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1. Abstract

Rett syndrome (RTT) is a rare and severe neurodevelopmental disorder, primarily affecting females.
Patients are characterized by an apparently normal early development followed by a regression phase
between 6 and 18 months of age, which marks the onset of progressive motor and intellectual
impairments. The majority of Rett cases are caused by mutations in the X-linked MECP2 gene, which
encodes for a master regulator of gene expression, ubiquitously expressed, but mainly present in the
brain. In line with its role, MeCP2-null neurons show widespread transcriptional and functional
deficits, including impaired maturation and reduced responsiveness to external stimuli. Although
clinical symptoms emerge after the first year of life, increasing evidence indicates that MeCP2
deficiency disrupts brain development from early stages. In particular, Mecp2-null cortical neurons
display early defects in transcription, neuronal activity, and morphology, which appear interconnected
in a feed-forward mechanism where neuronal activity drives transcriptional and structural changes
that further increase network maturity.

We thus investigated the therapeutic potential of a high-impact Ampakine, a positive modulator of
AMPA receptors, to restore neuronal activity in Mecp2-deficient models.

Initially, we tested its efficacy in vitro using primary Mecp2-null mouse neurons. We were able to
show a restoration of synaptic density in Mecp2 KO treated neurons, as well as a rescue in neuronal
functionality.

Then, we focused on two in vivo strategies. Since it was previously demonstrated that an early
ampakine treatment (P3-P9) is able to improve RTT phenotype in male KO mouse model, we first
evaluated the same therapy on female heterozygous mice, being the most clinically relevant model of
Rett syndrome. Afterwards, we implemented a prolonged intermittent treatment (P3—P75) in both
male null and female heterozygous mice, to assess whether a sustained modulation of neuronal
activity could enhance and maintain long-term benefits.

As we proved that early intervention is crucial to obtain beneficial effects, we evaluated molecular
and functional consequences of the early treatment by profiling gene expression in the prefrontal
cortex at two developmental stages (P10 and P30), capturing both acute and late transcriptional
effects. Additionally, ex vivo electrophysiological recordings were performed.



2. Introduction
2.1 Rett syndrome: clinical staging, phenotypic variants, and prognosis

Rett Syndrome (RTT) is a rare, complex, X-linked neurodevelopmental disorder mainly caused by
mutations in the MECP2 gene, although atypical forms may arise from mutations in different genes
[1]. It affects brain function and development mainly in females with a prevalence of almost 1 out of
10000 born alive [2], [3]. It is considered a delayed onset disorder since patients seem to develop
normally until 6-18 months of life, when first symptoms generally appear. From this point, the course
of the disease can be divided into four main stages [4], [5], [6].

The first period is called the “early-onset stagnation period” and occurs between 6-18 months of age;
it is marked by subtle but noticeable changes in an infant's social and developmental behaviour;
indeed, the child may become less demanding of attention. Although postural development continues,
it is delayed; sitting may be reached but crawling and standing are often absent. Language
development is limited, with minimal babbling and few new words [7]. Furthermore, an abnormal
deceleration in the rate of head circumference increase may be observed [8]. Despite these early
atypical signs, the overall developmental progress may still seem broadly normal, which can lead
primary healthcare providers to reassure parents and delay further evaluation [8], [9]. Unfortunately,
a rapid “regression phase” occurs between 1 and 4 years of age in which RTT patients lose previously
acquired developmental skills such as purposeful hand use, communication and motor skills [8]. In
this phase the severe cognitive impairment that characterizes RTT becomes evident. After the end of
the regression phase, patients with Rett syndrome enter a period of relative stability known as
“pseudo-stationary stage”, typically between 2 and 10 years of age. In this third stage the child may
still be able to walk or to learn, the visual contact behaviour and eye pointing can re-emerge, although
many other severe symptoms emerge such as epilepsy, breathing dysfunctions, growth failure, ataxia,
anxiety, and gastrointestinal problems [10]. The final stage in the developmental course of Rett
syndrome is marked by late motor deterioration, including gradual loss of motor skills, increased
muscle rigidity and progressive scoliosis. While communication abilities may show some
improvement, language is typically not restored. Most patients become wheelchair dependent. The
definition of Rett syndrome symptomatology has a pivotal role since the diagnosis is still based on
internationally clinically accepted criteria [6]. However, RTT is associated with a heterogeneous
phenotype and, depending on the severity of clinical signs and on the onset of symptoms, it is
classified into typical, atypical, and variant presentation [1].

The clinical criteria to diagnose typical RTT are the presence of all the main criteria which are the
partial or progressive loss of purposeful hand movements, speech and language regression, gait
abnormalities, and development of stereotyped hand motions. While the presence of supportive
criteria is not mandatory for the diagnosis, patients usually present them [Table 1] [6], [8].

Milder forms of atypical RTT are (1) the forme fruste, characterized by a late onset — between 1 and
3 years old — and the maintenance of hand usage, and (2) the preserved speech variant that is
addressed to patients capable of speaking few words. Most severe forms of atypical RTT include the
(3) early-onset seizures variant and the (4) congenital variant. The former relates to patients that
show seizures within the first five months of life, the latter, instead, is characterized by a grossly
abnormal initial development and the lack of an intense eye gaze. Diagnosis for atypical phenotype
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is based on the presence of regression followed by recovery or stabilization and at least two of the
four main criteria, together with the presence of at least 5 of the so called “supportive features” that
include sleep disturbances, bruxism, breathing abnormalities, autonomic dysfunction, seizures,
intense eye gaze, weight loss and hypotonia [Table.1] [6], [11].

Historically, survival in Rett syndrome was limited, with median life expectancy reported to be less
than 14 years. However, recent data indicate a substantial improvement in life expectancy, with
median survival now exceeding 50 years in approximately 70% of patients [12]. The increase in
longevity is attributed to earlier diagnosis and significant advances in clinical care, including better
nutritional management, multidisciplinary healthcare teams, and focused physical and occupational
therapies [8]. The only drug approved for the treatment of Rett syndrome is currently Trofinetide, a
synthetic analogue of the N-terminal tripeptide of insulin-like growth factor 1 (IGF-1). The product
received regulatory approval from the U.S. Food and Drug Administration (FDA) in March 2023 for
use in the United States and subsequently in Canada (Vogel Ciernia et al., 2018; Neul et al., 2023).
Clinical trials have demonstrated that Trofinetide can alleviate certain core symptoms of Rett
syndrome and provide measurable clinical benefits. However, it is imperative to emphasize that this
treatment is not a modifier of the disease trajectory. Rather, its primary objective is to improve
symptom management, as no definitive cure for Rett syndrome currently exists and the majority of
patients are treated with drugs meant to alleviate symptoms.

Table 1
Rett Syndrome (RTT) Clinical criteria

Typical or Classic RTT Atypical or Variant RTT
Regression followed by recovery or stabilization Regression followed by recovery or stabilization
All main criteria and all exclusion criteria 2 of 4 main criteria and all exclusion criteria

Main criteria:
Partial or complete loss of purposeful hand skills; partial or complete loss of spoken
language: dyspraxic or absent gait; stereotypic hand movements

Supportive criteria not required; often present 5 of 11 supportive criteria required

Supportive criteria:

Breathing disturbances when awake; bruxism when awake; impaired sleep pattern:
abnormal muscle tone; peripheral vasomotor disturbances: scoliosis/kyphosis; growth
retardation; small, cold hands and/or feet; inappropriate laughing/screaming spells;
diminished response to pain; intense eye gaze — eye pointing

Exclusion criteria: traumatic brain injury, neurometabolic disease, or severe infection;
very abnormal development in first six months of life

Neul et al. Ann Neurol 2010:68 : 944-95().

Table 1. International accepted clinical criteria and supportive criteria for the diagnosis of typical and atypical Rett
syndrome [8].

2.2 MECP2 gene, structure and functions

Mutations in the MECP2 gene account for the majority of Rett syndrome (RTT) cases, representing
approximately 90% of patients. The gene was first characterized by Adrian Bird in 1992, but it was



not until 1998 that Dr. Huda Zoghbi and colleagues demonstrated its causative role in RTT [2], [15],
[16].

The human MECP?2 gene is located on the reverse strand of the long arm of the X chromosome (Xq28)
and spans approximately 76 kb. MeCP2 is the founding member of the methyl-CpG-binding domain
(MBD) family of proteins, which are characterized by the presence of an MBD. While complete
deletion of Mecp?2 in mice results in severe neurological symptoms and death around 10 to12 weeks
of age, knockout of other MBD family members produces only minimal phenotypes [17], [18]. These
findings suggest that MeCP2 plays the most critical role among MBD proteins in interpreting the
DNA methylation landscape in the brain [19].

In both humans and mice, the gene consists of four exons and three introns. Currently, 21 transcripts
of MECP?2 have been identified, of which two are protein-coding [20].

Alternative splicing of MECP?2 lead to production of two isoforms of the gene known as MeCP2-el
and MeCP2-e2. MeCP2-E1 is encoded by exons 1, 3, and 4, whereas MeCP2-¢2 is encoded by exons
2, 3, and 4. Both isoforms share the same protein domains but differ in their short N-terminal regions:
MeCP2-¢el contains a unique 21-amino acid sequence, while MeCP2-e2 has a distinct 9-amino acid
sequence [Figure 1] [21], [22], [23], [24].

The larger MeCP2-el isoform is the dominant protein in the brain with relatively consistent
expression throughout different brain regions of the adult mice, and earlier appearance during brain
development [24]. Several studies report that there is not overlapping in function of the two isoforms
and the only one concurring for RTT phenotype is MeCP2-el [25]; [13]. Indeed, deficiency of the
Mecp2-el isoform in mice results in phenotypes similar to those observed in mice lacking the
entire Mecp2 gene. These include motor impairments, apraxia-like limb clasping, altered anxiety-
related behaviours, and premature death in Mecp2-null mice [25]. Furthermore, in vitro studies using
induced pluripotent stem cell (iPSC)-derived neurons from female Mecp2308 heterozygous mice
support the specific involvement of MeCP2-el in Rett syndrome. Neurons deficient in Mecp2-el
exhibit reduced soma size, decreased dendritic arborization, and defects in synapse formation and
maturation—hallmarks commonly observed in neurons from Rett syndrome patients [26]. In contrast,
mice deficient in Mecp2-e2 do not display Rett-associated symptoms [27], suggesting that the E2
isoform may have limited or no direct relevance to the disorder [28], [29]. At subcellular level both
MeCP2 isoforms localize into the nucleus and colocalize with methylated heterochromatic foci in
mouse cells/neurons.
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Figure 1: MeCP2 splicing and structure. Schematic representation of MECP2 gene organization (A) and different
protein domains of the MeCP2-E1 and MeCP2-E2 isoforms (B). NTD, N-terminal; MBD, methyl binding; ID,
intervening; TRD, transcription repression; NID, NCoR interaction; CTD, C-terminal domains; NLS, nuclear localization
signal (modified from Good et al., 2021).

Although MeCP2 is expressed in various tissues, it is notably more abundant in the brain, particularly
in mature post-migratory neurons [31], [32]. MeCP2 protein levels are low during embryogenesis but
increase progressively throughout the postnatal period, coinciding with neuronal maturation [33],
[34],[35],[36]. In detail, MeCP2 levels rise during embryonic and postnatal stages, reaching a plateau
by approximately 10 years of age in humans and 5 weeks in mice [33]

In the cortex, this increase follows an inside-out pattern that parallels cortical development [34].
Similarly, in the olfactory epithelium, Mecp2 expression aligns with the maturation of olfactory
receptor neurons (ORNs) and precedes synaptogenesis [34]. In this developmental pattern, its
mutations do not appear to impair the proliferation or early differentiation of neuronal precursors
[37]. To date, the mechanisms governing the complex spatial and temporal expression of MECP2
remain unclear, but different studies have identified the core promoter region and several cis-
regulatory elements as key regulatory sequences for its expression [38], [39].

The protein structure of MeCP2 is highly conserved, with the human and mouse amino acid sequences
sharing 95% identity. Structurally, the human MeCP2 protein consists of 486 amino acids and
contains five main functional domains: the N-terminal domain (NTD, residues 1-78), the methyl-
CpG binding domain (MBD, 79-162), the intervening domain (ID, 163-206), the transcriptional
repression domain (TRD, 207-310), and the C-terminal domain [Figure. 2].
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Figure 2: Schematic representation of MeCP2 domains (modified from Pejhan & Rastegar, 2021b)

MeCP2 is a pleiotropic multifunctional protein involved in diverse biological processes; however,
gaps remain in understanding its full range of functions and interacting partners. It has been shown
that the MBD and a short region of the TRD (residues 298e¢309), which is responsible for the
interaction between MeCP2 and the NCoR1/2 corepressor complex, are the most biological relevant
domains.

The MBD confers to MeCP2 the ability to bind DNA, in particular to methylated CpG dinucleotides
with preference for CpG sequences with adjacent A/T-rich motifs [41]. MBD also binds to
unmethylated four-way DNA junctions with a similar affinity [42], implicating a role for the MeCP2
MBD in higher-order chromatin interactions. Mutation in the MBD results in a decreased residence
time at heterochromatic loci [43]. Interestingly, some evidence from chromatin immunoprecipitation
assays reveals a preferential association of MeCP2 with methylated alleles of imprinted genes in
mouse embryonic stem cells and in mouse brain [44], [45]. Moreover, recently MeCP2 was reported
to interact also with CpA dinucleotide in vitro and in vivo in mouse brain (Deaton et al., 2011; Gabel
et al., 2015).

The transcriptional repressor domain (TRD) of MeCP2 is a biologically significant region responsible
for mediating its transcriptional repression function. Within this domain lies the NCOR-SMRT
interaction domain (NID), which facilitates the recruitment of co-repressor complexes such as
SIN3A, NCOR, and SMRT [46], [47]. Thus, MeCP2 specifically recognizes and binds to 5-
methylcytosine (5MeCyt) residues in DNA, and upon binding, it attracts these co-repressor
complexes [47]. Subsequently, the complex recruits histone deacetylases (HDACs), which catalyse
the removal of acetyl groups from lysine residues on histone tails [48]. This deacetylation promotes
chromatin condensation around methylated DNA, thereby increasing DNA compaction and
physically inhibiting the binding of transcription factors [49], [50].

Although the C-terminal region of MeCP2 is not yet well characterized, it is clearly essential for
protein function as evidenced by the numerous RTT-causing mutations that involve deletion of this
domain [51]. Moreover, it has been demonstrated that a mouse model lacking the Mecp2 C-terminus
reproduces many RTT phenotypes [52]. The C-terminus facilitates MeCP2 binding to naked DNA
and to the nucleosome core, and it also contains evolutionarily conserved poly-proline runs that can
bind to a domain typical of splicing factors (Buschdorf & Stratling, 2004).

MeCP2 was traditionally considered a transcriptional repressor, [54], [55], [56], [57], [58], [59]- To
identify the possible targets of Mecp2, initial microarray analyses were performed on hippocampal,

cortical, and whole forebrain tissues from Mecp2-null mice. These early studies revealed only modest
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changes in gene expression [60], likely due to the use of heterogeneous brain regions, which may
have masked region- and cellular-specific transcriptional effects. To overcome this limitation, a more
targeted approach was adopted in a subsequent study [61], which focused specifically on the
hypothalamus, a brain region closely associated with several key Rett syndrome phenotypes,
including anxiety, growth deceleration, sleep-wake rhythm disturbances, and autonomic dysfunction
[62]. In this analysis, gene expression profiles were compared across three groups of mice: Mecp2-
null, wild-type (WT), and Mecp?2 transgenic (Tg) mice, the latter carrying an extra copy of the human
MECP?2 gene, thereby mimicking the human MECP2 duplication syndrome [61]. The use of this
approach allowed the researchers to uncover more robust and biologically relevant transcriptional
changes linked to Mecp?2 deficiency.

Indeed, the researchers proposed that true direct targets of Mecp2 should show opposite changes in
expression in loss- and gain-of-function models. That is, genes that are downregulated in Mecp2-null
mice should be upregulated in Mecp?2 transgenic (Tg) mice, and vice versa. Interestingly, the majority
of genes were found to be upregulated in Mecp2-Tg mice and downregulated in Mecp2-null mice,
indicating that MeCP2 primarily functions as a transcriptional activator rather than a repressor in the
hypothalamus. This activator role was attributed to its ability to bind the cyclic AMP-responsive
element binding protein (CREBI1), which facilitates the recruitment and activation of RNA
polymerase II at transcription start sites, thereby promoting the expression of target genes [61], [63].
Subsequent studies analysing the transcriptional profiles of Mecp2-mutant neurons across various
brain regions, neurons and hESC derived RTT neuron confirmed that MeCP2 might also function as
a transcriptional activator in the cerebellum, striatum, olfactory sensory neurons, and differentiated
human embryonic stem cells [64], [65], [66], [67]. These findings expanded our understanding of
MeCP2 functions beyond its traditional role as a transcriptional repressor, suggesting that its precise
functions are context-dependent and influenced by the molecular environment. Over the following
decade, research has further expanded MeCP2 roles, including its involvement in transcriptional
regulation, chromatin organization, RNA splicing, microRNA processing, protein synthesis and
microtubule and mitotic spindle regulator [68], [69], [70], [71], [72] [Figure.3].

Below a summary of the additional functions of this multifunctional protein.

1. MeCP2 can regulate protein synthesis through the AKT/mTOR-mediated pathway. The study
revealed that this pathway is downregulated in Mecp2 KO neurons along with ribosomal protein
S6 (rpS6) phosphorylation [73]. It is important to note that the balance between protein synthesis
and degradation is critical for tissue maturation and homeostasis, and alterations of these
processes are often observed in ASD [68].

2. Some evidence indicates that MeCP2 may play a significant role not only in transcriptional
regulation but also in RNA splicing. The first indication of its involvement in splicing emerged in
2005, when Young and colleagues reported splicing defects in Mecp2°*®”¥ male mice. These mice
express a truncated form of the Mecp2 protein, and their phenotype revealed that loss of full-
length Mecp?2 disrupts normal RNA splicing processes [74]. Subsequent in vitro studies further
demonstrated that Mecp2 directly interacts with RNA and associates with Y-box binding protein
1 (YB-1), a known regulator of alternative splicing [75].They confirmed the interaction between
Mecp2 and YB-1, and also identified additional associations with other RNA-binding and splicing
regulators, including MATR3, SFPQ, and SFRS. Further support for this role was provided by
Maunakea et al. (2013), who found that Mecp2 ablation was associated with increased exon
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skipping events, indicative of disrupted alternative splicing[76] . Overall, these data suggest that
Mecp2 modulates the recruitment of splicing factors to methylated DNA regions, and its absence
leads to increased intron retention and altered splicing patterns, particularly in blood cells [77].
More recently it was reported that Mecp2-null neurons exhibited abnormal intron retention and
exon skipping specifically in genes activated during neuronal stimulation [69]. These findings
reinforce the emerging view that MeCP2 might play multifaceted roles in gene expression
regulation both at the transcriptional and post-transcriptional levels, particularly in the context of
neuronal function and plasticity [69].

. Another role of Mecp2 at the post-transcriptional level is represented by the regulation of the
biogenesis and function of microRNA (miRNA). One mechanism involves the direct binding to
DiGeorge syndrome critical region 8 (DGCRS), a core component of the nuclear miRNA-
processing complex [78]. This interaction interferes with the formation of the Drosha-DGCRS
complex, thereby inhibiting the processing of specific miRNAs. Several of these suppressed
miRNAs target proteins vital for neural development, including CREB, LIMK1, and Pumilio2.
Therefore, when MeCP2 is overexpressed, the resulting reduction in these miRNAs leads to
abnormal levels of these proteins, which in turn disrupts the growth of dendrites and spines in
neurons. This highlights the important role of MeCP2 in controlling neural development through
miRNA regulation. [78]. In contrast to this inhibitory role, MeCP2 can also facilitate miRNA
processing. Specifically, it promotes the maturation of miR-199a through its association with the
Drosha complex. The MeCP2/miR-199a axis has been shown to regulate neural stem/precursor
cell (NS/PC) differentiation, and deficiency of either MeCP2 or miR-199a leads to a shift in
NS/PC fate from neuronal to astrocytic lineages, due to upregulation of Smadl REF. Importantly,
restoring miR-199a expression or inhibiting BMP signalling rescues normal differentiation
patterns in Rett syndrome (RTT) patient-derived NS/PCs and brain organoids [70].

. Recent investigations have uncovered a novel localization of MeCP2 at the centrosome in both
proliferating and post-mitotic cells. Cellular and molecular studies indicated that this centrosomal
association affects centrosome function, cell cycle progression, and neuronal maturation [71].
Subsequent studies further explored the connection between MeCP2 and centrosome-derived
structures, particularly the primary cilium. Loss of MeCP2 was found to disrupt ciliogenesis in
multiple cellular and organismal contexts, including cultured neurons, fibroblasts derived from
RTT patients, and the mouse brain [72]. This impairment in cilium formation was associated with
dysfunction of the Sonic Hedgehog (Shh) signalling pathway, a cilium-dependent cascade that is
essential for proper neurodevelopment and brain function [72].
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methyl-CpGs). The figure represents the proposed functions for MeCP2 [72].
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2.3 Molecular knowledge of Rett syndrome
2.3.1 Mutations in RTT

De novo mutations in the MECP2 gene account for approximately 95% of typical Rett syndrome
cases and more than half of atypical RTT ones [79].

MECP2 mutations can be broadly categorized into three main groups. The first one comprises
mutations affecting the N-terminal domain (NTD), deputed to the modulation of MeCP2 interaction
with DNA, as well as to drive the turnover rate of the protein [80], [81], while the second group -
particularly relevant for RTT - includes mutations in the methyl-CpG binding domain (MBD). Of
note, missense mutations represent the most prevalent class of alterations affecting the MBD,
accounting for over 70% of mutations in this region [82] and contributing to approximately 45% of
RTT cases [83]. In general, MBD-associated missense mutations impact the stability of this domain
and its affinity for DNA binding [84], [85].

The third group of mutations affect additional domains of MeCP2, such as the intervening domain
(ID), the transcriptional repression domain (TRD) and the C-terminal domain (CTD) along with the
nuclear localization domain (NID) and the RNA binding domain (RBD) [83]. A substantial number
of nonsense mutations associated with Rett syndrome occur within these regions, with the exception
for the TRD in which the most prevalent mutations are missense. Compared to the MBD, the
structural and functional consequences of mutations in these domains have been investigated less
thoroughly [82], [86], [87]; however structural studies from Alan Wolffe’s laboratory provided some
hints, demonstrating that MeCP2 C-terminal loss impairs its ability to bind nucleosomes,
underscoring the possible role of the CTD in chromatin interaction [88]. Building on this, Nikitina et
al. identified residues 295-486 as critical for chromatin binding and showed that the R294X mutation
disrupts the MeCP2 capacity to cluster heterochromatin [89]. Importantly, the nonsense mutations
R168X, R255X, R270X, and R294X, account for a substantial proportion (up to 60-70%) of nonsense
mutations in MECP2, and around 20-30% of all pathogenic variants observed in RTT, have been
shown to progressively impair MeCP2 ability to cluster heterochromatin [90].

Notably, eight recurrent mutations account for approximately 47% of all identified cases [28]. These
include three mutations in the methyl-CpG-binding domain (R106W, R133C, and T158M), one in the
intervening domain (R168X), and four within the transcriptional repression domain (R255X, R270X,
R294X, and R306C) [80], [91] [Figure 4].
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Figure 4: Domain-associated MECP2 mutations. Most frequent MECP2 mutations associated with RTT. Missense
mutations are shown above and nonsense mutations below the scheme showing the structure of MeCP2. X indicates
premature stop codons, thus generating a truncated protein [92].

2.3.2 Genotype-phenotype correlation in RTT

MECP2 genetic alterations are neither strictly necessary nor sufficient for a diagnosis of Rett
syndrome. Indeed, approximately 3% of typical RTT patients and 30-40% of atypical RTT
individuals do not carry detectable MECP2 mutations. In fact, MECP2 mutations can also be
implicated in other neuropsychiatric disorders, such as autism spectrum disorder, intellectual
disability, and early-onset psychosis [93], [94], [95], [96]. This complexity raises the question of
whether MECP?2 mutations alone can explain the phenotypic variability observed in RTT.

To date, over 600 variants of the MECP2 gene have been identified, with more than 70% of these
being associated with RTT. Even though the pathogenic role of all identified MECP2 mutations has
not been fully elucidated yet, some genotype-phenotype correlation has been identified [79].

Indeed, certain mutations such as the missense mutation R133C and late truncating mutations are
generally associated with milder clinical phenotypes. In contrast, missense mutations involving
residues R306, T158, or R106, as well as early truncating mutations like R294X, tend to produce
phenotypes of intermediate severity [97]. Early truncations and large deletions are usually linked to
more severe RTT presentations. But what is the driver mechanism for the observed clinical
variability?

The scientific community agrees that, beyond MECP2 mutations, additional factors contribute to the
clinical heterogeneity of RTT, among which the pattern of X-chromosome inactivation (XCI) plays a
key role [1], [98]. XCI is a complex epigenetic process, initiated early in embryonic development,
that ensures dosage compensation of X-linked genes between sexes by transcriptionally silencing one
of the two X chromosomes in female mammals. This silencing is orchestrated by the X-inactive
specific transcript (XIST) RNA, which coats the future inactive X chromosome in cis, recruiting
chromatin-modifying complexes that induce repressive histone marks (e.g., H3K27me3), DNA
methylation at promoter regions, and chromatin compaction [99], [100], [101]. In the context of RTT,
skewing of XCIl—favoring the silencing of the wild-type or mutant MECP2 allele—has been
implicated as a modulating factor in the phenotypic variability observed among female patients.
Indeed, RTT girls are a mosaic of cells expressing either the wild-type or mutant allele; in general, in
RTT girl patients XCI is balanced, with approximately half of the cells expressing the wild-type
MECP?2 allele, while the other half express the mutant one [39]. Even though XCI is generally
described as a random process, one X chromosome, as previously mentioned, can be preferentially
inactivated over the other in a non-random manner (skewed). This can be due to selective advantages
or disadvantages conferred by X-linked mutations to specific cell populations (C. Brown & Robinson,
2000; Plenge et al., 2002). When in cases of skewed XCI, the clinical phenotype can be markedly
affected. Preferential inactivation of the X chromosome carrying the mutation can result in
asymptomatic or very mild clinical manifestations, as observed in silent carriers. Conversely,
preferential expression of the mutant allele can exacerbate disease severity, with the degree of clinical
impact correlating with the extent of skewing [104] [Figure 5].

12



Another factor able to influence the severity of the diseases beside genotype-phenotype correlation
concerns the presence of genetic modifiers of MECP2. Though the idea is well accepted, they have
not been identified yet. Indeed, rare cases have been reported of females harbouring common MECP?2
mutations and exhibiting random XCI patterns who do not develop RTT symptoms, suggesting the
presence of protective genetic factors elsewhere in the genome [105].
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Figure 5. RTT phenotypic outcomes depend on X-chromosome inactivation pattern. Random X chromosome
inactivation renders the tissue mosaic, with 50% of cells expressing the mutant allele (blue) and 50% expressing the wt
one (pink). When X-inactivation is skewed toward the healthy allele, a majority of cells express the mutant gene, leading
to a more severe phenotype (left). In healthy carriers favourably skewing of X-inactivation results in silencing of the
mutant allele in most cells (right) (Modified from Frasca et al., 2023).

2.3.3 Rett syndrome is prevalently a girl-related disease

The predominance of RTT in females stems from the fact that de novoMECP2 mutations primarily
arise in male germline, and the paternal X chromosome is transmitted exclusively to daughters, as
males inherit their single X chromosome from their mother [106]. Furthermore, the paternal bias is
attributed to the elevated levels of DNA methylation in sperm and the numerous mitotic divisions that
occur during spermatogenesis, both of which increase the likelihood of mutational events [52]. The
underlying mechanism of C > T transitions likely involve oxidative deamination of methylated
cytosines, a process more frequent in the male germline [30].

Of note these transitions, particularly at CpG dinucleotides, represent a well-known mechanism of
spontaneous mutagenesis in the human genome [39], [106], [107], [108].

Although rare, de novo MECP2 mutations can also be maternally transmitted or inherited from
mothers who are asymptomatic or only mildly affected, often due to skewed X-chromosome
inactivation favouring the expression of the wild-type allele and thus reducing clinical severity in
carrier females [39]. Because these mothers carry the mutated X chromosome, they can pass it on to
their sons, who, having only one X chromosome, may develop a range of clinical manifestations from
developmental delay to severe early infantile epileptic encephalopathy with a reduced life span [109],
[110], [111].
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2.4 Pre-clinical research : in vivo models

Several mouse models carrying different Mecp? alterations were generated to improve the
understanding of the functions of Mecp2 and of the pathogenesis of RTT. Soon after the identification
of MECP? as the causative gene in RTT, two Mecp2-null male mouse models were generated, which
are still the primary models used to study the disease. Exploiting the Cre-lox technology, Adrian
Bird's laboratory generated the Mecp2tm1.1Bird model through the deletion of exons 3 and 4 of the
gene in an inbred C57BL/6 background. The deleted region corresponds to the MBD, TRD and C-
terminus domain of Mecp?2, resulting in a complete lack of the protein [17]. Rudolph Jeanisch’s
laboratory, instead, removed only exon 3 -containing the MBD- and generated in a mixed genetic
background (129, C57BL/6 and BALB/c) the Mecp2tmi.1Jae model, which expresses a small non-
functional fragment of Mecp2 [18]. Both null models display a similar phenotype that recapitulates
RTT features. Indeed, they appear phenotypically normal until 4 weeks of age when they begin to
develop hind limb clasping, tremors, breathing irregularities, loss of muscle tone, and hypoactivity
[17], [18]. These mice, which also display reduced brain volume and body weight, undergo rapid
phenotypic regression and die between 6 and 12 weeks of age [17], [18].

Given that RTT predominantly affects females and considering that patients carry a heterozygous
MECP?2 mutation, heterozygous female mice (het) represent the most appropriate genetic model for
studying the disease pathogenesis. However, their use in experimental studies presents several
limitations that must be taken into consideration. First, they require a longer period for symptoms to
appear and show less consistency compared to null mice. In addition, they exhibit high phenotypic
variability, likely caused by differential X-chromosome inactivation [112]. In particular, they appear
normal up to 3-6 month of life, when they start manifesting RTT-like symptoms, such as inertia, ataxic
gait, hind limb clasping and irregular breathing. In contrast to the null males, females usually do not
have an abnormal life span compared to healthy controls, although they become overweight with
ageing [113].

Even though the use of female mouse models is not so widespread, the scientific community is
nowadays starting to consider sex as a relevant biological variable in diseases’ onset and progression.
Accordingly, heterozygous (het) Mecp2”’* mice are emerging as essential model to complement
results coming from males. I believe that both animal models should be taken into account when
studying RTT, since preclinical research relying exclusively on male Mecp2-null mice—which
completely lack Mecp2 expression—may fail to capture the influence of mutant alleles on
neighbouring wild-type cells, the so-called “non-cell-autonomous effect,” which can instead be
consistently reproduced in heterozygous female mice [104], [114], [115].

However, maintaining the colony on the C57BL/6 background presents significant challenges.
Specifically, C57BL/6 heterozygous females produce small litters, exhibit aggressive behaviour, and
frequently engage in cannibalism, all of which negatively impact maternal care and, consequently,
the phenotype of the offspring [116]. To address these limitations, our laboratory transferred the
Mecp2™tml.1Bird™ mutation into the outbred CD1 (ICR) genetic background [116], observing a
marked increase in litter size -nearly doubled compared to the C57BL/6 background- with a
corresponding increased number of null and heterozygous animals obtained from a single litter.
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Furthermore, CD1 females displayed significantly improved maternal behaviour, with a notable
reduction in cannibalized litters [116]. Notably, an outbred strain allows to better recapitulate human
genetic variability, although for the same principles it features greater phenotypic heterogenicity
[117]. Importantly, when evaluated using a standardized scoring system for assessing the progression
of typical Rett syndrome symptoms in mice [17], CD1 Mecp2 null mice exhibited all the major
phenotypic traits observed in C57BL/6 knock-out mice, even though delayed in time, [Figure 6]
[116].
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Figure 6: timeline of the onset of CD1 Mecp2-null phenotypic traits. Arrows represent the timing of appearance of the
different symptoms of RTT mice. Dotted lines = 50—-99% of animals have the given symptoms; continuous line = 100%
of the animals have the symptoms [116].

In 2002, a third RTT male mouse model was generated to mimic a truncating mutation previously
seen in RTT patients, the Mecp2*308/y mice [52]. Differently to null-mouse models, Mecp2"308/y
mice was engineered to remove just the C-terminus, maintaining the MBD and the TRD [118]. In this
case, obtained mice exhibited a milder phenotype characterized by tremors, hypoactivity, seizures,
kyphosis, anxiety, forepaw stereotypies, and learning and memory defects starting from 6 weeks of
age. Their lifespan is also extended up to one year [118].

Of the eight most common mutations in RTT patients, six have an established mouse model which
recapitulates symptoms of the disease: for the nonsense mutations they generated Mecp2 R168X,
R255X mice and for the missense mutations Mecp2 T158A, A140V, R133C, R306C, Y120D mice
[118],[119], [120], [121].

All these animal models have been instrumental in understanding the functional consequences of
RTT-causing mutations and their correlation to symptom severity [120], [122].
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To elucidate the role of Mecp?2 in distinct tissues, brain regions, and cell types, conditional animal
models were developed by introducing loxP sites flanking specific regions of the gene (Renieri et al.,
2003; Tudor et al., 2002; Nuber et al., 2005). These floxed mice can be crossed with transgenic lines
expressing Cre recombinase under tissue- or cell type-specific promoters, enabling spatially and
temporally controlled deletion of Mecp?2 in targeted tissues or cell populations. Such models have
significantly advanced our understanding of Mecp2 function both within the central nervous system
(CNS) and peripheral tissues [18], [31], [125], [126], [127].

Of particular importance, a breakthrough in Rett syndrome research came from conditional mouse
models that allowed reactivation of the endogenous Mecp2 gene, demonstrating for the first time that
RTT phenotypes are reversible. Indeed, Guy et al. (2007) generated a ‘Floxed-Stop’ mouse line
carrying a transcriptional STOP cassette flanked by loxP sites inserted into the endogenous Mecp?2
gene, which globally silenced Mecp2 expression [128]. These mice were crossed with a ubiquitously
expressing tamoxifen-inducible Cre-ER line. Systemic tamoxifen treatment in severely affected RTT
mice restored Mecp?2 expression to about 80% of wild-type levels. This led to a striking reversal of
neurological deficits and normalization of survival, providing compelling evidence that Mecp?2
deficiency-induced neurological impairments are reversible—at least in the mouse model. This
discovery opened new avenues for potential treatments of MeCP2-related disorders even at late stages
of disease progression [128].

2.5 Neurological Consequences of MeCP2 Deficiency

Increasing evidence indicates that MeCP2 plays a critical role not only in postnatal brain function but
also during prenatal development. Although Rett syndrome was initially considered a postnatal
disorder primarily affecting synaptic function, mice studies suggested that its pathological
mechanisms may begin much earlier. In agreement with this, Mecp2 is expressed from the earliest
stages of embryogenesis and is found across multiple cell types, including neuronal progenitors,
although its expression levels are higher in mature neurons [129]. Supporting this, both Mecp2-null
mice and children with RTT exhibit subtle but consistent neurological abnormalities immediately
after birth, suggesting that the disorder has prenatal origins [130].

Post-mortem analyses of RTT brains have revealed marked morphological abnormalities, including
reduced dendritic arborization and smaller neuronal soma size all contributing to a decrease in overall
brain volume [131], [132], [133], [134], [135], [136]. These alterations are especially pronounced in
the prefrontal, posterior frontal, and anterior temporal regions (Duncan Armstrong & The Blue Bird,
2005). Notably, similar structural defects are observed in mouse models of RTT (Carli et al., 2023;
Chao et al., 2007; Duncan Armstrong et al., 2003; Sampathkumar et al., 2016).

Unlike classical neurodegenerative disorders, RTT does not involve widespread neuronal death [141],
[142], [143], supporting the view that it represents a neurodevelopmental disorder rather than a
neurodegenerative condition [39].

In addition to these morphological and developmental abnormalities, RTT is also characterized by
profound functional impairments at the synaptic level. Both Rett syndrome patients and Mecp2-
deficient mouse models show significant dysregulation of genes involved in excitatory and inhibitory
synaptic transmission, including alterations in AMPA (alpha-amino-3-hydroxy-5-methyl-4-
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isoxazolepropionic acid), NMDA (N-methyl-D-aspartate), and GABA (gamma-aminobutyric acid)
receptor expression and function [144], [145]. In line with these findings, long-term potentiation
(LTP), a cellular mechanism underlying synaptic strengthening, is significantly impaired in various
Mecp2 mutant models in cortical and hippocampal slices (Asaka et al., 2006 ; Moretti et al., 2006).
At the molecular level, these synaptic dysfunctions correlate with a strong reduction in VGlutl-
PSD95 puncta, reflecting a loss of functional excitatory synapses [138].

Although most studies report global hypoactivity, region-specific differences have also been
observed. Using c-fos expression as a marker for neuronal activation, Kron et al. (2012) showed that
whole-brain activity in Mecp2-null mice is not homogeneous, with reduced activity in the forebrain
and increased activity in the hindbrain [147]. Moreover, Calfa et al. (2015) demonstrated that
hippocampal CA3 neurons exhibit hyperactivity, which is associated with decreased GABA-A
receptor expression and increased levels of the GluA1 subunit. These findings indicate that MeCP2
deficiency does not affect all brain regions uniformly but instead leads to region-specific imbalances
in excitatory and inhibitory signalling [147], [148]. Altogether these findings underscore the pivotal
role of MeCP2 in maintaining synaptic plasticity, circuit homeostasis, and neuronal structure, and
highlight the need for therapeutic strategies aimed at restoring excitatory—inhibitory balance across
affected brain regions [149].

2.5.1 MeCP2 involvement in neuronal activity and synaptic plasticity

Neuronal activity is essential not only for preserving the functional integrity of mature neurons but
also for proper brain development.

Neurons regulate their excitability by controlling the distribution of ions such as Na*, K*, and CI-
across the plasma membrane. A key aspect of this regulation involves maintaining low intracellular
concentrations of Ca?’, as this ion serves as a potent activator of various intracellular signaling
cascades (Leslie & Nedivi, 2011). At glutamatergic synapses, Ca*" can enter the postsynaptic neuron
through several mechanisms, including Ca*-permeable AMPA receptors, NMDA receptors, and
voltage-gated Ca?" channels. Each of these pathways initiates distinct cellular responses that
ultimately converge in the nucleus to activate transcription factors, thereby influencing gene
expression. Transcription factors such as CREB (cAMP response element binding), serum response
factor, and myocyte enhancer factor 2 are key mediators of activity-dependent gene expression [150],
[151]. Among them, CREB has been extensively studied for its role in promoting excitatory synapse
formation. In hippocampal neurons, CREB activation via CaMKI or CaMKIV-mediated
phosphorylation is necessary for dendritic arborization in response to membrane depolarization or
NMDA receptor stimulation [152]. cAMP-dependent protein kinase (PKA)/CREB signalling
pathway is also responsible for the activation of Immediate Early Genes (IEGs) [153] such as c-fos,
Arc/Arg3.1, and Egrl, Duspl, which play critical roles in key processes such as neuronal survival,
dendritic morphogenesis, and synaptic plasticity [150]. They act as transcriptional hubs that link
synaptic activity to downstream genetic programs. Their rapid and transient activation enables the
nervous system to respond dynamically to environmental inputs [154].

MeCP2 is also classified as an activity-dependent transcriptional regulator. It is rapidly
phosphorylated at Ser421 in response to synaptic activity in vivo, and similarly in vitro following
NMDA receptor activation or membrane depolarization [56], suggesting that its function is
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dynamically modulated by neuronal activity. As previously discussed, MeCP2 deficiency disrupts the
balance between excitatory and inhibitory synapses [155], further implicating it in the regulation of
synaptic development and plasticity. All these evidences suggest that RTT may be a disorder of
impaired activity-dependent gene regulation [151]. Among the genes most consistently dysregulated
in both RTT patients and Mecp2-null mice is Brain-Derived Neurotrophic Factor (BDNF). Given its
role in neuronal development and plasticity, BDNF is the most extensively studied activity-regulated
gene [150]. In line with its classification as a neurotrophin, BDNF contributes to the growth and
branching of axons and dendrites during early neuronal development [156]. In addition to these
structural effects, BDNF also modulates synaptic transmission at both excitatory and inhibitory
synapses [157], [158] and plays a central role in the induction and maintenance of long-term
potentiation (LTP), a key mechanism of synaptic plasticity [159]. Importantly, BDNF expression is
consistently downregulated in both RTT patients and Mecp2-deficient mouse models [57], [160],
likely because of impaired neuronal activity and plasticity caused by MeCP2 dysfunction. This
downregulation may contribute to the synaptic immaturity observed in RTT neurons, reinforcing the
idea that MeCP2 is essential for the regulation of genes critical for activity-dependent synaptic
development and plasticity.

2.5.2 The role of MeCP2 in regulating neuronal activity in early neural development and
mature neurons

During brain development, neurons begin to exhibit spontaneous activity even before forming mature
and fully connected circuits. This early activity is mainly driven by intrinsic factors, such as high
glutamate levels during early differentiation [161]. Early glutamatergic transmission is active and
capable of stimulating both ionotropic (iGluRs) and metabotropic (mGluRs) glutamate receptors
[162]. This spontaneous activity supports essential neurodevelopmental processes such as neuronal
migration, maturation, identity specification, and survival [163]. Moreover, it has been observed in
several brain regions, especially the cerebral cortex, that early calcium transients guide the assembly
of neural circuits [164]. Thus, calcium signalling contributes to synaptic refinement by influencing
activity-dependent processes that lead to the stabilization of some synaptic connections and the
elimination of others, in parallel with dendritic and axonal growth and pruning (L. C. Katz & Shatz,
1996).

As development progresses, spontaneous activity is complemented by experience-driven plasticity,
especially through sensory inputs. These inputs remodel neuronal circuits via calcium signalling
mainly through NMDA receptors, which activate gene expression programs involved in learning,
memory, and synaptic plasticity [150]. In mature neurons, the key neurotransmitters involved in
triggering calcium influx are glutamate and GABA (gamma Aminobutyric acid). Glutamate promotes
excitatory responses by depolarizing the membrane, while GABA generally has inhibitory effects
through hyperpolarization [166].

Beyond transmitting signals, glutamate also support synaptic maturation. On one hand, NMDA
receptor activation encourages cytoskeletal and scaffold protein accumulation within dendritic spines
[167], [168]; on the other hand, AMPA receptor trafficking is essential for synapse stabilization and
dendritic spine development [169], [170]. Indeed, when neurons are repeatedly activated together, the
receiving neuron increases the number of AMPA receptors on its surface. This makes the connection
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between them stronger and more efficient. This process is a key part of how the brain strengthens or
weakens synapses over time, known also as LTP and LTD (long term-depression) [150].
Importantly, as mentioned before, neuronal activity is not just a consequence of maturation, it is also
a driving force. This mutual relationship is described as a feed-forward cycle, where activity promotes
the expression of genes that encodes for ion channels, receptors, and ligands. The secretion of the
ligands drives electrical activity that generates transient elevation of calcium, which in turn regulates
gene expression that enables further neuronal development and more complex activity patterns [171].
This cycle is essential for establishing mature and functional neural networks [163], [172], [173],
acting as a checkpoint that fine-tunes genetic programs and guides neurons toward full maturity.

The transcriptional regulator MeCP2 plays a central role in this process. In null-neurons, both
spontaneous activity and gene expression are altered, suggesting a breakdown in this activity-
dependent maturation loop [87], [129]. Of note, these alterations appear early in development and
persist into adulthood emphasizing the importance of early developmental phases [174], [175].

To further support this concept, a recent study from our laboratory demonstrated that stimulation of
neuronal activity through early administration of the Ampakine CX546, partially restores gene
expression and neuronal maturation in Mecp2-null neurons, as well as behavioural deficits in mouse
models of RTT [176]. Notably, these improvements were long-lasting, suggesting that early
intervention may help to re-initiate the feed-forward cycle and support more typical developmental
trajectories.

2.6 The Glutamatergic System

Glutamate is the primary excitatory neurotransmitter in the central nervous system (CNS). Glutamate
receptors play crucial roles in numerous cognitive and neurodevelopmental processes, including
learning, memory formation, spine maturation, circuit development, and synaptic plasticity[177],
[178], [179], [180], [181]. Dysregulation of glutamatergic signalling is a major contributor to
neurodevelopmental disorders (NDDs), with glutamate emerging as a key molecule involved in the
comorbidities observed among various neurological diseases [182].

Glutamate is present at high concentrations throughout almost all brain regions, and its receptors are
widely expressed in both neuronal and non-neuronal cells. The concentration of glutamate in the
synaptic cleft ranges in the low micromolar range (approximately 3—4 uM), while extracellular fluid
and cerebrospinal fluid concentrations are around 10 uM [183]

Glutamate is primarily released from glutamatergic presynaptic terminals through synaptic vesicle
fusion at the active zone. Once released into the synaptic cleft, glutamate binds to various classes of
receptors located predominantly on the postsynaptic compartment, which is often represented by
dendritic spines [ 184]. These spines extend from the dendrite via a narrow neck that expands opposite
the presynaptic terminal.

Glutamatergic receptors (GluRs) are classified into two major categories: ionotropic glutamate
receptors (1GluRs) and metabotropic glutamate receptors (mGluRs) [185]. The ionotropic receptors
are named after their principal agonists and include N-methyl-D-aspartate receptors (NMDA
receptors), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPA receptors), and
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kainate receptors [185]. The metabotropic receptor mGluR belong to the G protein-coupled receptor
(GPCR) family [186], [187].

2.6.1 Metabotropic receptors

Metabotropic receptors or mGIuR act in concert with G-proteins to induce second messenger
pathways and trigger a cascade of biochemical reactions; they are widely expressed in the central and
peripheral nervous system, and they mediate neuronal excitability and synaptic transmission [188].
These receptors produce slow responses and contribute to long-lasting changes in synaptic function
[189]. Eight different mGluR subtypes have been identified so far based on sequence homology,
second messenger coupling and on their pharmacological properties [190]. Their structure is
composed by an extracellular N-termini domain, responsible for the binding of glutamate, a
transmembrane domain and a cytoplasmatic C-terminal domain which interacts and activates G-
proteins [191].

2.6.2 Ionotropic receptors

Ionotropic glutamate receptors (iGluRs) are transmembrane proteins which form glutamate-gated ion
channels. They are responsible for rapid excitatory transmission capable of transmitting excitatory
signals to postsynaptic neurons within milliseconds [189]. All iGluRs are nonselective channels that
facilitate the entry of cations such as Na*, K*, and sometimes Ca?". The activation of NMDA, AMPA,
and kainate receptors results in excitatory post-synaptic responses, with a minor role of the letter in
synaptic plasticity [189].

Structurally, all iGIluRs share a tetrameric assembly, with each subunit composed of distinct domains:
an extracellular amino-terminal domain (ATD), the extracellular LBD, a transmembrane domain
(TMD), and an intracellular carboxy-terminal domain (CTD) [192].

The activation mechanisms among iGluR subtypes are generally conserved and occur through a three-
step process: initial binding of the agonist to the ligand-binding domain (LBD), a subsequent
conformational change that stabilizes this binding (often described as 'clam shell' closure), and finally,
structural rearrangements within the ion channel that permit ion flow [134], [193]. This ion movement
generates an excitatory postsynaptic current, which can summate to trigger action potentials in the
postsynaptic neuron. Termination of receptor activity can occur through either deactivation or
desensitization [194], [195], [196]. Each subunit of the receptor has two extracellular domains that
together form a V-shaped structure. Adjacent subunits interact through these V domains, forming two
dimers within the tetrameric receptor complex [Figure 7b]. When a transmitter binds to one subunit,
it induces a conformational change in which one domain moves toward its partner, closing the V and
trapping the transmitter. This movement generates tension across the transmembrane region of the
subunit, promoting channel opening [Figure 7b]. The channel returns to its closed state once the V
reopens and the transmitter is released, a process referred as deactivation. Alternatively, the binding
of the transmitter may destabilize the dimer interface, causing the V domains to remain closed while
the channel closes, this ligand-bound but non-conducting state is known as desensitization [Figure
7b] [197].
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Figure 7: iGluR activation, deactivation, desensitization. (a) Schematic illustration of a single subunit of the tetrameric
receptor. Included are two extracellular domains (1 and 2), a bridge segment and a transmembrane zone. Together four
such zones form an ion channel. (b) (i) The unbound tetrameric receptor viewed perpendicular to a plane running through
the two extracellular domains (‘side-view”). The subunits in the complete receptor pair-up, forming two dimers. (ii)
Binding sites for the transmitter glutamate (red dot) are located between the extracellular domains of each subunit. The
binding event causes one domain to move towards the other, resulting in a conformational change in the subunit bridge
region. This stresses the transmembrane zone and opens the receptor channel. Current is terminated when either of two
events occurs: either the domains move apart, releasing the transmitter and removing the tension on the ion channel
(deactivation; gray solid arrow), or the binding event disrupts the dimers, and thereby removes the tension on the channel
(desensitization; gray broken arrow). Note that in this desensitized state (iii), the channel is closed although transmitter
remains bound (Modified from Lynch & Gall, 2006).

2.6.2.1 NMDARs

NMDA receptors are heterotetrameric ion channels typically composed of two GluN1 subunits and
two GluN2 (A-D) and/or GluN3 (A-B) subunits. The GluN1 subunit is essential for receptor function
and is encoded by a single gene (GRIN1), while GluN2 and GluN3 subunits, encoded by the GRIN2
and GRIN3 gene families respectively, confer distinct biophysical and pharmacological properties to
the receptor [198]. NMDARs are mainly involved in synaptic plasticity and, thus, in learning,
memory and higher cognitive functions. Calcium influx, produced by the opening of NMDARs,
induces a cascade of events crucial for these processes, resulting in synapse potentiation. This
phenomenon occurs by increasing the size of the dendritic spine head and of the underlying PSD that
allows more glutamate receptors to localize at the site, providing a stronger response to
neurotransmitter release [ 198]. In the NMDA receptor, a Mg?" binding site binds Mg?* in the presence
of hyperpolarized membrane potentials and eventually blocks the opening of the NMDA receptor
channel, thus restricting the entry of Ca* ions [199]. However, when the synaptic membrane is
depolarized, Mg?* is removed, thereby allowing access to Ca?" ions, a property that is the basis for
synaptic plasticity. Activation of the NMDA receptor depends on the presence of two co-agonists:
glutamate and glycine (or D-serine), which must bind to distinct but complementary sites on the
receptor. Although both NMDA and AMPA receptors can allow entry for cations, weak stimulation
causes the activation of only the AMPA receptors [199]
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2.6.2.2 AMPARs

AMPA receptors are the earliest ionotropic glutamate receptors to appear during the embryonic
development of the central nervous system, with functional receptors expressed as early as embryonic
day 13 in rodent brains, particularly in the proliferative zones [200]. They serve as the principal
mediators of fast excitatory synaptic transmission in the mammalian brain and are essential for
synaptic plasticity, memory formation, and effective synaptic communication [201], [202]. Regarding
their distribution across the brain, about 50% of all AMPARSs in the adult rat brain are found in the
cortex, while hippocampus and cerebellum together harbour another 40% [203]. A small percentage
of AMPA receptors are also present in the peripheral nervous system, including sensory ganglia,
cutaneous fibers, and immature Schwann cells, where they play a role in nociception and
inflammatory pain [204], [205].

These receptors are assembled from four distinct subunits: GluA1, GluA2, GluA3, and GluA4 [185].
In the adult brain, AMPA receptors predominantly exist as heterotetramers composed of two dimers,
mainly GluA1/GluA2 and GluA2/GluA3. The GluA4 subunit is highly expressed during early
developmental stages but absent in mature neurons [203], [206]. Within the postsynaptic density,
GluA1-2 receptors are relatively less abundant but are notably recruited to synapses during LTP [207].
Conversely, GluA2-3 receptors undergo constitutive cycling in and out of the PSD independently of
synaptic activity [207].

The assembly of functional AMPA receptor tetramers occurs in the endoplasmic reticulum, after
which they are trafficked via endosomes to the synaptic membrane, where they form ion channels
[208], [209]. The specific combination of subunits influences channel kinetics, ion selectivity, and
receptor trafficking patterns, thereby contributing to the functional diversity of AMPA receptors.
Moreover, auxiliary proteins, such as transmembrane AMPA Receptor Regulatory Proteins (TARPs),
modulate receptor trafficking, gating, channel conductance, and synaptic retention [209]. AMPA
receptors are continuously trafficked to and from the synaptic surface on a timescale of seconds to
minutes, a dynamic process critical for synaptic plasticity [210]. The insertion of AMPA receptors
into the synaptic membrane is a key event underlying LTP, whereas their removal is associated with
LTD [210], [211].

During strong excitatory stimulation, activation of AMPA receptors depolarizes the postsynaptic
membrane sufficiently to remove the Mg** block from NMDA receptors, allowing the influx of
cations, including Ca?" [212]. The resulting rise in intracellular Ca?" triggers signalling cascades,
including the binding of Ca** to calmodulin (CaM). CaM subsequently activates Ca**/calmodulin-
dependent protein kinase I (CaMKII), which phosphorylates AMPA receptors, enhancing their Na*
conductance [212]. Additionally, CaM promotes the trafficking of AMPA receptors from intracellular
stores to the synaptic membrane, thereby increasing receptor density and strengthening synaptic
responses. This process is fundamental to the mechanism of LTP [213], [214], [215].

In mature neurons, AMPA receptors are largely impermeable to calcium ions, a property regulated by
the presence of the GluA2 subunit. This subunit undergoes RNA editing known as Q/R editing, where
a glutamine (Q) residue in the second transmembrane domain is post-transcriptionally replaced by
arginine (R). This modification blocks the passage of divalent cations such as Ca*" and reduces
channel conductance [216].
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2.7 Modulators of AMPARs: Ampakines

Ampakines are positive allosteric modulators (PAMs) of AMPA receptors. They bind to an allosteric
site distinct from the orthosteric glutamate-binding site, modulating receptor activity without acting
as direct agonists or antagonists [217]. Upon glutamate binding, ampakines stabilize the receptor’s
open-channel state, thereby prolonging current flow and enhancing synaptic transmission [218].
These compounds efficiently cross the blood—brain barrier and exhibit sufficient potency to modulate
AMPA receptor function in vivo [219].

Early efforts to modulate AMPA receptors focused on racetams, a class of non-selective compounds
with proposed nootropic effects [220]. However, due to their inconsistent clinical efficacy, research
gradually shifted toward the development of more selective AMPA receptor modulators, specifically,
ampakines [213]. The majority of clinically investigated ampakines belong to the benzamide
structural class. These molecules have been approved for clinical trials for various neuropsychiatric
and neurodegenerative conditions, including Alzheimer’s disease, attention-deficit/hyperactivity
disorder (ADHD), mild cognitive impairment, and major depressive disorder [197], [221], [222],
[223], [224], [225]. A summary of these compounds and their respective clinical applications is
provided in [Table 2] [219]. All of them demonstrated cognitive-enhancing effects in preclinical
studies (A. Arai & Kessler, 2007; Brogi et al., 2019;Kadriu et al., 2021).

At the neurobiological level, three principal mechanisms underlie these effects: (i) Ampakines
enhance excitatory synaptic transmission, potentially correcting deficits in cortical signalling
associated with cognitive dysfunction [226]; (ii) they increase brain-derived neurotrophic factor
(BDNF) expression, promoting neurotrophic support [227]; and (iii) they promote LTP by lowering
its induction threshold and increasing its magnitude, thereby explaining the observed improvements
in learning [228].

Structural analyses using X-ray crystallography revealed that Ampakines bind near the dimer
interface of the AMPA receptor’s extracellular domain, a strategic position for both slowing
deactivation (delaying channel closing after glutamate unbinding) and reducing desensitization by
stabilizing the dimer configuration (Jin et al., 2005; A. Arai & Lynch, 1998). Based on their
pharmacodynamic properties, Ampakines are classified into two major groups: high-impact and low-
impact [230].

High-impact Ampakines destabilize the desensitized conformation of AMPA receptors, prolonging
ion channel opening and increasing the duration of steady-state currents. They also enhance glutamate
affinity under sub-saturating conditions, boosting peak currents. Although peak currents change little
under saturating conditions, these compounds markedly reduce receptor desensitization [231], [232].
In contrast, low-impact ampakines modulate receptor function in an occupancy-dependent manner:
at low occupancy, they accelerate channel opening; at high occupancy, they slow channel closing.
This results in an increase in response amplitude rather than duration (Zivkovic et al., 2013; Lynch,
2006). Because they do not prolong receptor activation in a way that mimics excess glutamate
exposure, a process associated with excitotoxicity, low-impact Ampakines are considered safer
compared to high-impact ones (Arai et al., 2002; Krintel et al., 2013).

Nevertheless, high-impact Ampakines remain highly efficacious, and seizure risk typically appears
only at doses slightly above the therapeutic range (Kunugi et al., 2019; Shaffer et al., 2013). To expand
the therapeutic window of high-impact modulators, Takeda Pharmaceuticals developed a new
generation of AMPAR-positive allosteric modulators (PAMs) specifically designed to act solely

23



through allosteric potentiation, without exhibiting intrinsic agonist activity (Suzuki et al., 2019;
Taneka et al., 2019). This contrasts with earlier high impact compounds, which were initially believed
to lack agonist activity but were later found to possess intrinsic agonism (Kunugi et al., 2019).

| Ampakine | Class | Clinicalendpoint

Opiate-induced

CX1739 Low-impact respiratory deprassion
CX717 Low-impact ADHD
. MDD, cognitive deficits
CXE31, farampator Loww-impact in schizophrenia
547445 ,CX1632 , Sy
o [ or High-impact AD, MDD
518986 High-impact MCI

Hearing loss, Ketamine-
induced cognitive
BIIB-104 High-impact impaimeant, Cognitive
impairmeant in
schizophrenia

ORG-26576 High-impact MDD, ADHD
CX546 High-impact
GSKT29327 High-impact Schizophrania
LY451385, mibsmpator High-impact CD‘E""';:E:FE,MHCB“
CH1942 Low-impact
Schizophrenia, Fragile X
CX516,ampalex Low-impact syndromedautism, MCI,
AD
CX1837 High-impact
CX1846 High-impact
TAK-653 High-impact MDD

Table 2. AMPAKkines with cognitive enhancing effects (Radin et al., 2025).

AD: Alzheimer's disease, ADHD: Attention Deficit Hyperactivity Disorder, MCI : Mild cognitive impairment, MDD:
Major depressive disorder.

3. Materials and methods
3.1 Animals care

The Mecp2 mouse strain was originally purchased from Jackson Laboratories (B6.129P2 (C)-
Mecp2tm1.1Bird/J) and transferred on a CD1 genetic background. The phenotypes affecting these
animals have been previously described [17], [116]. Time pregnant females were generated by
crossing overnight wt CD1 males with Mecp?2 heterozygous females; the day of vaginal plug was
considered E.0.5. Mice were housed in groups of five in Tecniplast cages, on a 12h light/dark cycle
in a temperature-controlled environment (21+/-2°C) with food and water provided ad libitum.

All procedures were accomplished in accordance with European Community Council Directive
2010/63/UE for care and use of experimental animals with protocols approved by Italian Government
and the San Raffaele Scientific Institutional Animal Care and Use Committee.
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3.1.1 Genotyping

The genotype of mice and mouse embryos was assessed through Polymerase Chain Reaction (PCR)
protocol. Genomic DNA was extracted from ear biopsies of P10 mice or from paws/tails of embryos
and then subjected to PCR.

3.1.1.1 DNA extraction from mice biopsies.

Tail Lysis Buffer (Tris 100mM pH=8, EDTA 10mM pH=8, SDS 0.5%, NaCl 100mM) and Proteinase
K (0.5 mg/mL, Genespin, #STS-OK500) were used to dissociate each sample and maintained O/N at
55° C. The day after, samples were centrifuged (13,000rpm, 10 minutes) to remove any debris left.
Then, 1:1 of 100% isopropanol (SIGMA, #33539) was added to the supernatants to induce DNA
precipitation (13,000rpm, 10 minutes, room temperature RT). Supernatants were removed and DNA
pellets were washed with 500uL of 70% ethanol (EtOH) and centrifuged at 13,000rpm for 5 minutes.
EtOH was eliminated, pellets were dried at RT and resuspended in 200uL of TE (Tris 10mM, EDAT
ImM, pH=8) for DNA quantification, performed with a spectrophotometer (Nanodrop 1000,
ThermoFisher).

3.1.1.2 DNA extraction from embryonic paw biopsies.

Tissues were dissociated with “Phire animal tissue direct PCR kit” (Thermo Scientific FI40WH) to
rapidly extract DNA from samples used in primary cultures. In detail, each sample (mouse paw or
tail) was incubated with a 20 pL mix (19.5uL Dilution Buffer + 0.5uL. DNA Release Additive
provided with the “Phire animal tissue direct PCR kit”) for 3 minutes at RT. Then, the reaction was
stopped at 98°C for 2 minutes and supernatant was diluted with 10uL of the Dilution buffer and
directly used for DNA quantification. For embryonic samples, both genotyping and sex PCRs were
conducted. The reaction mixes for one sample (Final volume=20uL) for PCR amplification are
reported in Table 3.1 and 3.2.

Mecp2 null protocol
Reagents Initial concentration Final concentration  Final volume

Xtra RTL GL Reaction

Buffer (Genenspin, SX 1X 4uL

#XSTS-TSXRTL)

dNTPs (Promega,
#U120A, U121A, U122A, 10mM 0,2mM 0,4uL
U123A)
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Common primer 10mM
Reverse primer (wt
10mM
allele)
Reverse primer (ko
10mM
allele)
XtraTaq Pol RTL
(Genespin, #XSTS- 5U/uL
TSXRTL)
H20 -
gDNA 100ng

Table 3.1 Reagents for determination of genotype.

Sex protocol

Reagents Initial concentration
Xtra RTL GL

Reaction Buffer

(Genenspin, SX
#XSTS-TSXRTL)

dNTPs (Promega,

#U120A,  UI21A, 10mM
U122A, U123A)

Forward primer 10mM
Reverse primer 10mM
XtraTaq Pol RTL

(Genespin, #XSTS- 5U/uL
T5XRTL)

H20 -
gDNA 100ng

Table 3.2 Reagents for determination of sex.

0,25uM

0,25uM

0,25uM

0,125U/uL

Sng/ul

Final concentration

1X

0,2mM

0,625uM

0,625uM

0,125U/uL

Sng/pL

0,5uL

0,5uL

0,5uL

0,5uL

12,6uL

IuL

Final volume

4uL

0,4uL

0,125uL

0,125uL

0,5uL

13,85uL

IuL
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PCR products were resolved by electrophoresis run in 2% agarose gel (120V, 20 minutes run in TAE
1X buffer). Negative control (19 pL reaction mix + 1 pL H20) and positive controls (19 pL reaction
mix + 1 uL DNA of HET, WT, and KO mice) were always included.

Primers used for genotype:

Mecp2 FF: 5’-AAATTGGGTTACACCGCTGA-3’,
Mecp2 RV: mut 5’-CCACCTAGCCTGCCTGTACT-3,
Mecp2 REV: wt 5°-CTGTATCCTTGGGTCAAGCTG-3".
Primers used for sex determination:

FF: 5’- AAGTCTGCATTACATTCCTCGA-3’,

REV: 5’-GTTTTCTGAAAGAGGGACAGTTT-3".

Step Mecp2 null Sex
Heat lid 110°C 110°C
Denaturation 94°C (5min) 95°C (2min)
Start loop 35X 35X
Denaturation 94°C (30sec) 95°C (30sec)
Annealing 60°C (30sec) 59°C (30sec)
Extension 72°C (1min) 72°C (30sec)
Close loop - -
Final extension 72°C (5min) 72°C (5min)
Hold 4°C () 4°C ()

Table 2: PCR cycles for genotyping and sex determination.

The resulting PCR products are:

- For Mecp2 null strain: WT mice present a band of 465 bp, while Mecp2 KO mice present a band of
240 bp. Heterozygous mice exhibit both bands, one for each allele.

- For sex determination: the amplification of Jaridl produces a fragment of 113bp only in males.
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3.2 RNA purification, cDNA synthesis and quantitative RT-PCR

Mutant mice and WT littermates at the established post-natal day were sacrificed by dislocation and
brains were rapidly removed. Selected tissues were dissected and immediately frozen on dry-ice and
stored at -80°C until analysis. Tissues were lysed and total RNA was extracted using Purezol (Bio-
Rad, #7326890) and a Potter-ELV glass grinder was used to mechanically triturate selected tissues.
Samples were incubated for 5 minutes at RT and 100% chloroform (Sigma-Merk, #372978) was
added 1:5 (200uL/1mL Purezol) and centrifugated (13,000g, 20 minutes, 4°C) to separate the aqueous
and the organic phases. The aqueous solution containing the RNA was isolated and added with 100%
isopropanol to induce RNA precipitation. Samples were stored at -20°C O/N. The following day,
sample were centrifugated (13,000g, 20 minutes, 4°C) and washed with 70% EtOH. A step to remove
genomic DNA was performed, DNase (Sigma AMPD1) was directly added to dried pellets (20 pL of
a mix composed of: 17uL H20 RNAse-free + 2uL supplied DNAse buffer + 1ul. DNase amplification
grade) and incubated at 37°C for 15 minutes in a dry bath. RNA was further purified by adding 80uL
Purezol/sample, following the exact protocol and proportions of the volumes mentioned above, until
pellet precipitation in 100% isopropanol and wash in 70% EtOH the next day. At this step, RNA was
completely dried at RT, resuspended in 30puL of H2O RNAse-free for pre-frontal cortex, and stored at
—80°C until analysis. RNA was quantified using a spectrophotometer (NanoDrop 1000) and RNA
integrity was verified by agarose electrophoresis. Good quality RNA samples, exhibiting the 28S and
18S bands with a relative intensity of 2:1, were selected for the subsequent analysis. First strand
cDNA was synthesized using the Maxima H minus cDNA Synthesis Master Mix with dsDNase
(Thermoscientific , #3024226) following manufacturer instructions and used as a template for gPCR
performed with SYBR Green Master Mix (Applied Biosystems, #4472908). The gene expression
analysis was performed in triplicates for each sample and Ct values were normalized to the expression
of the housekeeping genes:

-CicloA (forward primer 5-GGCAAATGCTGGACCAAACACAA-3’, reverse primer 5’
GTAAAATGCCCGCAAGTCAAAAG-3);

-Rpl13  (forward primer 5’-TGGCTGGCATCCACAAGAAA-3’, reverse primer 5’
TTCTTCAGCAGAACTGTCTC-3").

Excel (Microsoft) and Prism were used to analyse the transcriptional data. The relative changes in
gene expression in KO compared to WT samples were calculated using the 2 (AACt) method.

Primers used for the analyses:

- Cacnalg (forward primer 5’ -TGCTCGTCTACGGTCCCTTCGG-3’, reverse primer 5’-
GCCCACAATCTCCCACACGCTG-3%);

- DIkl (forward primer 5’ -CTGCCCCTGGCTGTGTCAATGG-3°, reverse primer 5’-
TTGAGGTGCAAGCCCGAACGTC-3%);

- Efna5 (forward primer 5’-TGTAACCGGCCTCACTCCCCAA-3’, reverse primer 5’-
CCGTTGTCTGGGATTGCAGAGGAGA-3’);

- Gdf1l  (forward primer 5’-GGAGCTGAGGGGCTGCATCCTT-3’, reverse primer 5’-
ATATCGGCAGCAGCGGGACTCA-3’).
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3.3 Pharmacological treatments

Ampakine (MedChemExpress, HY-109046-100mg) 3 mg/kg was administered daily via
subcutaneous injection, for the P3-P9 treatment. A second treatment was delivered on an alternate
schedule—one week of treatment followed by two weeks off—continuing until P75. The drug in this
treatment was administered via intraperitoneal injection. The drug, according to manufacturing
instructions, was solubilized in DMSO (100%), Tween-80 (5%), PEG400 (40%) and saline (45%) to
obtain the working concentration. Control mice received only the vehicle.

3.4 Behavioral assessment

Animals were maintained on an inverted 12h light/darkness cycle at 22—-24°C. A total of 20 WT male
mice, 20 KO animals, 24 WT female mice and 26 HET mice were involved in the behavioural
assessment, for each described experiment. To avoid any bias, the investigator blind to the genotypes
and treatments of tested animals performed all the analyses.

3.4.1 Phenotypic scoring

Weight and phenotypic scoring assessments were evaluated twice a week starting from P20 or from
P60, respectively for male or female mice. Severity score, typically used in RTT phenotypic
assessments (Guy et al., 2001, Gigli et al., 2016) was used to generate punctual line graph where for
each time point, a score (sum of all five criteria) was assigned depending on the severity. The
assessment was performed by a blind operator at least for the treatment. Five parameters are
considered:

* General conditions: coat condition, eye tidiness and presence of wounds were evaluated. 0: no
differences between wt and ko, coat is bright and groomed, eyes are clean, no wounds are present.

0.5: with respect to the wt control coat is less shiny or tidy or eyes are less clean or small wounds on
the mouse body or tail are present. 1: coat is ungroomed or dull or dirty or eyes are dull, or wounds
are evident, or two of the 0.5-scored phenotypes are present together. 1.5: spot without fur evident
and coat ungroomed/dull or two of the 1-scored phenotypes present together. 2: piloerection together
with large alopecia or eyes crusted or extended and serious wounds.

* Mobility: the mouse is placed on the bench and let free to move, the spontaneity of the movements
and the time spent not moving are evaluated. 0: as wt. 0.5: the mouse does not move immediately
when let free but evidently requires more time than the control to start its movements or movements
are less quick. 1: mouse movements are slow and/or interrupted by freezing periods. 1.5: mouse starts
to move only in response to a prod or when encouraged with a food pellet placed nearby and spends
long periods immobile. 2: no movements when placed on the bench (anyway mice may become active
when in their cage).

* Hind limb clasping: the mouse is held for the tail and maintained suspended for 30 seconds. 0: legs
are large and splayed outwards. 0.5: one leg is drawn to the body in a discontinuous manner. 1: one
leg is firmly drawn into the body or both legs are drawn to the body towards each other, but
discontinuously. 1.5: both legs are firmly drawn to the body, without touching each other. 2: both legs
are tightly drawn to the body, touching each other.
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 Tremor: mouse is placed on the palm of the hand. 0: no tremor. 0.5: slight basal tremor or long
periods without tremor interspersed with sporadic events of mild tremor. 1: basal tremor or
intermittent events of mild tremor. 1.5: prolonged events of tremor interspersed with moment in which
a basal tremor is present. 2: continuous tremor or almost continuous violent tremor.

* Gait: 0: as wt. 1: hind legs are spread wider than wt when walking or running with reduced pelvic
elevation, resulting in in a “waddling” gait. 2: more severe abnormalities, such as tremor when feet
are lifted, walks backwards or “bunny hops” by lifting both rear feet at once.

To be noticed, mice scoring 2 for the general condition or tremor category, and mice that rapidly lost
weight were euthanized for ethical reasons. The day of the sacrifice was considered as the endpoint
of lifespan assessment.

3.4.2 Open Field test

Exploratory behaviour and general locomotor activity were assessed through Open Field test. Each
animal was removed from its home cage and individually placed into the center of an open field. Test
lasted 10 minutes, during which mice were free to move and explore. Total distance travelled (cm)
was measured with the EthoVision 14 (Noldus) software, and it was used as a measure of locomotor
activity.

3.4.3 Rotarod test

Mice were assessed on an accelerating rotarod (Ugo-Basile, Stoelting Co.). The test was carried out
in 3 days, 2 days of training and 1 day of test. Each session consisted of three trials and each trial
lasted 5 min. Revolutions per minute (rpm) were set at an initial value of 4 with a progressive increase
to a maximum of 40 rpm. Each trial ended when the mouse fell down or after 5 min. Latency to fall
was measured by the rotarod timer.

3.4.4 Pole test

The pole test is a widely used test to assess motor dysfunctions in mice. The procedure evaluates the
ability of a mouse to grasp on a pole to descend to its home cage. Mice are trained to complete the
pole test over three training trials. Mice are placed on the top of the pole with their head oriented
upward. The animals will often naturally orient themselves downward and descend the length of the
pole to return to their home cage. The time required for the animals to descend to the base of the pole
(total time) is recorded for three trials.

3.4.5 Beam walking test

This test is used for the assessment of motor coordination, particularly of the hindlimb. Firstly,
animals are placed in one corner of the narrow beam and allowed to walk across the narrow beam
from one end to the other for at least three times. The narrow beam measures 1-3 cm wide and is
elevated between a pole and their home cage (to attract the mouse to the finish point). Healthy animals
can cross the beam without difficulty and in a short time, while animals with reduced functionality of
the front or hind limbs take longer and often slip from the beam. The number of foot slips encountered,
and time taken to cross the beam in each trial are recorded.
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3.4.6 Novel Object Recognition Test (NOR)

The Novel Object Recognition test investigates learning and memory. Trial is divided into 2 steps.
For the training session each animal was placed into the arena with two identical objects for 10
minutes. After 30 minutes, during the test session, one of the training objects was replaced with a
novel one. Since the mice have an innate preference for novelty, they should spend most of the time
at the novel object rather than at the familial one. Time spent exploring each object was scored by a
blind operator and subsequently the discrimination index (DI) was calculated as follows: (time
exploring the novel object — time exploring the familiar object)/ total object exploration time. Object
exploration was defined as the mouse positioning its nose within 1 cm of the object for at least 2
seconds. This criterion was used to avoid counting instances where the animal simply passed by the
object without showing active interest. The arena and object specifications were as follows: the arena
measured 40 x 40 x 40 cm, and the objects were made of plastic. Specifically, we used a 50 mL Falcon
tube filled with Ponceau stain and a star-shaped plastic item with concave parts.

3.5 Electrophysiology measurements: Patch clamp analysis

Patch-clamp recordings were performed in coronal brain slices containing the prefrontal cortex of the
mouse. Mice (30-35 days old) were anesthetized via intraperitoneal injection of avertin (250 mg/kg)
and perfused transcardially with ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM):
125 NaCl, 3.5 KCl, 1.25 NaH2POa, 2 CaCl., 25 NaHCOs, 1 MgCl,, and 11 D-glucose, saturated with
95% 02/ 5% CO: (pH 7.3). After decapitation, brains were removed and 250 pm-thick coronal slices
containing the prefrontal cortex were cut in ACSF at 4 °C using a VT1000S vibratome (Leica
Microsystems, Wetzlar, Germany). Slices were incubated in ACSF at 31.5°C for 15 min, then
gradually cooled and maintained at 26.5 °C. Individual slices were transferred to a recording chamber
on an upright BX51WI microscope (Olympus, Japan) equipped with DIC optics. Slices were
continuously perfused with ACSF at 2—3 ml/min at 32 °C.

Whole-cell patch-clamp recordings were performed in the coronal prefrontal cortex (~2—3 mm from
the pial surface, 1.5 mm interaural, and 0—1 mm from bregma) using pipettes filled with an internal
solution containing (in mM): 30 KH2POa, 100 KCl, 2 MgCl., 10 NaCl, 10 HEPES, 0.5 EGTA, 2 Na:-
ATP, and 0.02 Na-GTP (pH 7.2 adjusted with KOH; tip resistance: 6—8 MQ). Glutamatergic neurons
were identified by their morphology and their characteristic firing pattern. All recordings were
obtained using a MultiClamp 700B amplifier connected via a Digidata 1440A digitizer (Molecular
Devices, Sunnyvale, CA, USA).

3.6 Primary cultures
3.6.1 Cortical neurons

Time pregnant females were generated by crossing overnight WT CDI males with Mecp2”/*
heterozygous CD1 females; the day of vaginal plug was considered E0.5. Timed-gestation female
mice were sacrificed by dislocation and E15.5 mouse embryos were collected for primary cultures.
Embryos were individually dissected under a microscope and immersed in ice-cold Hank’s Buffered
Salt Solution (HBSS, Sigma-Merk, #H6648). Meninges were removed, and cerebral cortex was
rapidly dissected and maintained in cold HBSS until tissue dissociation. Once embryos were dissected
and neocortex isolated, tissues were washed in HBSS, incubated with 0.25% trypsin/EDTA (Sigma-
Merk, #25200-056) for 10 min at 37°C and the digestion was blocked with HBSS. Then, cortices
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were accurately washed and mechanically dissociated in DMEM containing 10% FBS, 1% L-
glutamine (#G7513, Sigma-Aldrich), 1% P/S. Cell count was performed with an automated cell
counter by using Trypan blue (Automated Cell Counter, Biorad). Depending on experimental needs,
neurons were seeded in neuron culture medium (Neurobasal Plus medium (Thermo Fisher scientific
#A3582901), Penicillin/Streptomicin 1% (Sigma-Merk #P0781), B27-Plus 50X 2% (Thermo Fisher
scientific #A3582801)) on poly-D-lysine (0.1 mg/mL) (Sigma-Merk #P7886) -coated plates or poly-
D-lysine-coated glass coverslips (Neuvitro #GG-12-PDL). Ampakine (5 uM) or equivalent volumes
of neuron culture medium (vehicle) were added directly to the culture at DIV14 for Western Blot
experiments. For calcium imaging experiments and for immunofluorescence assays, Ampakine was
administered at DIV12 at a concentration of 0.75 uM or 1 uM respectively.

3.6.2 Protein extraction

After a rapid wash in D-PBS (Sigma, #D8537) to remove any cell debris, total protein content was
extracted from primary cultures (DIV14) using ice-cold RIPA buffer (containing: 100mM Tris HCI
pH=7.5, 300mM NaCl, 10mM EDTA, 2% NP-40. 0.2% SDS, 1% sodium deoxycholate, Protease
Inhibitor Cocktail 1X (Thermo Fischer scientific #78444) and PhosSTOP 1X (Sigma Merck
#4906845001). Samples were centrifuged at 13,000g for 20min at 4°C. Supernatants were then
collected and stored at -80°C until analysis. Protein concentrations were calculated using
bicinchoninic acid (BCA) assay kit (Thermo Scientific, #23228) following manufacturer’s procedure.

3.6.3 Western blots

Equal amounts of protein lysates, 20ug, were separated on TGX Stain-Free gel (Criterion 12/18 wells
4-15%; Bio-Rad, #5678084).

Before transfer, a stain-free gel image was acquired by ChemiDoc Touch Imaging System (Bio-Rad)
(5 minutes of activation). Proteins were blotted on a nitrocellulose membrane (Trans-blot Turbo
Nitrocellulose Transfer Packs; Bio-Rad, midi #1704159) using the Trans-blot SD semidry apparatus
(Bio-Rad); after the blot an image of the membrane was acquired by ChemiDoc and then used for
data normalization. Membranes were incubated 1h at RT in blocking solution (Tris buffered saline
containing: 0.1% Tween-20 (TBS-T) and either 5% non-fat milk or 5% BSA (Sigma, #A30659) and
then incubated overnight (4°C) with the primary antibody diluted in blocking solution. The following
primary antibodies were used: anti-AKT (Cell Signalling #4685; 1:1000); anti-phospho-
AKT(Ser473) (Cell Signalling #4060; 1:1000); anti-GluA1 (Cell Signalling #13185; 1:1000); anti-
phospho-GluA1(Ser845) (Abcam #76321; 1:1000). After 3 washes in TBS-T 1X, blots were
incubated with the appropriate HRP-conjugated secondary antibody (Peroxidase-conjugated
AffiniPure Goat anti-rabbit #111-035-144 or anti-mouse #115-035-003 IgG (H+L), Jackson
ImmunoResearch) for 1h at room temperature. Immunocomplexes were visualized using the ECL
substrates kit from Cyanagen (WESTAR SUN #XLS0630250) or Bio-Rad (Clarity Western ECL
Substrate #1705061) and the Bio-Rad ChemiDocTM System. Quantification of bands was performed
using the Image Lab 5.2.1 Software (Bio-Rad).

3.6.4 Analysis of calcium transients

Primary cortical neurons were loaded with 2 uM Fluo-4 (Invitrogen) in KRH (Krebs’—Ringer’s—
HEPES containing (in mM): 125 NaCl; 5 KCl; 1.2 MgSO4; 1.2 KH2PO4; 25 HEPES; 6 glucose; 2
CaClz; pH 7.4) for 30 min at 37°C and then washed once with the same solution. Stimulation was
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performed automatically by using the liquid handling system of the ArrayScan XTI HCA Reader
(Thermo Fisher Scientific). To stimulate, one dose of NMDA (100uM at the rate of 50ul/ s) was
added while images were digitally acquired with a high-resolution camera (Photometrics) through a
20x objective (Zeiss; Plan NEOFLUAR 0.4 NA). Hoechst fluorescence was imaged as well. 40
frames were acquired at 1 Hz with 40 ms exposure time for Fluo-4 and 25ms exposure time for
Hoechst. At least 9 baseline images were acquired before stimulation. The analysis was done with
HCS Studio software using Spot Detector bio application (Thermo Fisher Scientific). Hoechst-
positive nuclei were identified and counted, and the mean intensity of the Fluo-4 signal was measured
in the cell body area of each cell; background intensity was measured and subtracted from the mean
intensity. Only cells with neuronal morphology were included in the analysis. Calcium responses
were measured as AF/F0. Single cell analysis was performed using Excel.

3.6.5 Cellimmunofluorescence

For immunofluorescence on cultured cells, (neurons DIV 14) seeded on glass coverslips were fixed
for 8 min with 4%PFA dissolved in PBS with 10% sucrose, then washed 3 times with PBS and stored
in 0.1% NaN3 in PBS at 4 °C. Cells were permeabilized in 0.2% Triton X-100 in PBS for 3 min on
ice. Cells were washed in 0.2% BSA in PBS, then incubated in blocking solution (4%BSA in PBS)
for 15 min and finally incubated with primary antibodies overnight at 4 °C. Primary antibodies were
diluted in 0.2% BSA in PBS as follow: anti-Map2 (clone D5G1, 1:1000; #8707, Cell Signalling),
anti-Synapsinl/2 (1:500; #106006, Synaptic System), anti-Shank2 (1:300; #162211, Synaptic
System). After washing in BSA 0.2% in PBS, cells were incubated with the specific Alexa Fluor
secondary antibody: (Goat anti-Chicken IgG (H+L) Alexa Fluor 488, Donkey anti-Rabbit IgG (H+L)
Alexa Fluor 568, Donkey anti-Mouse IgG (H+L) Alexa Fluor 647), (1:500 in BSA 0.2% in PBS) for
1h at RT. After 5 washes in PBS, nuclei were stained with DAPI and cells were washed in PBS. Glass
coverslips were mounted on microscope slides with Fluoromount mounting medium and stored at
4°C until image acquisition.

3.6.6 Puncta Analysis

To analyze synaptic puncta density and colocalization, we processed DIV 14 neurons. Z-stacks images
(185x185um? ,1024 x 1024-pixel resolution, 8-bit greyscale depth) were acquired at Nikon Ti2
Microscope equipped with an A1+ laser scanning confocal system and a SR Apo TIRF 100X oil-
immersion objective, using a step size of 0.3um. For each dataset, images were acquired in four
channels and parameters were maintained constant within the experiment (offset back-ground, digital
gain, laser intensity, pinhole size, scanning speed, scan direction, line average mode). Puncta density
was calculated by counting synaptic puncta within a manually selected ROI (length 20um on 3
primary branches/neuron) by using Imagel software. Only puncta with a minimum size of 0.16pum?
were counted using Analyze Particles (ImagelJ). To assess puncta colocalization of pre- and post-
synaptic markers, the plugin Colocalization highlighter was run on each Z-stack image. Colocalized
puncta were quantified in manually selected ROIs of the binary mask created from the maximum
intensity projection. Only puncta with a minimum size of 0.1um? were counted.

3.7 Statistical analysis

Statistical analysis and plotting of data were performed with GraphPad Prism 10 (GraphPad Software
Inc., La Jolla, CA). Student’s t-test and Mann Whitney test were used for the statistical analysis when
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wt were compared to wt treated samples. Two-way or One-way ANOVA was used to statistically
compare the effects of Ampakines administrations on Mecp2 null or het and wt mice. When there was
a significant effect of treatment or genotype, or a significant interaction between the variables,
appropriate post hoc test was applied (Tukey’s post-hoc test). A P-value of 0.05 was considered
significant. Possible outliers within an experimental group were identified with ROUT test and
discarded from the final analysis. Each culture wells from in vitro analysis and mice from in vivo
experiments were randomly assigned to treatments, and for all the experiments reported the
investigators were blinded to the treatments and genotypes during data acquisition and analyses.

4. Preliminary Data

Ampakine CX546, previously used in our laboratory, produced remarkable long-lasting benefits in
vivo in Mecp2-null treated mice including behavioural improvements and increased survival
(Scaramuzza et al., 2021). However, safety concerns related to the epileptogenic profile of that
compound limited its translational potential. To overcome this limitation, we tested a new generation
high impact Ampakine, already proved safe in clinical trials for Alzheimer’s Disease, Major
Depressive Disorder and mild cognitive impairments (Bernard et al., 2019; Servier-47445 Synopsis,
2018; RespiRx/Servier, 2020).

To test the value of restoring the feedforward cycle in an early developmental time window
characterized by high synaptic plasticity, the compound was subcutaneously injected daily from P3
to P9 (3 mg/kg).

Phenotypic severity scoring was significantly improved in treated Mecp2-null mice, along with
significantly extended lifespan compared to untreated controls. Behavioural testing was carried out
from P45 to P65, a period when symptoms are pronounced, but the mice are still physically capable
of performing the tasks. Substantial improvements in motor functions (tested through Rotarod and
Pole tests) were observed in Ampakine-treated Mecp2-null mice versus the vehicle treated littermates.
Efficacy was particularly evident at P45, 36 days after the last injection of the drug.

Concerning the cognitive functions, the Novel Object Recognition (NOR) test conducted at P45
demonstrated the ability of the drug to normalize memory defects typically affecting the Mecp2-null
mice. In fact, the defect initially observed between wild-type and Mecp2-null mice was no longer
evident in the treated group.

Following these encouraging results, our laboratory chose to administer the drug in a later and more
translational time window, corresponding to a stage in which symptoms begin to appear in humans,
and the pathology can be diagnosed. Specifically, the Ampakine was administered for one week, from
P28 to P34. However, no behavioural improvements were observed. Similarly, no beneficial effects
were observed in survival or phenotypic score. A possible explanation for these results might be that
the treatment, administered outside a time window characterized by high synaptic plasticity, might
have not been long enough.

Based on these considerations, a third and more extended regimen of administration was tested.
Considering that some regions of the Mecp2-deficient brain feature hyper-excitability [148], to
minimize the risk of excitotoxicity, a chronic intermittent protocol, rather than a continuous
administration, was selected. Specifically, the treatment started at P20 and was characterized by a
daily administration for seven days followed by one-week pause. This new regimen led to observable
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benefits in survival, as well as mild improvements in motor coordination. As already described,
cognitive function, evaluated through the X maze test, was normalized in P45 Mecp2-null mice.

5. Aim

Ampakine treatment in Mecp2-null mouse models proved to be effective in modulating RTT
phenotype; therefore, the first objective was to explore its molecular effects in vitro, in Mecp2-null
mouse primary neurons. Further, we assessed whether the drug was effective on the typical defects in
synaptic maturation and electric activity that affect human and mouse MECP2-deficient neurons.
Considering that female Mecp2-heterozygous mice represent the most clinically relevant model for
Rett syndrome, the second aim was to extend the validation of Ampakine efficacy in vivo to females.
The third goal was to identify a strategy to maintain and enhance long-term benefits in both genders.
For this purpose, we tested a prolonged intermittent regimen in KO and HET mice, initiated at P3 and
maintained until P75 with one week of treatment alternating with two weeks off.

In parallel, we investigated the molecular mechanisms driving the observed therapeutic effects ex
vivo. To this end, we analysed gene expression regulation in the prefrontal cortex of Mecp2-null mice
at two developmental stages (P10 and P30) following early in vivo treatment, to capture both acute
and long-term transcriptional effects. Finally, to assess the functional impact at the synaptic level, we
performed electrophysiological recordings on brain slices from the prefrontal cortex of Mecp2-null
mice. This approach enabled us to evaluate whether Ampakine treatment modulates synaptic function,
thereby providing functional evidence in support of enhanced synaptic transmission as a potential
mechanism of action.

6. Results

6.1 Ampakine-mediated activation of AMPA receptor signalling rescues synaptic and
functional deficits in Mecp2-null neuron

Given the limited data available on the novel Ampakine and the encouraging results obtained in vivo
before my stage, I initiated my training investigating molecular and cellular effects of the drug in
vitro. To do so, we measured the phosphorylation of downstream effectors typically involved in
AMPAR stimulation. We used primary cortical neurons obtained from E15 male mouse embryos (see
Materials and Methods). Based on literature and on viability assays performed by us (data not shown),
the compound was administered at a concentration of 5 uM at DIV14 (days in vitro) (Fig. 1A).
Initially, we measured the phosphorylation of downstream effectors typically involved in AMPA
receptors (AMPAR) stimulation. Considering the short half-life of the drug in vivo (approximately
30-60 minutes) and our interest in post-translational modifications that occur immediately after the
receptor activation, neurons were collected for protein extraction one hour after the treatment. Protein
abundance was assessed through Western Blot and normalized through TGX technology (BioRad).
Receptor activation was assessed by measuring the ratio of the phosphorylated to the non-
phosphorylated isoform of the GluAl subunit (Fig. 1B, D). A significant upregulation of the
phosphorylated S845 isoform was observed (Fig. 1C), together with an increased ratio between
phospho-GluA1l and total GluAl levels (Fig. 1D) (Student’s T-test; *P < 0.05, ****P < (0.0001). We
then assessed whether the treatment activated Akt, a kinase whose phosphorylation generally follows
AMPAR stimulation [234]. A significant upregulation of phosphorylated Akt S473 was observed,
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thereby confirming the activation of the AMPA signalling pathways (Fig. 1E, F; Student’s T-test; *P
<0.05).

Divo DIv1ia
. o || Protein extraction
b 1 1 after 1 hour
+
Ampakine 5 pM

pGIUA1/GIuA1

Figure 1: Acute Ampakine administration in vitro activates the AMPAR signalling pathways. (A): Schematic
representation of the in vitro Ampakine administration protocol. (B, C, D): The bar graphs show normalized expression
levels of GluAl (B), pGluAl (C), and their ratio (D) in WT untreated and Ampakine-treated cortical mouse neurons.
Right panels display representative western blots of GluAl and pGluAl. (F, G, H): The bar graphs show normalized
expression levels of Akt (F), pAkt (G), and their ratio (H) in WT untreated and Ampakine-treated cortical mouse neurons.
Right panels display representative western blots of total Akt and pAkt. Total protein content, visualized by TGX Stain-
Free technology (Bio-Rad), was used for data normalization. Each dot represents a single embryo deriving from three
independent preparations. Statistical significance was assessed by Mann-Whitney test (F) and Student’s T-test (*: p-
value<0.05, ****: p-value<0.0001). Values are represented as mean + SEM.

Once demonstrated the capacity of the Ampakine to activate the AMPAR signalling pathway, we
investigated if the treatment was effective on synaptic and electrical defects typically affecting
Mecp2-null neurons.

An immunofluorescence for Synapsinl/2, a pre-synaptic marker protein [235], and Shank2, a post-
synaptic one (Naisbitt et al., 1999), was performed in DIV14 WT and Mecp2-null cortical neurons
treated with Ampakine from DIV12 (Fig. 2A). Based on previous dose-optimization studies and
literature evidence, we selected a lower dose (1 uM) for a two day treatment, instead of the acute
regimen used before.

The analysis of synaptic puncta density confirmed the expected significant reduction of both
Synapsinl/2 and Shank2 puncta in Mecp2-null neurons. Importantly, the Ampakine completely
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rescued these defects at both pre- and post-synaptic level (*P < 0,05; **P < 0,01; ***P < 0,001;
*xEkx P <0,0001, two-way ANOVA, Fig. 2B, D).

As a measure of functional synapses, we also analysed the co-localization of Synapsinl/2 with
Shank2 puncta. As expected, our data highlighted a defective co-localization in Mecp2-null neurons
compared to WT cells, which was rescued by the treatment (**P < 0,01; ****P <0,0001, two-way
ANOVA, Fig. 2E).
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Figure 2. In vitro, the Ampakine treatment rescues synaptic alterations. (A): Schematic representation of the
experimental workflow. (B): Representative images of the immunofluorescence for Synapsinl/2 (green), Shank2 (red)
and their merge with Map2 of WT and KO untreated (CTRL), and WT and KO treated primary neurons at DIV14. Scale
bar = 5 um. (C, D, E): Histograms indicate the number of Synapsin1/2 and Shank2 puncta on 20 pm-long dendrite (C,
D) and of colocalized puncta (E) of WT CTRL, KO CTRL, WT treated and KO treated neurons. Data were analysed by
two-way ANOVA followed by Tukey post-hoc multiple comparison test.*p-value < 0.05; **p-value < 0.01; ***p-value
< 0.001; ****p-value < 0.0001. Each dot represents a single cell. n =20 cells WT CTRL, n =20 cells KO CTRL, n =20
cells WT treated, n = 20 cells KO treated. Cells derived from at least two embryos E15.5. Values are presented as mean
+ SEM.

To assess whether the compound could also rescue the functional activity of Mecp2-null neurons, we
performed calcium imaging experiments. As previously mentioned, calcium influx serves as a marker
of neuronal responsiveness to stimuli [236]. Mecp2-null neurons were treated with the Ampakine
0,75uM at DIV12, and calcium imaging was performed at DIV14 (Fig. 3A). In this case, we used a
lower concentration compared to that used in the immunofluorescence experiments due to the specific
experimental conditions. Since calcium imaging requires particularly stringent culture conditions and
cells can be easily stressed, we avoided applying additional stress to the cells. Based on the vitality
assay, we observed good cell viability at 0.75 uM, whereas at 1 pM the WT treated cells did not
respond well, making it difficult to perform the readout analysis. Neurons were initially incubated
with Fluo-4 AM (2uM) and Hoechst; the first is able to turn the fluorescence on when bound to Ca**;
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while the second is a non-toxic nuclear dye commonly used in live cell imaging. Cells were then
stimulated with NMDA (100uM). Remarkably, to eliminate network-driven activity and isolate
receptor-specific calcium responses, tetrodotoxin (TTX 1uM) was added. This ensured that the
calcium signals measured were due to direct NMDAR activation, rather than synaptically propagated
activity or spontaneous firing.

Calcium response was quantified by calculating the difference in fluorescence intensity before and
after NMDA stimulation (Fig. 3B), directly proportional to the amount of Ca?" entry, providing a
readout of neuronal activation in response to the treatment.

As expected, the responsiveness of Mecp2-null neurons to chemical stimulation is significantly
decreased compared to WT neurons, and the Ampakine totally rescued the defect (*P <0,05;
*xExP <0,0001, two-way ANOVA, Fig. 3C).
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Figure 3. Ampakine treatment rescues neuronal activity of KO neurons (A): Schematic representation of the
experimental workflow. (B): Representative fluorescence images of primary cortical neurons loaded with Fluo-4 AM
(green) and Hoechst (blue) before and after NMDA stimulation. The images show the fluorescence signal intensity
corresponding to intracellular calcium levels. Prior to NMDA application (Baseline), neurons exhibit low baseline
fluorescence. Following NMDA stimulation, a clear increase in Fluo-4 fluorescence is observed, indicating a rise in
intracellular calcium concentration due to NMDA receptor activation. (C): calcium transients (AF/Fo) were measured in
WT and KO primary cortical neurons, under control (CTRL) conditions and after treatment with the Ampakine. The
violin plot presents the total of cells for each experimental group. n = 141 cells WT CTRL, n =120 KO CTRL, n = 101
cells WT treated, n = 74 KO treated. Every cell derived from at least two embryos E15.5. Data were analysed by two
way-ANOVA followed by Tukey post-hoc multiple comparison test (*: p-value<0.05, **: p-value<0.01, ***: p-
value<0.001, ****: p-value<0.0001). Values are represented as mean = SEM.
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6.2 Early administration of Ampakine ameliorates behavioural phenotypes also in female
heterozygous mouse models

As reported in the preliminary data, the most effective treatment window in Mecp2-null mouse
models was the administration of Ampakine at a dose of 3 mg/kg from P3 to P9. Based on these
results, we applied the same treatment regimen to female Mecp2 heterozygous mice (HET), which,
as previously discussed, represent the most appropriate genetic model. Mice were daily injected
subcutaneously (SC) with either 3 mg/kg of Ampakine or vehicle from P3 to P9 (Fig. 4A).

Survival analysis was not performed in heterozygous mice, as the Mecp2 heterozygous condition does
not affect life expectancy. Evaluation of phenotypic severity and behavioural tests in heterozygous
mice began at P70 and P90 respectively. This later stage with respect to Mecp2-null male mice was
selected considering that HET females feature delayed onset and slower progression of symptoms
[116]. As shown in Fig. 4B, a tendency to amelioration of the phenotype is visible at all time points,
in particular at P90 (§P=0,059, Fig. 4B).

Motor coordination was assessed through the Beam walking and the Rotarod tests, memory was
measured with the Novel Object Recognition (NOR) test.

Beam Walking Test, assessing both motor coordination (specifically related to hind limbs) and
balance, was performed at P90 and P100. At P90, the test was carried out over three consecutive days:
the first two days were used for habituation, allowing the mice to familiarize with the apparatus, the
third day instead was considered the actual test session. Each day mice performed three trials, with a
ten-minute interval between each trial to minimize fatigue and learning effects. At P100, since mice
were already familiar with the task, the test was conducted in a single session.

At P90, the treatment normalized the defect present in vehicle treated mice in comparison to WT
mice, thereby demonstrating a positive effect of the drug (Fig. 4C). Regarding the time required to
cross the beam, no significant differences were detected among the different experimental groups
(Fig. 4c’). At P100, a clear defect between WT and untreated heterozygous mice was observed for
both the crossing time and the number of errors (Fig. 4D, d”). Importantly, the drug was able to fully
rescue the observed defects (**P<0,01; $P = 0.053 two-way ANOVA, Fig. 4D, d°).

To further evaluate motor coordination, we performed the Rotarod test at P100. The test was
conducted over three consecutive days, with the final day designated as the test session. Each day
consisted of three trials conducted using an accelerating paradigm (5—40 rpm), with each trial lasting
5 minutes. Importantly, since we aimed to evaluate also the learning capacity, all trials from the three
days were plotted. The latency to fall reflects motor coordination.

A clear motor deficit was observed between WT and untreated HET mice. Ampakine treatment
resulted in a statistically significant improvement in the treated heterozygous group compared to
untreated controls (**P<0,01, ****P<0,0001; two-way ANOVA, Fig. 4E), although treatment did not
fully restore motor performance.

Concerning motor learning, a progressive significant improvement in motor coordination, between
CTRL and Ampakine treated HET mice was already evident starting from Day 2 (**P<0,01, two-way
ANOVA, Fig. 4¢’). Cognitive functions were examined through the NOR test, assessing short-term
memory. NOR was performed at P90 using a two-phase test designed to evaluate the innate
exploratory behaviour of mice. In the first phase (training), each mouse was placed in an arena
containing two identical objects, and the time spent interacting with each object was recorded. Thirty
minutes later, during the testing phase, one of the familiar objects was replaced with a novel one, and
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the time spent exploring the novel versus the familiar object was measured using the discrimination
index (DI). The DI is calculated as the ratio between the time spent from the mice in exploring the
new object with respect to the time spent exploring the familiar one. Unlike motor behavioural tests,

cognitive rescue could not be assessed at P90, as no significant deficit was observed between WT and
HET control mice.
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Figure 4. Early administration of the Ampakine (P3-P9) ameliorates behavioural phenotypes in the HET mouse
model. (A): Schematic representation of the Ampakine regimen of administration. Mice were daily injected from P3 to
P9, (3mg/Kg). The severity score was weekly assessed from P70. Behavioural tests were performed at P90 and P100.
(B): The line graph illustrates the punctual severity scores evaluated considering the general conditions, mobility, hind
clasping, gait and tremor of mice. (C, ¢’): The graph shows the total time (in seconds) spent for crossing the beam and
the number of foot slip events while the mice cross the beam in the beam walking test at P90. (D, d’): The graph shows
the beam walking test, at P100, including total time and foot slip errors. (E, e’): The graphs show the latency to fall (in
seconds) on the accelerating rotarod in the last trial at P100 (E) in the rotarod test. In (e’) it is shown the improvement of
performance over the three days of the trial between treated and untreated HET mice. (F): The graphs represent the
discrimination index (DI) between two different objects during NOR test at 90. Each dot represents a single animal.
Sample size: WT=9, WT treated with Ampakine=7, HET=14, HET treated with Ampakine=12. Statistical significance
was assessed by Two-way ANOVA followed by Tukey’s post-hoc multiple comparison test ($. p =0,053, *: p-value<0.05,
**: p-value<0.01, ***: p-value<0.001, ****: p-value<0.0001). Values are represented as mean + SEM.

6.3 Combination of early and alternate treatment is safe and elicits superior beneficial effects

compared to the solely early intervention in Mecp2-null mice

Although early treatment showed promising results both in male and female RTT mice, our aim was
to enhance and prolong its beneficial effects. We thus decided to combine the early treatment with
the intermittent regimen. Specifically, the early treatment remained unchanged while the intermittent
was extended until P75, alternating with two weeks off. From P3 to P9 we treated subcutaneously
pups with 3mg/kg of Ampakine; starting from the second week of treatment the drug was
administered through intraperitoneal injection. Initially we tested the treatment in Mecp2-null mice
because the KO model displays lower phenotypic variability and faster experimental timings, as
explained above.

Importantly, the early intermittent Ampakine treatment signiticantly prolonged the survival of Mecp2-
null mice compared to untreated controls (Fig. 5B). Consistently, treated mice showed a significant
amelioration of symptoms starting from P60 (Fig. 5C).

Motor performance was evaluated using the Pole and the Rotarod tests at P45 and P60; the NOR test
was performed at P65. Pole test, which measures the ability of the mouse to descend from the top of
a vertical pole to its home cage, specifically assesses motor coordination involving hind limb
functions. Deficits in performance were observed at P45 and P60 in Mecp2-null mice (Fig. 5D, E).
Although treated null mice still displayed impairment, a significant improvement in motor
coordination was evident at P60 following Ampakine administration (***P<0,001, Fig. 5E). A
significant beneficial effect of the treatment on motor coordination was demonstrated in the Rotarod
test at P45 and P60 (*P<0,05; two-way ANOVA, Fig. 5F, G).

Concerning short term memory, the typical defect observed in Mecp2-null mice was normalized by
the drug (Fig. 5H).

Comparing all results obtained in male mice we observed that the early intermittent treatment proved
to be the most effective, achieving phenotypic rescue with long-lasting benefits.
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Fig. 5: Early intermittent treatment with Ampakine has long-lasting efficacy in KO male mice. (A): Schematic
representation of the in vivo Ampakine administration protocol: mice were injected starting from P3 to P75 every week
followed by a two-week pause. Severity score was assessed from P20, twice a week. Behavioural tests were performed
from P45 to P60. (B): Kaplan-Meier curve reveals a significant improvement in the lifespan of Mecp2-null treated mice
compared to ko control mice. (C): The line graph illustrates the punctual severity score based on general conditions of
the mice, mobility, gait abnormalities, clasping and tremor. (D, E): The graphs represent the total time spent in performing
the pole test at P45 (D) and at P60 (E). (F, G, f*): The first two graphs show the latency to fall (in seconds) during the
rotarod test at P45 and P65. The last graph shows the learning curve over the three days of trial at P45. (H): The graphs
represent the discrimination index (DI) between two different objects during the NOR test at P65. Each dot represents a
single animal. Sample size: WT CTRL=10, WT treated with Ampakine= 10, KO CTRL=6, KO treated with Ampakine
=10. Statistical significance was assessed by Two-way ANOVA followed by Tukey’s post-hoc multiple comparison test
and Log-Rank (Mantel-Cox) test (*: p-value<0.05, **: p-value<0.01, ***: p-value<0.001, ****: p-value<0.0001). Values
are represented as mean + SEM.

6.4 Early intermittent treatment is effective also in HET female mice

Based on its efficacy in the male Mecp2-null model, we decided to apply the same early intermittent
regimen to HET female mice. Severity score and behavioural tests were assessed at the same time of
the early treatment (Fig. 6A). As expected, treated HET mice showed a milder phenotype than
untreated mutant littermates, although the difference did not reach statistical significance (Fig. 6B).
In the Beam Walking test, performed at P90 and P100, no deficits in the time required to cross the
beam were observed among the four experimental groups (Fig. 6C, D). However, untreated HET mice
exhibited a significantly higher number of foot slip events compared to WT controls at both time
points (**P<0,01, Fig. 6¢’, d”). Notably, treatment normalized this phenotype only at P90 (Fig. 6¢”).

In the Rotarod test performed at P100, treated HET mice showed normalization of the motor
performance since the difference between treated HET and WT mice was no longer present (Fig. 6E).
Although a statistically significant difference between untreated and treated HET mice was not
observed in the learning curve, a tendency to amelioration was observed from Day 2 (Fig. 6¢”).
Cognitive functions were assessed at P90 using the NOR test. Notably, control HET mice exhibited
a significant defect that was normalized by the treatment (Fig. 6F).

Altogether these results suggest the efficacy and the safety of the drug in both genders, of relevance
for translational purposes.

Of note, in all in vivo experiments, none of the WT-treated mice were affected by the drug, confirming
its safety.
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Fig. 6: The early intermittent treatment rescues cognitive and motor defects in heterozygous mice. (A): Schematic
representation of the in vivo Ampakine administration protocol: mice were injected starting from P3 to P75 every week
followed by a two-week pause. Severity score was assessed from P70, twice a week. Behavioural tests were performed
from P90 to P100. (B): The line graph illustrates the punctual severity score considering general conditions, mobility,
hind limb clasping, tremor and gait abnormalities of mice. (C, ¢’): The graph shows the total time (in seconds) spent to
cross the beam and the number of foot slip events in the beam walking test at P90. (D, d”): The graph shows the total
time (in seconds) spent to cross the beam and the number of foot slips events in the beam walking test at P100. (E, e’):
The graph shows the latency to fall (in seconds) on the accelerating rotarod test at P100 (E). The last graph of the row
shows the learning curve over the three days rotarod test trial. (F): The graphs represent the discrimination index (DI)
between two different objects during NOR test at P100. Each dot represents a single animal. Sample size: WT CTRL=9,
WT treated with Ampakine= 10, HET CTRL= 13, HET treated with Ampakine = 13. Statistical significance was
assessed by Two-way ANOVA followed by Tukey’s post-hoc multiple comparison test and Log-Rank (Mantel-Cox) test
(*: p-value<0.05, **: p-value<0.01, ***: p-value<0.001, ****: p-value<0.0001). Values are represented as mean +
SEM.

6.5 Ampakine administration potentiates the spontaneous excitatory currents

After observing the beneficial effects of Ampakine in vivo, we investigated whether the early
treatment was sufficient to induce long lasting and stable modifications in synaptic transmission. To
this end, WT and KO mice that received the early treatment regimen (from P3 to P9) were sacrificed
at P30. Whole-cell patch clamp recordings were then performed on excitatory neurons derived from
the prefrontal cortex. The prefrontal cortex was selected because, although it plays a critical role in
the pathophysiology of the disorder [237], it still remains largely uncharacterized. Patch clamp was
performed by maintaining the membrane potential at a constant value of -70mV in voltage-clamp
mode. This approach allowed us to isolate and record spontaneous excitatory postsynaptic currents
(sEPSCs).

So far, we evaluated four parameters: 1) the amplitude, that reflects the intensity of the inward current
through receptors and is directly related to the amount of ions entering through the channels thus,
higher the amplitude stronger the postsynaptic responses; ii) the decay time, that provides an indirect
measure of how rapidly channels close, calculated as the time the current takes to return to baseline
after reaching its peak; iii) the rise time, defined as the time required for the current to increase from
10% to 90% of its maximum amplitude, reflects the speed at which channels open in response to
glutamate; and iv) the frequency, expressed in Hertz (Hz), that indicates the number of spontaneous
synaptic events occurring per second, giving insight into presynaptic release activity and the overall
excitatory synaptic input received by the neuron [238].

As reported in the graph (Fig. 7B), a significant amplitude defect was observed in untreated KO mice
that however was normalized by the treatment. Consistent with this finding, an almost significant
defect was observed in the rise time, that was normalized by the drug (Fig. 7C). No significant
differences were found between KO and WT CTRL mice in the decay (Fig. 7D) and frequency (Fig.
7E). Altogether, these electrophysiological results confirmed a therapeutic effect of the drug on
excitatory transmission in the KO prefrontal cortex. Moreover, since no differences were observed in
the frequency, we can hypothesize that KO mice are not affected at the presynaptic level and in the
release of neurotransmitters.
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Fig. 7: Ampakine treatment increases EPSCs in PFC of KO mice. (A): Schematic representation of the Ampakine
administration protocol. (B): The graph represents the amplitude measured in pA (picoAmperes). (C): It is shown the
rise time of the current to pass from 10% to 90%, measured in milliseconds. (D): It represents the decay, calculated as the
time required by excitatory receptors to close the ion channels. It is measured in milli seconds. (E): It is represented the
frequency (Freq) of synaptic events, measured in Hertz. Every dot represents a single cell of excitatory neurons. The total

number of cells were erived from three different mice per experimental group. Data were analysed by one-way ANOVA
($p=0,0723, **p-value < 0.01).
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6.6 Gene expression differences in WT and KO mice were rescued by the Ampakine
treatment, supporting PFC as a valid target for transcriptomic profiling

The next step in our research will be to perform bulk RNA-seq, on WT and KO control, WT treated,
and KO treated mice, to finally verify our hypothesis on the feedforward circle between gene
expression and neuronal activity described in the introduction [171] and/or identify the mechanism
of action (MOA) of the drug. Indeed, the positive effect of Ampakine could be due to an increase in
neuronal activity, which in turn affects gene expression, contributing to the restoration of
physiological E/I balance.

Considering all the results described above, we analyzed the PFC of mice at P10 (Fig. 8A, B, C, D)
and P30 (Fig. 8A’, B’, C’°, D’) after early treatment (P3-P9) in order to compare the acute and long-
lasting effects of the Ampakine on gene expression.

Before sending the samples to the facility for bulk RNA sequencing, we verified RNA integrity and
performed RT-qPCR on genes (Efna5, DIlkl, Cacnalg, and Gdf11) previously reported to be
deregulated in Mecp2-deficient mice (Li et al., 2025; Pozzer et al., 2025). This step allowed us to
obtain a first indication of the healing effects of the drug.

In detail, Efna5 (Ephrin A5) encodes for GPI-anchored ligand of Eph receptors, playing a key role in
axon guidance, synapse formation, and activity-dependent synaptic plasticity. From bulk-RNA seq,
it has been found upregulated both at P28 and P45 in the hippocampus [239] and at P60 in the cortex
(Pozzer et al., 2025) of Mecp2-null mice. On the same line, Dlk-1 (Delta-like homolog 1), that
encodes for a non-canonical ligand of NOTCH signalling pathway, was found upregulated in Mecp2-
null mice (Li et al., 2025; Pozzer et al., 2025). On the contrary, Cacnlg (calcium voltage-gated
channel subunit alphal G), that encodes for T-type, low-voltage activated calcium channel, was found
downregulated in Mecp2-null mice (Li et al., 2025; Pozzer et al., 2025). Similarly, Gdf1! (Growth
differentiation factor 11) encodes for TGF-P family cytokine that is highly expressed in excitatory
neurons in adult mouse cortex and hippocampus. In Mecp2-null mouse models, Gdf11 is significantly
downregulated in these two brain regions according to bulk RNA-seq, leading to neuronal
hyperexcitability, dendritic pruning, impaired synaptic input and cognitive deficits (Bajikar et al.,
2023; Li et al., 2025; Pozzer et al., 2025).

In line with previous studies, both Efna5 and DIkI were upregulated in our Mecp2-null samples, with
Efna5 reaching statistical significance at P30 and DI/k/ at P10 (Fig. 8A’, B). Notably, Ampakine
treatment fully rescued Efna5 expression at P30 and D/k/ at P10 (Fig. 8A, B’). However, for genes
previously reported to be downregulated in Mecp2-null mice, namely Cacnalg and Gdfil, we did
not observe a similar trend in our dataset (Fig. 8C, C’, D, D’), possibly due to the different technique
used to analyze their expression.-Further, we find it relevant to observe that these data were obtained
by testing only six mice per experimental group, a useful number for the transcriptomics experiment
but limited in the case of RT-qPCR validation. Additionally, we analysed gene expression in a
different brain region compared to the hippocampus and the whole cortex.

Considering these results, we are confident that the upcoming bulk RNA-seq analysis will be useful
to identify the beneficial molecular mechanisms set in motion by the drug and to reveal its MOA.
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Fig. 8: Gene expression differences in WT and KO mice are rescued by the treatment in the PFC of KO mice.
At P10 (A, B, C, D) and at P30 (A’, B’, C°, D’) the graphs represent the fold change over WT ctrl expressed as a
percentage of the following genes: Efna’, DIk-1, Cacnalg, Gdf11 in the PFC of P10 mice. Every dot corresponds to
different biological replicates. Data were analysed by one-way ANOVA ($p =0,057, *p-value < 0.05, **p-value <
0.01).

7. Discussion

Rett syndrome is a complex neurodevelopmental disorder, largely due to a wide range of mutations
that affect the MECP2 gene and its numerous, pleiotropic functions [1]. To date no cure is available
for RTT. However, the recent FDA approval [242] of a treatment based on insulin-like growth factor
1 (IGF-1) and associated with behavioural improvements in a subset of patients represents an
important step forward [14].

Many efforts have been made along the last 25 years to find new potential treatments. Two major
therapeutic strategies have been explored. The first that aims to correct the underlying genetic defect,
include gene therapy, gene editing, RNA editing, and tRNA read-through strategies as well as the
reactivation of the inactive X-chromosome. However, these technologies are still associated with
significant risks, such as off-target effects and insertional mutagenesis linked to vector-based delivery
systems [243].

The second strategy focuses on targeting the downstream molecular pathways regulated directly or
indirectly by MeCP2. These pathways become dysregulated in the absence of a perfectly functional
MeCP2. While such approaches cannot be considered curative, they may offer effective treatments to
alleviate the cognitive and motor impairments characteristic of the disorder [8]. In this context,
ampakines represent a promising class of compounds, that by increasing neuronal excitability, may
restore the feed-forward circle that connects neuronal activity, gene expression and neuronal
maturation thereby partially compensating for MeCP2 loss. To test this hypothesis, we selected a
high-impact Ampakine that has already been demonstrated safe in clinical trials for Alzheimer’s
disease, major depressive disorder, and mild cognitive impairment. Despite the already approved
trials, poor information is present in literature on its action; therefore, we initially assessed its activity
in vitro, on primary cortical neurons. In particular, we demonstrated that the drug activates GluAl,
increasing its phosphorylation [244], [245]. The activation of the target receptor was confirmed by
the increased phosphorylation of Akt, a downstream molecular signal that stimulates molecular
processes regulating neuronal development, growth, and maintenance of maturation [246].

We also observed that Ampakine fully rescues key synaptic markers such as Synapsin and Shank2
suggesting enhanced glutamatergic transmission. Complementary calcium imaging experiments
showed a full rescue of calcium influx in treated Mecp2-deficient neurons, indicating an improved
responsiveness to excitatory inputs. Although these findings are already statistically significant, we
will reinforce them because they are based on a limited number of biological replicates.

Given the promising in vitro results, we proceeded to test Ampakine in vivo, using mouse models of
RTT. Before the starting of my internship, several data had already been collected demonstrating that
a short and early treatment of KO male mice with the Ampakine exerts sustained beneficial effects.
However, in a later time window benefits were observed only using a prolonged intermittent treatment
suggesting the importance of intervening with ampakines either before the onset of evident symptoms
and/or in a time window characterized by high neuroplasticity. Neuroplasticity indeed persists along
life but appears particularly important during the time-sensitive periods of pre- and post-natal brain
development, establishing the formation of a responsive neuronal network, able to adapt to stimuli
[247]. During my stage, I confirmed in HET females, which more closely mimic the RTT genotype,
the potency that this short and early pre-symptomatic intervention owns in inducing long-lasting
beneficial effects. Of interest, the duration of therapeutic benefit differed between genders: while
improvements in KO males, that are characterized by a fast-progressing disease, lasted around 35
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days, persistent benefits remained detectable in HET females up to 90 days. This sex difference may
arise from the mosaic expression of Mecp2 in HET females, which results in a delayed and less
severely compromised condition compared to the male counterpart. This interpretation also aligns
with the inefficacy of one-week treatment administration during a later translational time window,
which, however, did not correspond to the critical period of synaptic plasticity in KO males. By that
stage, neuronal dysfunction and structural deficits may have progressed beyond the point at which a
short stimulation of activity-dependent mechanisms can effectively trigger repair.

Testing the same late-onset regimen also in HET females will be crucial to determine whether efficacy
primarily depends on the timing of treatment during a critical period of plasticity or instead on the
overall degree of neuronal damage. A positive outcome in HET females would underscore the
importance of preserving a sufficient degree of network integrity for Ampakine efficacy, while a
negative outcome would strengthen the notion that a highly plastic brain is indispensable.

Building on the success of the early treatment, we then tested a combined regimen of early and
intermittent treatment to further prolong the benefits and delay the onset of symptoms. This paradigm
of administration protocol proved to be effective in recovering motor and cognitive defects as well as
an overall amelioration of Rett phenotypes in both mouse models; survival was significantly
prolonged in Mecp2 null male mice.

These findings suggest that while a one-week treatment during the critical plasticity window can
initiate a self-sustaining cycle of improvement, repeated dosing helps in maintaining and extending
these benefits. However, to capture the full duration of the beneficial effects induced by early
intermittent treatment, future experiments in HET females should include behavioural assessments
beyond P90-P100, that is the time point by which we assessed behavioural phenotypes within the
early treatment. Moreover, since only intermittent regimens were employed to minimize the risk of
overstimulation or undue stress in mice, assessing the impact of a chronic, continuous treatment
initiated at a later stage that aligns with clinical diagnosis, could provide valuable translational insight.
One important observation in our study was the phenotypic variability observed among HET mice
under both treatment regimens. This variability reflects the biological complexity of the outbred CD1
background and the mosaic Mecp?2 expression pattern, and it parallels the heterogeneity seen in RTT
patients. Rather than limiting our conclusions, this variability underscores the translational relevance
of our findings, as Ampakine efficacy was evident despite biological diversity. An additional source
of variability may be related to the estrous cycle. While previous studies have shown minimal
differences in motor and cognitive performance across different cycle phases [248], [249], [250],
[251], pharmacological responses may still be influenced by hormonal fluctuations. For instance,
Picard et al. (2019) reported cycle-dependent effects of ketamine, and Galvin and Ninan (2014)
described estrous modulation of AMPA receptor signalling[252], [253]. To minimize hormonal
variability, the literature often recommends vaginal cytology and estrous cycle synchronization in
female rodents. However, these procedures were deemed too invasive in our female cohorts in the
context of this study. This is particularly relevant for CD1 mice; excessive handling could
unintentionally accelerate recovery. In fact, even gentle tactile stimulation has been shown to mimic
the effects of ampakines on behavioural phenotypes. This aligns with the concept that social or
sensory inputs can directly modulate motor outputs via central neural pathways [171].

The next step of this study was to elucidate the molecular mechanisms underlying the long-lasting in
vivo benefits after the early and short Ampakine treatment (from P3 to P9). We thus performed
electrophysiological recordings on prefrontal cortex (PFC) excitatory neurons of KO mice. Although
behavioural improvements were observed at P45, we chose to perform the patch clamp at P30
hypothesizing that it might be close to the peak time for sustained synaptic changes induced by the
treatment and before any potential decline in efficacy. Since AMPA receptors are expressed post-
synaptically and Ampakine modulate their activity, we expected a post-synaptic drug mechanism of
action. The normalization of both the reduced amplitude of spontaneous excitatory postsynaptic
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currents (SEPSCs) and the slower channel opening kinetics observed in KO mice confirmed our
hypothesis. Notably, decay kinetics remained unchanged in treated KO, consistent with the
pharmacological profile of the second generation of high-impact ampakines that enhance channel
opening speed without prolonging receptor activation, thus minimizing excitotoxicity risk. Given that
Mecp?2 deficiency leads to a widespread imbalance in excitation and inhibition (E/I) across the brain,
it remains to be explored whether Ampakines can also modulate inhibitory circuits in regions
exhibiting hyperactivity, such as the hippocampus. Indeed, Philips et al. (2019) proposed that
hippocampal hyperactivity in Mecp2-null mice contributes to prefrontal cortex hypoactivity[254].
This may occur through excessive excitatory inputs that over activates PV+ GABAergic interneurons
in the PFC, leading to increased inhibition of excitatory neurons. Assessing inhibitory function in this
region could therefore help determine whether the drug supports a more global restoration of network
dynamics. At the transcriptional level, RT-qPCR analysis provided additional support for the re-
establishing of the aforementioned virtuous feed-forward circuit. Consistent with previous
transcriptomic studies, Mecp2-null PFC displayed upregulation of Efna5 and DIkl, both of which
were normalized by Ampakine treatment. Given their roles in axon guidance and neurodevelopmental
signalling, this finding suggests that Ampakine influence not only synaptic activity but also
transcriptional programs critical for neuronal maturation. Building on this, bulk RNA sequencing of
PFC tissue at P10 and P30 is planned. Analysis at P10 will capture early transcriptional changes
immediately following treatment, while P30 will reveal long-lasting adaptations underlying the
sustained behavioural benefits. Bulk RNA-seq might be particularly appropriate as RTT-related
transcriptional alterations are subtle and distributed. Once broad patterns are established, more refined
single-cell approaches may help delineate cell-type-specific responses.

The relevance of our findings extends beyond Rett syndrome, as the intervention does not target a
specific mutation but rather acts on a broader mechanism namely the restoration of activity-dependent
transcription through normalization of neuronal responsiveness. This suggests that enhancing the
positive feedforward loop between neuronal activity and gene expression could be a viable
therapeutic strategy for a range of neurodevelopmental disorders characterized by impaired synaptic
plasticity and dysregulated transcriptional programs. However open questions regarding the
translational potential of this early intervention remain. To date, the most effective treatment started
early from P3 to P9, corresponding approximately to late gestation through the first year of life in
humans [255], [256]. Defining an equivalent critical period in humans is complex, as synaptogenesis
begins prenatally and proceeds at different rates across brain regions [255]. Since RTT is diagnosed
on the basis of established clinical criteria, patients are identified only after symptom onset. If
Ampakine efficacy depends strictly on intervention within an early plasticity window,
presymptomatic treatment would require improved strategies for timely genetic diagnosis. Of note,
preliminary results indicate that also the intermittent treatment retains a significant degree of efficacy,
even when initiated at later stages. This suggests that, in cases where an early diagnosis is not feasible,
a late-onset treatment regimen may still offer meaningful therapeutic benefits for patients. In
particular we aim to compare the efficacy of a chronic treatment in respect to an intermittent one in
both KO and HET and determine whether therapeutic effects can be enhanced within a more
translationally relevant time window. Moreover, careful optimization of dosing regimens tailored to
human pharmacokinetic and pharmacodynamic profiles will be crucial to fully realize the clinical
potential of this intervention. Notably, it is also conceivable that Ampakine treatment could exert
additive or synergistic effects when combined with compounds acting on complementary pathways,
such as Trofinetide [14] or modified NGF (nerve growth factor)[257]. These drugs, which support
neuronal survival, synaptic maintenance, and anti-inflammatory responses, have shown efficacy even
when administered at more advanced stages of disease progression, and may complement the activity-
dependent transcriptional and plasticity-enhancing effects of Ampakine. A combined approach could
therefore maximize therapeutic efficacy, especially when intervention occurs beyond the early
developmental window.
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8. Conclusions

All in all, this study provides converging evidence that pharmacological enhancement of excitatory
synaptic transmission with Ampakines is a promising therapeutic strategy for RTT. Our experiments
demonstrated synaptic recovery in vitro, behavioural improvements in vivo under both early and early
intermittent regimens (with the latter producing more sustained effects), and postsynaptic rescue
confirmed by ex vivo electrophysiology, together with normalization of dysregulated genes at the
transcriptional level. These findings highlight not only the potential of Ampakines for treating RTT,
but also the broader relevance of targeting critical windows of neuroplasticity, an approach that may
extend to other neurodevelopmental disorders characterized by impaired activity-dependent
maturation. Further investigations, including comprehensive transcriptomic and proteomic analyses,
are necessary to fully uncover the molecular mechanisms behind these effects. Taken together, we
believe that these preclinical data provide a strong rationale for advancing Ampakines toward clinical
application.
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9. Abbreviations

AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid

AKT: AKT Serine/Threonine Kinase 1

ARC: Activity Regulated Cytoskeleton Associated Prot
ASD: Autism Spectrum Disorder

AAV: adeno-associated viral vector

BBB: Blood-brain barrier

BDNF: Brain-derived neurotrophic factor

BSA: Bovine Serum Albumin

CaMKII: Calmodulin-dependent protein kinase 11

cFOS: Fos Proto-Oncogene, AP-1 Transcription Factor Subunit
CREBI1: Cyclic AMP-responsive Element-Binding Protein 1
CNS: Central nervous system

CTD: C-terminal domain

CTZ: cyclothiazide

DIV: Day in vitro

DNMT1: DNA Methyl Transferase 1

E: Embryonic days

E/I: excitatory/inhibitory

EEG: electro-encephalogram

EPSP: excitatory postsynaptic potential

FC: Fold Change

FDA: Food and Drug Administration

FOXG1: Forkhead box protein G1

GABA: y-aminobutyric acid

GLUA: Glutamate Ionotropic Receptor AMPA Type Subunit 1
HBSS: Hank’s Buffered Salt Solution

HDAC: Histone deacetylase

HETT: Heterozygous

HPCALA4: Hippocalcin Like 4

ID: Intervening domain

IEG: immediate early gene
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IGF-1: Insulin-like growth factor 1

iGluR: Ionotropic Glutamate Receptros
I.P.: intraperitoneal injection

KI: knock-in

KO: knock-out

LTD: Long-Term Depression

LTP: Long-Term Potentiation

MBD: Methyl-CpG-binding domain
MECP2: Methyl-cCpG-binding protein 2
mGluR: Metabotropic Glutamate Receptor

mTOR: Mechanistic Target Of Rapamycin Kinase

NCoR-SMRT: Nuclear receptor Co-Repressor and the Silencing Mediator of Retinoic acid and

Thyroid hormone receptor

NCS: neuronal calcium sensor

NID: NCoR/SMRT Interaction Domain

NMDA: N-methyl-D-aspartate

NOR: Novel Object Recognition

NPCs: neural progenitor cells

NTD: N-terminal domain

P: Post-natal day

PAM: Positive allosteric modulator

PBS: Phosphate-Buffered Saline

PCR: Polymerase Chain Reaction

PIC: Protease inhibitor cocktail

PSD: Post synaptic density

gRT-PCR: quantitative reverse transcription polymerase chain reaction
RNASeq: RNA sequencing

RTT: Rett syndrome

S.C.: subcutaneous injection

SEM: Standard error mean

TBS-T: Tris-buffered saline containing 0.1% Tween-20
TRD: Transcriptional repressor domain

WB: Western blot
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WT: wild type

XCI: X chromosome inactivation
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