSSD), we explored the vagal (parasympathetic) contribution to cardiac 
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modulation (Fig. 2G,H and Table 3). Both indexes were significantly reduced in Cdkl5 +/- 

and Cdkl5 -/- mice compared to Cdkl5 +/+ mice. No significant difference was found 

between Cdkl5 +/- and Cdkl5 -/- mice for any of these parameters. 

 

Figure 2. ECG analysis in the heart of Cdkl5 +/- mice. 

A: Mean heart period duration (expressed as interval between 2 consecutive R waves) during non-

rapid-eye-movement sleep (NREMS) in Cdkl5 +/+ (n= 8) and Cdkl5 +/- (n=10) female mice. B: 

Mean duration of ventricular depolarization and repolarization (interval between Q and T waves) 

during NREMS. These values are reported as corrected QT interval (QTc) after applying Hodge’s 

formula to consider potential differences in RR values between groups (Cdkl5 +/+ (n= 8) and Cdkl5 

+/- (n=10) female mice). C-F: Baseline ECG parameters calculated during non-rapid-eye-

movement sleep (NREMS) in Cdkl5 +/+ (n=8) and Cdkl5 +/- (n=10) female mice. C: Mean interval 

between the beginning of the P wave (onset of atrial depolarization) and the beginning of the QRS 

complex (onset of ventricular depolarization). D: Mean duration of atrial depolarization (P wave). 

E: Mean duration of the depolarization of the right and left ventricles (QRS complex). F: Mean 

duration of ventricular repolarization (JT interval). G: Percentage of RR values that differ from the 
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following ones by more than 8 ms (pNN8) during NREMS in Cdkl5 +/+ (n= 8) and Cdkl5 +/- 

(n=10) female mice. H: Root Mean Square of the Successive RR Differences (RMSSD) during 

NREMS in Cdkl5 +/+ (n= 8) and Cdkl5 +/- (n=10) female mice. The results are presented as means 

± SEM.* p<0.05, **p<0.01, ***p<0.001 (two-tailed Student’s t-test after two-way ANOVA). 

 

 

Table 3. Effect of genotype on ECG parameters. Mean heart period duration (RR); mean 

duration of ventricular depolarization and repolarization (interval between Q and T waves) after 

applying Hodge’s formula to consider potential differences in RR values between groups (QTc); 

percentage of RR values that differ from the following values by more than 8 ms (pNN8); Root 

Mean Square of the Successive RR Differences (RMSSD). All these values were computed during 

non-rapid eye movement sleep in Cdkl5 +/+ (n= 8), Cdkl5 +/- (n=10), and Cdkl5 -/- (n=8) female 

mice. Values are represented as mean ± SE. *p<0.05 vs. Cdkl5 +/+, **p<0.01 vs. Cdkl5 +/+, 

***p<0.001 vs. Cdkl5 +/+ (Fisher’s LSD test after one-way ANOVA). 

 

Since CDD female patients are all heterozygous for CDKL5 deficiency, subsequent analyses 

were carried out in heterozygous Cdkl5 +/− female mice. In order to investigate the 

influences of the autonomic nervous system on heart activity and dissect the relative 

contribution of each autonomic arm in Cdkl5 +/- mice, we evaluated heart responses to 

selective pharmacological blockades of the parasympathetic and sympathetic systems 

elicited by IP injection of Atropine or Atenolol. As expected, the constant IP infusion of 

Atenolol in Cdkl5 +/+ mice produced a significant increase in RR intervals, while Atropine 

induced a significant decrease compared to saline infusion (Fig 3A,C,D). Accordingly, in 

Cdkl5 +/+ mice these drugs produced a significant increase (Atropine) or decrease 

(Atenolol) in QTc intervals compared to saline (Fig. 3B,C,D). Interestingly, while an effect 

on RR and QTc intervals was elicited in Cdkl5 +/- mice by Atenolol infusion (Fig. 3A,B), 

Atropine did not produce any significant variation of RR or QTc intervals compared to 

saline in Cdkl5 +/- mice (Fig. 3A,B). 

To investigate whether the rate variability in Cdkl5 +/- mice is associated with an altered 

vagal/sympathetic component, we analyzed the expression of muscarinic 2 (Chrm2) and 
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adrenergic beta 1 (Adrb1) receptors. We found that the mRNA levels of Chrm2 were 

significantly lower in the hearts of Cdkl5 +/− female mice than in those of wild-type (Cdkl5 

+/+) mice (Fig. 3E), while no difference in the expression of Adrb1 receptor was observed 

between Cdkl5 +/+ and Cdkl5 +/− female hearts (Fig. 3F). 

 

 

Figure 3. ECG analysis in the heart of Cdkl5 +/- mice. A: Percentage modification of the RR 

interval induced by either atropine (5 Cdkl5 +/+ and 8 Cdkl5 +/ − mice) or atenolol (8 Cdkl5 +/+ 

and 8 Cdkl5 +/ − mice) infusion compared to saline infusion (horizontal dotted line). B: Percentage 

modification of the QTc interval induced by either atropine (5 Cdkl5 +/+ and 8 Cdkl5 +/ − mice) or 

atenolol (8 Cdkl5 +/+ and 8 Cdkl5 +/ − mice) infusion compared to saline infusion (horizontal 

dotted line). The results in (A,B) are presented as means ± SEM. # <0.05 vs. saline infusion reference 

value (dotted line, one-sample t-test). C,D: Absolute value of RR (mean heart period duration, C) 

and QTc (mean duration of interval between Q and T waves after applying Hodge’s formula, D) 

intervals after either Atropine (Cdkl5 +/+ n= 5 and Cdkl5 +/- n= 8) or Atenolol (Cdkl5 +/+ n= 8 and 
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Cdkl5 +/- n= 8) infusion. E,F: Real-time qPCR analysis of the muscarinic acetylcholine receptors 2 

((E), Chrm2) and the adrenoceptor beta 1 ((F), Adrb1) gene expression in the ventricle of 3-month-

old Cdkl5 +/+ (n = 6) and Cdkl5 +/− (n = 9) mice. Data are presented as fold change in comparison 

with ventricular tissue from Cdkl5 +/+ mice. *p<0.05 (two-tailed Student’s t-test).  

 

4.3 Alterations of voltage-gated channel expression in the hearts of Cdkl5+/− 

mice 
 
To investigate the molecular alterations underlying the prolonged QTc interval and elevated 

heart rate in Cdkl5 +/- mice, we analyzed the expression of different voltage-gated channels 

involved in action potential of cardiac myocytes. In particular, we focused our attention on 

the genes encoding for the voltage-gated potassium (Kcnq1, Kcnh2) and sodium (Scn5a) 

channels. Mutations in these genes are the most common causes of inherited long QT 

interval syndrome (LQTS), a condition characterized by a prolongation of the QT interval 

on the ECG, an increase in heart rate, and the risk of ventricular arrhythmias (Van Niekerk 

et al., 2017). 

From RT-qPCR analyses, no differences in the expression of Kcnq1, Kcnh2, or Kcnj2 

channels were observed between Cdkl5 +/+ and Cdkl5 +/− female hearts (Table 2); however, 

we did find that the mRNA levels of Scn5a were significantly lower in the hearts of Cdkl5 

+/− female mice than in those of wild-type (Cdkl5 +/+) mice (Table 2). 

To rule out any potential abnormalities in the sinoatrial node as possible contributing factors 

to the sinus tachycardia observed, Hcn4 expression was examined. Interestingly, we found 

that Hcn4 mRNA levels were significantly lower in Cdkl5 +/− female mice than in wild type 

mice (Table 4). 

 

Table 4. Comparative expression of ion channel cardiac genes between Cdkl5 +/+ and 

Cdkl5 +/- mice. mRNA expression levels of ion channel genes in the ventricle of 3-month-old 

Cdkl5 +/+ and Cdkl5 +/- mice. mRNA levels in tissues obtained from Cdkl5 +/+ mice were set to 1, 

and relative expression levels in Cdkl5 +/- mice are represented as mean ± SEM. Relative 
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quantification was performed using the DDCt method. The means of two stable reference genes 

(Actin and Gapdh) were used as normalization factors. *p<0.05, n.s. not significant (two-tailed 

Student’s t-test). 

 

4.4 Increased cardiac fibrosis in Cdkl5 +/− mice 
 
To determine whether the absence of Cdkl5 could impact on heart morphological structure 

in Cdkl5 KO mice, dissected hearts were weighed. Since the weight of the heart positively 

correlates with body weight and growth, each animal’s body weight was measured before 

sacrifice, and heart weight to body weight ratio (HW/BW) was calculated. No significant 

differences in heart weight, body weight, or HW/BW were found between Cdkl5 +/− and 

Cdkl5 +/+ mice (Table 5). Similarly, atrioventricular distance (Table 3) and gross 

morphology of hearts (data not shown) revealed no differences in the chamber diameters of 

wild-type (Cdkl5 +/+) and Cdkl5 +/− mouse hearts.  

 

 

Table 5. Effect of genotype on heart weight and dimension. Heart weight, body weight, 

heart over body weight ratio, and atrioventricular distance of 3-4-month-old Cdkl5 +/+ (n = 18) and 

Cdkl5 +/- (n = 27) mice. Values are represented as mean ± SEM, n.s. not significant (two-tailed 

Student’s t-test). 

 

Heart sections stained with hematoxylin and eosin showed normal architecture of cardiac 

myocytes (Fig. 4A). However, Masson’s trichrome-stained sections showed increased 

collagen deposition in the hearts of Cdkl5 +/- mice compared with wild-type (Cdkl5 +/+) 

mice (Fig. 4B). The increased fibrosis was accompanied by increased expression of fibrotic 

genes such as α-2 chain of collagen type 1 (Col1a2) and α-3 chain of collagen type 2 

(Col3a1) (Fig. 4C).  
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Given that cardiac fibrosis is mainly due to the proliferation and trans-differentiation of 

cardiac fibroblasts, we measured the content of vimentin, a marker of cardiac fibroblasts 

(Lajiness and Conway, 2014). Western blot analysis showed significantly higher vimentin 

levels in the hearts of Cdkl5 +/− mice in comparison with wild-type (Cdkl5 +/+) mice (Fig. 

4D). 
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Figure 4. Myocardial fibrosis in the heart of Cdkl5 +/- mice.  

A: Representative images of hematoxylin and eosin staining of longitudinal sections of the 

ventricular tissue of a Cdkl5 +/+ (left panel) and a Cdkl5 +/- (right panel) mouse. Scale bar 50 μm. 

B: Representative images of Masson's Trichrome staining of longitudinal (a, b) and transverse (c, d) 

sections of the ventricular tissue of a Cdkl5 +/+ (left panels) and a Cdkl5 +/- (right panels) mouse 

showing an increase in blue-stained collagen fibers in the heart of Cdkl5 +/- mice compared to wild-

type (+/+) mice. Scale bars 50 μm. C: Expression of collagen Type I Alpha 2 Chain (Col1a2) and 

collagen Type III Alpha 1 Chain (Col3a1) in ventricular tissue isolated from the heart of 3-month-

old Cdkl5 +/+ (n=7) and Cdkl5 +/- (n=8) mice. Data are given as fold change in comparison with 

cardiac tissue from Cdkl5 +/+ mice. D: Histogram shows quantification of vimentin protein levels 

normalized to GAPDH in protein extracts of ventricular tissue from 3-month-old Cdkl5 +/+ (n=5) 

and Cdkl5 +/- (n=5) mice. Data are expressed as percentages of Cdkl5 +/+ mice. Example of 

immunoblots of three animals from each experimental group on the right. Values in C and D are 

presented as means ± SEM; *p<0.05 (two-tailed Student’s t-test). 

 

4.5 Altered gap junction organization and connexin expression in the hearts 

of Cdkl5 +/− mice 
 
The electrical conduction in cardiac muscle relies on an efficient gap junction-mediated 

intercellular communication between cardiomyocytes, which involves the rapid anisotropic 

impulse propagation through connexin (Cx)-containing channels, namely of Cx43, the most 

abundant Cx in the heart. 

Western blotting analysis revealed significantly diminished expression of Cx43 in Cdkl5 +/- 

mice in comparison to Cdkl5 +/+ mice (Fig. 5A,B). The mean density of the Cx43 band in 

western blotting was reduced by 24% in Cdkl5 +/- mice as compared to the Cdkl5 +/+ group 

(Fig. 5B). In parallel, the mRNA levels of Cx43 were not different between Cdkl5 +/- and 

Cdkl5 +/+ mice (Fig. 5C), suggesting a post-transcriptional mechanism of Cx43 

downregulation. Immunofluorescence labelling showed Cx43 expression to be mainly 

located at the intercalated discs (Fig. 5D). As compared to Cdkl5 +/+ mice, the Cx43 

fluorescence in Cdkl5 +/- mice was slightly less intensive (Fig. 5D). It is interesting to note 

that some degree of lateralization of the Cx43 expression on the cardiomyocytes of Cdkl5 

+/- mice was also present (Fig. 5D).  

Interestingly, the expression of b-catenin protein, a component of the adherens junction of 

the intercalated disc, was increased in the myocardium of Cdkl5 +/- mice (Fig. 5E-H). 

Western blot analysis revealed that b-catenin levels were increased by 71.9% in Cdkl5 +/- 

mice in comparison with Cdkl5 +/+ mice (Fig. 5E,F), which correlated with the much 
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stronger immunoreactivity for β-catenin at the intercalated discs in the hearts of Cdkl5 +/- 

mice (Fig. 5G,H). 
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Figure 5. Connexin 43 and b-catenin expression in the heart of Cdkl5 +/- mice.  

A: Example of immunoblot showing Connexin 43 (Cx43) and GAPDH levels in extracts of 

ventricular heart tissue of Cdkl5 +/+ (n=3) and Cdkl5 +/- (n=3) mice. B: Histogram shows 

quantification of connexin 43 (Cx43) protein levels normalized to GAPDH in extracts of ventricular 

heart tissue from Cdkl5 +/+ (n=5) and Cdkl5 +/- (n=5) mice. Data are expressed as percentages of 

Cdkl5 +/+ mice. C: Relative Gap Junction protein alpha 1 (Gja1) mRNA expression in ventricular 

tissue isolated from the heart of 3-month-old Cdkl5 +/+ (n=6) and Cdkl5 +/- (n=9) mice. Data are 

given as fold change in comparison with cardiac tissue from Cdkl5 +/+ mice. D: Representative 

fluorescence images of ventricular tissue sections immunostained for Connexin 43 (green) and 

actinin (red) from a Cdkl5 +/+ (left panel) and a Cdkl5 +/- (right panel) mouse. The orange boxes 

highlight the regions shown in the high magnification panels. Scale bars = 50 μm (low and high 

magnifications). E,F: Western blot analysis of b-catenin levels normalized to GAPDH levels in 

protein extracts of ventricular heart tissue of Cdkl5 +/+ (n=5) and Cdkl5 +/- (n=5) mice. Examples 

of immunoblot in E and quantification in F. Data are given as a percentage of b-catenin levels in 

Cdkl5 +/+ mice. G: Representative fluorescent images of ventricular tissue sections immunostained 

for b-catenin (red) from a Cdkl5 +/+ (left panel) and a Cdkl5 +/- (right panel) mouse. Nuclei were 

counterstained with DAPI. The orange boxes highlight the regions shown in the high magnification 

panels. Scale bars = 50 μm (low and high magnifications). H: Quantification of area (left histogram), 

intensity (middle histogram), and intensity per area (right histogram) of b-catenin immunostaining 

in ventricular tissue sections from Cdkl5 +/+ and Cdkl5 +/- mice. The results in B, C, F, and H are 

presented as means ± SEM. **p<0.01 (two-tailed Student’s t-test). 

 

4.6 Increased AKT activation in the hearts of Cdkl5 +/− mice 
 
Evidence has described a potential role of AKT in aging-associated organ deterioration 

including cardiac hypertrophy and fibrosis (Hua et al., 2011). In particular, aging enhances 

AKT phosphorylation in the mouse heart, while GSK-3β phosphorylation levels are 

unaffected by aging or AKT overexpression (Hua et al., 2011). Evaluation of the 

phosphorylation levels of the AKT/GSK-3β pathway showed higher phosphorylation levels 

of AKT in the hearts of Cdkl5 +/- mice in comparison with Cdkl5 +/+ mice (Fig. 6A,B), but 

no difference in phosphorylated GSK-3β levels between Cdkl5 +/+ and Cdkl5 +/- mice (Fig. 

6C,D). Similarly, there was no difference in phosphorylated extracellular regulated kinases 

(ERK) 1 and 2 in the hearts of Cdkl5 +/- mice in comparison with Cdkl5 +/+ mice (Fig. 

6C,D). 
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Figure 6. AKT, GSK-3b and ERK pathways in the heart of Cdkl5 +/- mice.  

A: Western blot analysis of phosphorylated AKT (P-AKT, Ser473) levels normalized to total AKT 

content (left histogram) and total AKT levels normalized to GAPDH levels (right histogram) in 

ventricular extracts from Cdkl5 +/+ (n= 5) and Cdkl5 +/- (n= 5) mice. B: Examples of immunoblot 

for P-AKT, AKT, and GAPDH for three mice from each experiential group. C: Western blot analysis 

of P-GSK-3b and P-ERK1/2 levels in ventricular extracts of mice as in A. Histograms on the left 

show P-GSK-3b (upper) and P-ERK1/2 (lower) levels normalized to corresponding total protein 

content. Histograms on the right show ERK1/2 and GSK-3b protein levels normalized to GAPDH 

levels. D: Examples of immunoblot for P-GSK-3b, GSK-3b, P-ERK1/2, ERK, and GAPDH of three 

animals from each experimental group. Data are expressed as a percentage of expression in Cdkl5 

+/+ mice. Values represent mean ± SEM. **p < 0.01 (two-tailed Student’s t-test). 

 

4.7 Mitochondrial dysfunction in the hearts of Cdkl5 +/− mice 
 
There is growing evidence that mitochondrial dysfunction contributes to the development 

and progression of cardiac fibrosis (Jakimiec et al., 2020). To address whether the 

mitochondrial function is affected in the Cdkl5-deficient heart, we first measured the ATP 

and ADP content in Cdkl5 +/- mice heart homogenates using HPLC. This analysis detected 
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a 35% decline in total ATP content in heart tissue from Cdkl5 +/- mice compared to controls 

(Fig. 7A).  

Moreover, in Cdkl5 +/- mice, we found a significant decrease in the ATP/ADP ratio 

compared to wild-type animals (Fig. 7B), suggesting a diminished cell energy status. 

Since mitochondria are the major site of ATP production within the cell, we evaluated 

whether there were alterations in the process of oxidative phosphorylation (OXPHOS) in 

Cdkl5 +/- mice. For this purpose, we isolated intact mitochondria from mouse hearts and 

evaluated the oxygen consumption in the presence of glutamate-malate or succinate under 

non-phosphorylating conditions (state 4) and in the presence of ADP (state 3, 

phosphorylating condition). Glutamate-malate and succinate donate electrons to the 

respiratory chain at Complex I and Complex II, respectively. State 3 of respiration, in the 

presence of glutamate-malate or succinate, was significantly decreased in cardiac 

mitochondria from Cdkl5 +/- compared to wild-type mice (Fig. 7C). In accordance with the 

oxygen consumption data, the spectrophotometric analysis of the single respiratory enzyme 

activity in isolated cardiac mitochondria provided evidence supporting reduced activity of 

succinate CoQ reductase (Complex II) in Cdkl5 +/- mice in comparison with Cdkl5 +/+ 

mice (Fig. 7D). The Complex I activity in Cdkl5 +/- heart mitochondria showed a trend of 

reduction compared to controls, although it did not reach statistical significance (Fig. 7D). 

The decrease in the activity of mitochondrial respiratory chain enzymes, prompted us to 

assess whether overall mitochondrial content, size, and distribution were altered in the 

hearts of Cdkl5 +/- mice. We found no significant difference in the density of mitochondria 

in the myocytes (data not shown), nor was there any difference in the overall size of 

individual mitochondria (Fig. 7E). However, crystalline-like inclusions in the intracristal 

space were found in mitochondria of Cdkl5 +/- mice (Fig. 7E), indicating mitochondrial 

morphological abnormalities in the Cdkl5 +/- condition. 
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v

Figure 7. Mitochondrial activity in the heart of Cdkl5 +/− mice.  

A,B: ATP and ADP content (A) and ATP/ADP ratio (B) in heart homogenates from Cdkl5 +/+ and 

Cdkl5 +/- mice measured through HPLC (n=4). C: Oxygen consumption rate (OCR) in isolated 

cardiac mitochondria from Cdkl5 +/+ and Cdkl5 +/- mice. The mitochondria were energized with 

glutamate-malate (GM) or succinate (S) in the presence (state 3) and absence (state 4) of ADP (n=6). 
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D: Specific Complex I (NADH-CoQ1) and Complex II (Succinate-DCPIP) activities in isolated 

cardiac mitochondria from Cdkl5 +/+ and Cdkl5 +/- mice (n=10). E: Representative electron 

microscopy images of ventricular tissue from a Cdkl5 +/+ (left panel) and a Cdkl5 +/- (right panel) 

mouse. In the Cdkl5 +/- heart, linear densities are evident inside the intracristal matrix of 

mitochondria, while a normal cristae structure is observed in Cdkl5 +/+ mitochondria. The white 

boxes highlight the regions shown in the high magnification panels. Scale bars: low magnifications 

= 2 μm, high magnifications = 200 nm. The results in A-D are presented as means ± SEM; in A (*)p 

= 0.055 (Fisher’s LSD test after two-way ANOVA); in B-D *p<0.05, **p<0.01 (two-tailed Student’s 

t-test). 

 

4.8 Increased ROS production in the hearts of Cdkl5 +/− mice 
 
Mitochondrial dysfunction is often associated with increased oxidative stress. The level of 

reactive oxygen species production (ROS), determined using the fluorogenic probe 

DFCDA, was significantly higher in Cdkl5 +/- mitochondria energized with succinate in 

comparison with the Cdkl5 +/+ condition (Fig. 8A).  
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Figure 8. Oxidative stress in the heart of Cdkl5 +/− mice.  

A: Reactive oxygen species (ROS) production in isolated heart mitochondria from Cdkl5 +/+ and 

Cdkl5 +/- mice measured using the fluorescent probe DCFDA. The mitochondria were energized 

with succinate and the ROS production was determined by following the oxidation of H2DCF to its 

fluorescent form DCF. The specific inhibitor antimycin A was used to promote ROS production from 

+ antimycin A

116

C
*

+/+ +/-
0

50

100

150

200

P
A

R
P

1
/G

A
P

D
H

E

+/+ +/-
0

50

100

150

200

250

N
rf

2
/G

A
P

D
H

D

F

A B

+/+ +/-
0

1

2

3

4

M
D

A
 e

q
u

iv
a

le
n

ts

fo
ld

 c
h

a
n

g
e

**

+/+ +/- +/+ +/-
0.0

0.5

1.0

1.5

2.0

2.5

D
C

F
 f
lu

o
re

s
c
e

n
c
e

fo
ld

 c
h

a
n

g
e ***

***

Nrf2 60 

GAPDH

+/+ +/- kDa

**

***

0.07

H**G

+/+ +/-
0

100

200

300

400

L
C

3
-I

I/
L

C
3

-I

+/+ +/- kDa

37

PARP1

GAPDH

37 

LC3-I 16 

+/+ +/- kDa

LC3-II 14 



 

 65 

mitochondrial Complex III (n=6). Data are expressed as fold change over controls and normalized 

on protein content; **p < 0.01; ***p < 0.001 (Fisher’s LSD test after two-way ANOVA). B: 

Measurement of the lipid peroxidation biomarker malondialdehyde (MDA) levels in isolated heart 

mitochondria from Cdkl5 +/+ and Cdkl5 +/- mice (n=3). Data are expressed as fold change over 

controls and normalized on protein content; **p < 0.01 (two-tailed Student’s t-test). C,D: Western 

blot analysis of Poly(ADP-ribose) polymerase 1 (PARP1) levels in extracts of ventricular heart 

tissue from Cdkl5 +/+ (n=5) and Cdkl5 +/- (n=5) mice. The histogram in C shows PARP1 protein 

levels normalized to GAPDH. Examples of immunoblot for PARP1 and GAPDH of five animals 

from each experimental group in D. E,F: Expression of nuclear factor erythroid 2-related factor 2 

(Nrf2) in extracts of ventricular heart tissue from mice as in C. The histogram in E shows 

quantification of Nrf2 protein levels normalized to GAPDH. Example of immunoblots of three 

animals from each experimental group in F. G,H: Expression of autophagy marker Light Chain 

3(LC3) in extracts of ventricular heart tissue from mice as in C. The histogram in G shows the ratio 

of LC3II/LC3I. Example of immunoblots for LC3 of three animals from each experimental group 

are shown in H. Data in C, E, and G are expressed as percentages of Cdkl5 +/+ mice; values are 

presented as means ± SEM; *p<0.05; **p<0.01 (two-tailed Student’s t-test). 

 

Moreover, ROS production in Cdkl5 +/- heart mitochondria treated with antimycin A, a 

specific inhibitor which induces reactive oxygen species production from Complex III, was 

significantly higher in comparison with the antimycin A-treated Cdkl5 +/+ condition (Fig. 

8A). The mitochondria isolated from Cdkl5 +/- mouse hearts also showed higher levels of 

malondialdehyde (MDA), an end product of lipid peroxidation, consistent with a condition 

of oxidative stress (Fig. 8B). 

Interestingly, two proteins, the Poly(ADP-ribose) polymerase 1 (PARP1) and the nuclear 

factor erythroid 2-related factor 2 (Nrf2), that are known to be activated due to oxidative 

stress, showed increased levels in the hearts of Cdkl5 +/- mice compared to Cdkl5 +/+ mice 

(Fig. 8C-F). Similarly, we found an increase in the LC3-II/LC3-I ratio (Fig. 8G,H), 

indicative of increased autophagosome formation, following oxidative stress. 
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5. DISCUSSION 
 
CDD is a very severe and debilitating neurodevelopmental infantile disorder with harsh 

neurological symptoms such as intractable seizures, neurodevelopmental delay, and autistic-

like features. Nevertheless, the improvement of the clinical overview of CDD in the past 

few years has defined a more detailed phenotypic spectrum; this includes very common 

alterations in peripheral organ and tissue function, such as gastrointestinal problems, 

irregular breathing, hypotonia, and scoliosis (Jakimiec et al., 2020) , suggesting that CDKL5 

deficiency compromises not only CNS function but also that of other organs/tissues. Here 

we report, for the first time, that a mouse model of CDD, the heterozygous Cdkl5 KO (Cdkl5 

+/-) female mouse, exhibits cardiac functional and structural abnormalities. Cdkl5 +/- mice 

exhibited QTc prolongation and increased heart rate that are accompanied by impaired 

cardiac autonomic control. Moreover, the Cdkl5 +/- heart shows typical signs of heart aging, 

including increased fibrosis, mitochondrial dysfunctions and increased ROS production. 

ECG measurements from Cdkl5 +/- mice showed statistically significant increases in heart 

rate and in rate-corrected QTc interval, indicative of delayed ventricular depolarization and 

repolarization. This is in line with a recent finding showing that, in a cohort of individuals 

with CDD, the incidence of prolonged QTc or other abnormalities which included sinus 

tachycardia was higher than the prevalence seen within the general population (Stansauk et 

al., 2023) . However, as mentioned by the authors, this first patient study has some important 

limitations: it is retrospective and the sample size is small (Stansauk et al., 2023). Here, 

using an experimental approach that allows for a continuous ECG recording during sleep in 

a validated mouse model of CDD, we could overcome these limitations and, importantly, 

deeply reduce environmental confounders besides the genetic ones. We found that, similarly 

to heterozygous Cdkl5 +/− mice, homozygous Cdkl5 −/− female mice exhibited tachycardia 

and a longer QTc interval in comparison with Cdkl5 +/+ mice. Interestingly, the magnitude 

of the cardiac defects was similar in the two Cdkl5 deficient conditions. This is not 

surprising, since it has been shown that heterozygous Cdkl5 +/− mice develop some 

behavioral abnormalities that are comparable to defects identified in homozygous Cdkl5 −/− 

females (Fuchs et al., 2018b). The putative skewing toward the mutated X chromosome 

found in the heart of heterozygous females (levels of Cdkl5 decreased to 39%) could explain 

the similar cardiac phenotypic outcome that heterozygous and homozygous Cdkl5 KO 

female mice show. 

It is well known that neurological dysfunction may affect the control of cardiac rate and 

rhythm (Bernardi et al., 2020). Particularly, it has previously been described that autonomic 
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neuropathies prolong QTc interval in patients with CNS disease, including Rett syndrome 

(Miura et al., 1984; Guideri et al., 2001; Guideri and Acampa, 2005; Lopez-Santiago et al., 

2007; Koschke et al., 2009). Therefore, we tested the hypothesis that cardiac autonomic 

control is impaired in Cdkl5 +/- mice. By applying validated indexes of spontaneous RR 

variability in mice, we assessed cardiac vagal modulation during sleep under baseline 

conditions and following pharmacological manipulations. Our findings that in Cdkl5 +/- 

mice pNN8 and RMSSD indexes were lower than in control mice indicate an impairment 

in the vagal modulation of the heart period in Cdkl5 +/- mice. Compared to saline infusion, 

treatment with muscarinic antagonist (Atropine) did not significantly modify heart rate or 

QTc interval in Cdkl5 +/- mice, confirming the reduction in parasympathetic tone in the 

heart. A growing body of evidence indicates that reduced cardiac parasympathetic activity 

is a common alteration in brain disorders; it is present in children with autism and Rett 

syndrome (Julu et al., 2001; Ming et al., 2005), as well as in neurological conditions 

characterized by neuronal degeneration (Aharon-Peretz et al., 1992; Toledo and Junqueira, 

2010; Xiong and Leung, 2019). The mechanism underlying this autonomic alteration is 

partly unknown (Vanoli and Schwartz, 1990; Fukuda et al., 2015); however, reduced cardiac 

vagal tone is thought to be prodromic for lethal arrythmias and sudden death. The observed 

reduction of cardiac M2 receptor expression in the heart of Cdkl5 +/- mice may be one of 

the possible mechanisms underlying the parasympathetic dysfunction in the mouse model 

of CDD. However, since, in many situations, loss of Cdkl5 function appears to lead to 

impaired neuronal activity (Della Sala et al., 2016; Hao et al., 2021; Gennaccaro et al., 

2021a), we cannot exclude that an overall reduced activity in regions of the brainstem that 

are important for cardiorespiratory function may underlie this autonomic dysfunction. 

Regarding the sympathetic regulation of the heart, similarly to wild-type mice, Cdkl5 -/+ 

hearts responded to atenolol infusion by increasing RR and decreasing QTc intervals, 

indicating the presence of a sympathetic modulation on the Cdkl5 +/- heart. Interestingly, 

after atenolol infusion, RR and QTc intervals no longer differed between genotypes. Since, 

there are no validated indices to determine the sympathetic contribution to the heart, at the 

moment we cannot exclude the presence of a heart control impairment which also involves 

sympathetic regulation.  

The discovery that two cardiac-specific genes (Scn5a and Hcn4) are altered in their 

expression in Cdkl5 +/- female hearts indicates that CDKL5, directly or indirectly, regulates 

the expression of genes that play a role in the cardiac conduction systems at the 

cardiomyocyte level. Loss-of-function mutations in the SCN5A gene, which encodes the α-
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subunit of the cardiac voltage-gated Na+ channel NaV1.5, underlie cardiac disorders, 

including long QT syndrome (Li et al., 2018). Notably, long QT has been described in 

almost 20% of Rett syndrome patients, and alterations in the expression of Scn5a genes 

have been reported in the Mecp2-null mouse (Hara et al., 2015). The lower expression of 

the cardiac pacemaker-specific channel Hcn4 found in Cdkl5 +/- hearts could also contribute 

to the altered heart rate in Cdkl5 +/- mice. Our results suggest that Cdkl5 deficiency 

selectively affects the expression of voltage-gated channel genes in the heart and that 

abnormal cardiac gene expression may be an arrhythmogenic substrate in Cdkl5 +/- mice. 

Immunostaining for Cx43 in Cdkl5 +/- ventricular tissues revealed a significant reduction 

in Cx43 levels at cell-cell junctions, confirmed by western blot analysis. Deregulation in β-

catenin levels was also present in the intercalated discs of Cdkl5 +/- cardiomyocytes. Both 

Cx43, as a major component of gap junctions (Severs et al., 2008) and β-catenin, as a 

component of the gap junctions and intercalated discs contribute to regulate the transmission 

of electrical signals through cardiac myocytes. Therefore, the present findings strongly 

suggest an impairment of intercellular communication in Cdkl5 +/- cardiomyocytes, which 

could further be considered as an arrhythmogenic substrate in Cdkl5 +/- hearts. Indeed, 

heterogeneous reduction in Cx43 expression and altered patterns of gap junction distribution 

feature in human ventricular disease and correlate with electrophysiologically identified 

arrhythmic changes in animal models (Lerner et al., 2000; Severs et al., 2008). It is of note 

that age-related disorganization of intercalated discs, including increased b-catenin 

expression, which may be responsible for the slower conduction of the depolarization wave 

within the heart, has been recently described (Bonda et al., 2016), suggesting an accelerated 

cardiac senescence in Cdkl5 +/- mice. 

One of the main risk factors for cardiovascular diseases is aging (Hayflick, 2007). 

Previously, we showed that Cdkl5 KO mice are characterized by an increased rate of 

apoptotic cell death during brain aging due to accelerated neuronal senescence, a factor that 

causes a consequent age-related cognitive and motor decline (Gennaccaro et al., 2021a). 

Here, we observed a similar accelerated senescence in the heart of Cdkl5 +/- mice. We found 

signs of increased cardiac fibrosis and an increased extracellular matrix deposition of 

collagen and vimentin expression. Premature senescence develops through various external 

as well as internal stress signals, and these include energetic dysfunction giving rise to free 

radical reactive oxygen species (ROS) that cause damage to cellular macromolecules; 

accumulation of this damage leads to the physiological compromise seen in aging (Liguori 
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et al., 2018). Current evidence suggests that mitochondrial dysregulation is the cause and 

primary target of energetic dysfunction and free radical production (Mancuso et al., 2007). 

Here, we found a decrease in mitochondrial oxygen consumption rate in isolated 

mitochondria from Cdkl5 +/- hearts when ADP was supplied as a substrate for the ATP 

synthase (state 3 respiration) and a diminished specific activity of Complex I and II. These 

data are consistent with the decreased level of ATP and the decreased ATP/ADP ratio 

measured in heart tissue homogenates from Cdkl5 +/- mice compared with wild-type 

animals. In addition, mitochondria isolated from the hearts of Cdkl5 +/- mice showed 

increased ROS and lipid peroxidation biomarker (MDA) production compared with 

controls, suggesting a link between mitochondrial dysfunction and the onset of oxidative 

and energetic stress. 

These findings are in line with recent evidence that mitochondrial dysfunction and oxidative 

stress occur in CDD (Pecorelli et al., 2011; Pecorelli et al., 2015). A cytokine dysregulation, 

inflammatory status, oxidative stress marker 4HNE-Pas, and redox imbalance was 

evidenced in plasma from CDD patients (Pecorelli et al., 2011; Leoncini et al., 2015; 

Cortelazzo et al., 2017). Additionally, studies in Cdkl5 KO mice identified brain 

mitochondrial functional abnormalities, including reduced activity of mitochondrial 

respiratory chain complexes and impairment in mitochondrial ATP production rate (Vigli et 

al., 2019; Carli et al., 2021), alterations present also in patient-derived iPSCs (Jagtap et al., 

2019; Van Bergen et al., 2021). It is worth noting that we found here mitochondrial 

structural changes that were consistent in development of intramitochondrial crystalline-

like inclusions in the Cdkl5 +/- heart. The presence of mitochondrial paracrystalline 

inclusions in a clinically characterized group of patients with genetically defined 

mitochondrial disease (Stadhouders et al., 1994; Vincent et al., 2016) suggests that this 

ultrastructure alteration could contribute to mitochondrial function. Therefore, we can 

speculate that the crystalline inclusions found in the inner membrane may underlie the 

bioenergetic defects found in Cdkl5 +/- mitochondria. However, we cannot exclude the 

possibility that the crystalline-like inclusions represent compensatory responses to 

mitochondrial stress.  

Recent evidence has described a potential role of AKT and autophagy, molecular 

mechanisms of cellular senescence, in aging-associated organ deterioration. When 

cardiomyocytes incur oxidative stress, they activate the PI3K/AKT-signalling pathway 

(Sugden and Clerk, 2006), suggesting that oxidative stress is an upstream event related to 

the activation of the AKT pathway in cardiomyocytes. Our finding that AKT pathway 
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activation is increased in the heart of the Cdkl5 +/- female mouse could be the consequence 

of an increase in the generation of ROS due to aberrant mitochondrial function. Similarly, 

increased LC3-II levels, associated with either enhanced autophagosome synthesis or 

reduced autophagosome turnover (Barth et al., 2010), can be associated with increased ROS 

production and the resulting oxidative cell stress that occurs in many disease states (Scherz-

Shouval et al., 2019). We found that the ratio of LC3-II/LC3-I was enhanced in the Cdkl5 

+/- heart, suggesting an increasing number of autophagosomes. 

The principal growth-promoting intracellular signaling pathways that are activated by ROS 

in cardiac myocytes include not only the AKT pathway, but also the mitogen-activated 

protein kinase cascades (ERK1/2 pathway) (Sugden and Clerk, 2006). In association with 

Cdkl5 +/- cardiac myocyte dysfunctions, we found here alterations in AKT activity but not 

in ERK1/2 signaling. Activation of ERK1/2 is generally associated with cell growth and 

survival, and studies with transgenic mice have shown that selective activation of the 

ERK1/2 cascade in the myocardium induces an adaptive cardiac hypertrophy (Bueno et al., 

2000). Further evidence linking ERK1/2 with hypertrophy has been reviewed (Bueno et al., 

2000). Since no signs of hypertrophy are evident in the Cdkl5 +/- heart, this might explain 

the lack of ERK1/2 dysregulation in these mice. 

Considering the protective molecular pathways that might be triggered by oxidative stress 

(Nguyen et al., 2009) and autophagy (Walker et al., 2018), we found increased levels of 

Nrf2, a transcription factor known to activate multiple enzymes with antioxidant properties 

(Ma, 2013), and of PARP1, a DNA damage sensor that facilities base excision repair (Wang 

and Luo, 2019), in the Cdkl5 +/- heart. We hypothesized that increased levels of Nrf2 are 

triggered by ROS production, and this increase is most likely a compensatory effort to 

increase antioxidant defences in the Cdkl5 +/- context. This should correlate with a 

reduction in oxidative stress in Cdkl5 +/- hearts; however, this is not the case and the issue 

requires further investigation. It is worth noting that PARP activation has been demonstrated 

to impair mitochondrial function (Bai et al., 2015) and promote autophagy in 

cardiomyocytes (Wang et al., 2018). Therefore, increased PARP1 levels could contributed 

to the pathologic signs observed in the Cdkl5 +/- heart. 

At present, we have no evidence of which of the observed Cdkl5-related alterations is the 

primary cause underlying the structural and functional abnormalities in the Cdkl5 +/- heart. 

However, increasing evidence suggests that ROS production is associated with cardiac 

arrhythmias; in particular, elevated cellular ROS can cause alterations to the cardiac ion 

channels, changes in mitochondrial function, and gap junction remodeling, leading to 
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arrhythmic conditions (Jeong et al., 2012; Adameova et al., 2020; Szyller et al., 2022). 

Therefore, oxidative stress, a common pathophysiological factor in cardiac disease 

(Pignatelli et al., 2018; Senoner and Dichtl, 2019; Shaito et al., 2022), may be the main 

defect underlying cardiac alterations in the Cdkl5 deficient heart. Future studies aimed at 

rescuing the cardiac phenotype in Cdkl5 KO mice, targeting one of the observed defects, 

could help to shed light on the primary causes that drive cardiac abnormalities in the absence 

of Cdkl5. 
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