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CHAPTER 1 

INTRODUCTION 

 

1.1 MECP2-Related Neurodevelopmental Disorders 

A group of rare, pediatric diseases that are linked to the gene Methyl-CpG-binding Protein 2 

(MECP2) are classified as MECP2-related neurodevelopmental disorders. These disorders have 

similar clinical presentations including intellectual disability, motor and speech abnormalities, 

breathing disturbances, and seizures (1). These common features resemble those of autism 

spectrum disorder (ASD), and thus have also been referred to as syndromic ASDs. Two disorders, 

Rett syndrome (RTT) and MECP2 Duplication syndrome (MDS) are directly associated with 

abnormal MeCP2 protein expression and function. Several others, including FOXG1 syndrome, 

CDKL5 deficiency disorder and Pitt-Hopkins syndrome (PTHS), are broadly classified as atypical 

RTT or RTT-like disorders due to their history of a RTT clinical diagnosis despite the lack of 

MECP2 mutation. This dissertation will focus on RTT, MDS and PTHS, all which currently lack 

effective treatments. 

 

1.1.1 Methyl-CpG-binding Protein 2 (MeCP2) 

The MECP2 gene is located on the X-chromosome (Xq28) and encodes for the transcription 

factor, MeCP2 (2, 3). There are two isoforms of MeCP2, e1 and e2, which differ at the N-terminus 

due to the inclusion of exon 2 (4–6). Translation from exon 1 and bypassing exon 2 leads to the 

major and slightly longer isoform MeCP2-e1, which consists of 498 amino acids (aa) (5, 6). The 

shorter protein, MeCP2-e2 (486 aa), was actually identified first and only includes exons 2-4 (2, 

4). Although the e1 isoform is more abundantly expressed (6), the structure of MeCP2, and thus 

subsequent identification of mutations in MeCP2, are referred by their location in the MeCP2-e2 

protein. 
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The structure of MeCP2 includes four core domains, the methyl-binding (MBD), transcriptional 

repression (TRD), nuclear localization signal (NLS) and NCOR/SMRT (Nuclear receptor co-

repressor / Silencing mediator of retinoic acid and thyroid hormone receptor) interaction (NID) 

regions (Figure 1). These functional domains are responsible for MeCP2’s role in binding to DNA 

and regulating gene transcription; thus, MeCP2 is predominantly known as a transcriptional 

modulator. DNA binding is facilitated through the MBD, and at regions of methylated DNA, 

specifically methylated di- and tri-nucleotides including mCpG, mCpA, mCAC and 

hydroxymethylcytosine (hmC) (7–14). Additional findings of MeCP2 interacting with non-

methylated DNA (9) support MeCP2’s function in chromatin regulation. To exert its impact on 

transcription, MeCP2 utilizes its TRD and/or NID regions to recruit other co-factors to either 

activate or repress gene transcription (15). In particular, protein complexes involving histone 

deacetylases (HDACs), such as the Sin3a and NCOR/SMRT complexes, are recruited via the 

TRD or NID, respectively, to inhibit transcription (16, 17). The role of MeCP2 in promoting 

transcription was observed in transcriptomic studies, in which Mecp2 deficiency resulted in 

downregulated genes; recruitment of co-activators such as cyclic AMP-responsive element-

binding protein 1 (CREB1) are thought to mediate this function of MeCP2 (15). 

 

 
Figure 1: MeCP2 protein and common mutations leading to RTT. Illustration of key domains in the MeCP2 protein, 

isoform e2 (486 aa), and common pathological mutations leading to Rett syndrome (RTT). N-terminus (N-term), methyl-

CpG-binding domain (MBD), interdomain (ID), transcriptional repressor domain (TRD), nuclear localization signal 

(NLS), NCOR/SMRT interaction domain (NID), C-terminus (C-term). 
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In addition to chromatin and transcriptional regulation, MeCP2 has been proposed to have other 

roles including alternative splicing and microRNA (miRNA) regulation (18–21). Young et. al. 

demonstrated that MeCP2 binds to the RNA-binding protein and splicing factor Y box-binding 

protein 1 (YB-1) to regulate alternative splicing (22). Since then, other splicing factors have been 

linked to MeCP2, with most interacting with the C-terminus regions of the protein (23–25). A recent 

study showed that MeCP2 modulates splicing events initiated by spatial learning, implicating the 

protein in cognitive function (26). Despite this, our understanding of the significance of MeCP2’s 

relationship with the spliceosome and role in alternative splicing is still limited.  

 

miRNAs are short non-coding RNAs that bind to 3’ or 5’ untranslated regions (UTRs) of target 

genes to, respectively, promote degradation and repress translation or regulate transcription 

through the Drosha/DiGeorge syndrome critical region 8 (DGCR8) machinery (27). Studies have 

shown contrasting roles of MeCP2 in miRNA regulation; Cheng et. al. demonstrated that MeCP2’s 

interaction with DGCR8 inhibits miRNA function, which is consistent with downregulation of 

miRNAs in in vitro and in vivo Mecp2 deficient models (28–30). miRNA upregulation was also 

observed with Mecp2 deficiency (29), and congruently, reports have presented that MeCP2 

promotes miRNA processing (31, 32). For example, miR-199 activity is enhanced by MeCP2 and 

promoted mechanistic target of rapamycin (mTOR) signaling, which is dysregulated in Mecp2 

deficient models (32–34). However, a conflicting report recently showed that increased miR-199 

activity led to aberrant neuronal development similar to Mecp2 deficient model (35). Therefore, 

the relationship between MeCP2 and miRNA regulation is still unclear. However, the roles of 

MeCP2 beyond transcriptional regulation has potential implications in studying MECP2-related 

disorders, especially with the expression profile of MeCP2. 

 

MeCP2 is ubiquitously expressed with high levels in the central nervous system (CNS) (36). 

Within the CNS, MeCP2 is found mostly in neurons and with reduced but significant expression 
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in glial cells (10, 36). Predominant expression in post-mitotic neurons suggest that MeCP2 is 

critical for neuronal maturation and maintenance of neuronal function (10, 37). These roles are 

also influenced by MeCP2 in glia through non-cell-autonomous mechanisms (38–41). In 

particular, MeCP2 deficiency in either neurons or glial cells resulted in abnormal neuronal 

dendritic morphology. Thus, the function and expression of MeCP2 in different cell types could 

explain the delayed manifestation of disease phenotypes in and/or the developmental regression 

characteristic of MECP2-related disorders. 

 

1.1.2 Rett syndrome (RTT) 

RTT was initially observed in female patients by Andreas Rett in the 1960s and then later reported 

in the 1980s by Bengt Hagberg (42, 43). Rett and Hagberg initially described that after normal 

development during the first 6-18 months of life, RTT patients undergo rapid regression, suffering 

from motor, cognitive and social symptoms as well as breathing abnormalities and stereotypic 

behaviors such as repetitive hand wringing (42, 44–46). Almost 20 years later, the etiology was 

discovered to be loss-of-function (LOF) mutations in MECP2 (47). The location of MECP2 on the 

X-chromosome results in females being primarily affected with an occurrence of 1 in 10,000 (46). 

The mosaicism observed in RTT is due to X-chromosome inactivation (XCI), wherein one X-

chromosome, thus one copy of the MECP2 gene is inactivated (48–50). Favorable XCI skewing, 

or substantially higher expression of the X chromosome with the wild-type (WT) MECP2 allele 

compared to the mutant allele, leads to milder disease presentation (49, 51). This lack of mosaic 

expression of normal and mutant MeCP2 in males causes lethality in the majority of cases. 

However, studies have described cases of male patients with mutations in MeCP2 and/or present 

with symptoms that fulfill the clinical diagnosis of RTT (52–55).  
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1.1.2.1 MeCP2 mutations and clinical severity 

Pathological mutations in MeCP2 decrease protein expression and render the protein completely 

or partially non-functional. Currently, there are almost 200 known pathological mutations in 

MeCP2, which are documented in accessible online databases such as RettBASE and InterRett 

(56, 57). The most prevalent mutations are those in core regions of MeCP2, including the MBD 

and TRD, and are associated with symptom severity (21, 46, 58–60) (Figure 2). For example, 

patients with early truncating mutations in MeCP2 that disrupt DNA binding or transcriptional 

regulation, including R168X and R255X have more severe phenotypes than mutations in the C-

terminus (e.g. R306C), which disrupt protein stability (46, 58–60). Additionally, patients that have 

partial LOF or hypomorphic mutations, such as R133C and R294X, exhibit less severe 

phenotypes. 

 

 

Figure 2: Genotype-phenotype correlation in RTT. Clinical severity of common pathological MECP2 mutations 

based on (60). Modified from (61). 

 

1.1.2.2 Mouse models of Rett syndrome 

Seminal studies have demonstrated that clinical symptoms are recapitulated in rodent models 

lacking MeCP2, which have been comprehensively reviewed (59, 62–64). These mouse models 
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exhibit anatomical abnormalities and neuronal dysfunction such as aberrant dendritic complexity, 

as well as deficits in synaptic neurotransmission and synaptic plasticity. In addition, behavioral 

deficits are also observed including motor (e.g. abnormal gait and hypolocomotor activity), 

cognitive (e.g. contextual and cued associative learning and memory), and social (e.g. decreased 

social recognition) defects. The hand-wringing stereotypy seen in patients is also mirrored as a 

hindlimb clasping phenotype in animal models. Lastly, these mouse models also display 

neurophysiological features such as irregularities in respiratory function, as well as abnormalities 

in electroencephalogram (EEG) recordings and auditory event-related potentials (AERPs), which 

possess stronger translatable value (41, 65–84). 

 

The most abundantly used mouse models are Mecp2Birdtm1 and Mecp2Jae, which lack MeCP2 and 

were independently developed by the laboratories of Adrian Bird and Rudolph Jaenisch, 

respectively (85, 86). In both mouse models, the Cre-lox recombination system was utilized, in 

which a conditional Mecp2 allele was created with the insertion of loxP sites flanking exon 3 only 

(Mecp2Jae) or exons 3 and 4 (Mecp2Birdtm1). In Mecp2Birdtm1, Mecp2 is ubiquitously deleted; in 

contrast, Mecp2Jae mice have Mecp2 specifically deleted in the CNS with a nestin-Cre transgene, 

and in post-mitotic neurons using CamK-Cre93. Guy et. al. also developed mice lacking Mecp2 

only in the brain (85); both studies showed that the phenotypes observed in Mecp2 null mice are 

of neurological origin. These mouse models have been commonly used in understanding RTT 

and the role of MeCP2, as well as in discovering treatment strategies that either modulate MeCP2 

directly, or associated proteins or pathways that are downstream of MeCP2.  

 

Despite the abundant progress these mouse models have allowed, they only model 30% of the 

clinical cases, which are reflective of the most common mutations that have higher clinical severity 

score (T158M, R168X, R255X, R270X, R106W) (56, 57, 60). Many in vitro studies have explored 

the implications of these human MeCP2 mutations, in particular the impact on MeCP2 expression 
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and function in binding to its targets and regulating processes such as chromatin dynamics, and 

transcriptional repression and activation (87–92). On the other hand, in vivo studies of these 

human MeCP2 mutations have been sparse. These recent rodent studies of human MeCP2 

mutations have shown that there are key functional domains in MeCP2 that contribute to the 

pathophysiology of RTT (93–95). The genotype-phenotype correlation observed clinically has 

also been recapitulated in mouse models bearing human MeCP2 mutations especially the most 

common pathological mutations (17, 65, 74, 78, 82–84, 94–100). 

 

1.1.2.3 MeCP2-targeted genetic therapy 

Using these animal models, research has focused on uncovering treatment strategies that 

specifically target MeCP2. A breakthrough in the field came from early studies showing that 

genetically replacing MeCP2 could ameliorate phenotypes in mouse models (71, 101). Since 

then, numerous rodent studies of genetic manipulation of MeCP2, either through reactivation or 

replacement methods have been conducted. Post-natal reactivation of the silenced Mecp2 allele 

in the Mecp2tm2Bird or Mecp2tm1.1Jae mouse has been conducted multiple times using the Cre-lox 

system (41, 71, 102–104). Ubiquitous reactivation of Mecp2 at ~70-80% efficiency in male and 

female Mecp2tm2Bird animals corrected several RTT-like characteristics including decreased 

dendritic complexity, long-term potentiation (LTP) deficits, decreased survival, and breathing and 

motor abnormalities (71, 102). Cell-type specific reactivation of Mecp2, particularly in astrocytes 

and microglia, also reversed phenotypes in male Mecp2tm2Bird or Mecp2Jae mice (41, 103). 

However, these studies are conflicted by a report showing that Mecp2 reactivation in microglia of 

several RTT mouse models using bone marrow transplantation does not exert efficacy (104). 

 

Contrary to the reactivation of an endogenous Mecp2 allele, MeCP2 replacement methods involve 

the germline introduction of human MECP2 or mouse Mecp2 transgenes in RTT mice. An early 

study showed that Mecp2tm1.1Jae mice also expressing Tau-Mecp2 or MeCP2 specifically in post-
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mitotic neurons extended survival as well as reversed the attenuated body and brain weight and 

locomotor activity observed in Mecp2tm1.1Jae animals (101). Subsequent studies have since 

replicated the efficacy of germline MeCP2 replacement strategy using MECP2 or Mecp2 alleles 

that are expressed either throughout the body, in the CNS or specifically in neurons or glial cells 

of Mecp2 mutant mice (105–108). Interestingly, two reports of post-natal activation of the MECP2 

or Mecp2 transgenes in neurons conflict, with one study demonstrating partial rescue of RTT-like 

phenotypes while the other describe no beneficial effects (106, 109). Differences in the use of the 

human or mouse alleles and the activation techniques of the Cre-lox system versus the 

tetracycline (Tet)-regulated system could explain the opposing results from these studies. Recent 

studies have capitalized on these early findings by introducing MECP2 or Mecp2 in RTT mouse 

models with human MeCP2 mutations such as T158M, R255X, and R306C, and illustrating 

recapitulation of phenotypes observed in humans  (74, 82, 94, 95).  

 

The beneficial effects of rescuing RTT-like phenotypes using MeCP2-reactivation or -replacement 

strategies further support the idea that RTT is amenable to MeCP2-targeted therapy. Moreover, 

these studies have led to the current state in the field in which gene therapy using adeno-

associated viral vectors (AAVs) is the front-runner for a treatment. A multitude of preclinical 

reports demonstrate the optimization and feasibility of viral-mediated MeCP2-replacement gene 

therapy for RTT (93, 110–118). It is important to note that these studies have been conducted in 

male Mecp2 knockout or null animals, with the exception of three contradictory studies that utilized 

female Mecp2 null animals (113, 117, 118). These latter reports show conflicting results of toxicity 

at high doses of AAV-expressing MeCP2. In particular, Luoni et. al. did not observe adverse 

effects, which contrast with the two studies describing Parkinsonian-like phenotypes or liver 

toxicity in female Mecp2 null animal administered with high doses of AAV-MeCP2 (113, 117, 118). 

These adverse effects could be further confounded by different MeCP2 mutations. Nonetheless, 

AAV-MeCP2 has progressed in the drug discovery pipeline. Novartis initially reported the safety 
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of gene therapy in non-human primates; however, this has unfortunately been recently terminated 

(119). Although it has not been disclosed, lack of efficacy or toxicity could underly the termination. 

To combat toxicity issues caused by MeCP2 overexpression, the gene therapy program led by 

Taysha Gene Therapies is using an AAV-expressing MeCP2 (TSHA-102) with a built-in inhibitory 

regulatory element known as miRARE, a synthetic miRNA (120). TSHA-102 has recently been 

demonstrated to be safe and efficacious in preclinical models, and is on track for clinical trials. 

 

1.1.2.4 Pharmacological modulation of MeCP2 targets  

The role of MeCP2 in regulating gene transcription presents potential targets that could be 

amenable to pharmacological modulation. Additionally, results from transcriptomic studies from 

RTT human and mouse samples have yielded a number of proteins that are dysregulated in RTT 

and could be involved in the pathophysiology of the disease (15, 121–125). To date, the most 

studied protein linked to MeCP2 is the brain-derived neurotrophic factor (BDNF) due to early 

reports illustrating that MeCP2 directly binds to the Bdnf gene to regulate its transcription and that 

Mecp2 null mice exhibit decreased levels of Bdnf (8, 126–128). These molecular findings have 

led to in vivo preclinical studies showing the beneficial effects of modulating BDNF levels and 

activity in Mecp2 mutant mice, including genetic BDNF overexpression, pharmacological 

stimulation of neuronal activity to indirectly increase BDNF levels, and activation of the BDNF 

receptor tropomyosin receptor kinase B (Trkb) (127–130).  

 

With the poor ability of BNDF in crossing the blood brain barrier (BBB), another growth factor of 

interest is insulin-like growth factor 1 (IGF-1). IGF-1 has the capacity to cross the BBB and plays 

a role in enhancing synaptic neurotransmission (131, 132). Thus, several forms of IGF-1 peptides 

have been investigated in Mecp2 mutant mice and shown efficacy in correcting abnormal 

neuronal and synaptic architecture and plasticity as well as behavioral phenotypes such as in 

extending survival and reversing deficits in locomotor activity and respiratory function (133, 134). 
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One report, however, raised caution in IGF-1 treatments with the findings that high doses of full-

length IGF-1 worsened neurological and metabolic phenotypes in Mecp2 null mice, suggesting 

that a narrow therapeutic exists with this strategy (135). Nonetheless, these studies demonstrate 

that BDNF and IGF are attractive therapeutic targets as well as implicate normalization of reduced 

or altered neuronal activity as a treatment option. 

 

Several studies have already explored this treatment option in regards to synaptic 

neurotransmission and plasticity with focus on neurotransmitter systems. Concerning the 

maintenance of the excitatory and inhibitory balance by the glutamatergic and γ-Aminobutyric 

acid (GABA)-ergic systems, reports have demonstrated the efficacy of targeting the glutamate 

receptors, ionotropic glutamate receptor N-methyl-D-aspartate (NMDA) and metabotropic 

glutamate receptor (mGlu, discussed in detail below), which are both reduced in RTT human 

and/or mouse samples (67, 68, 124, 136, 137). NMDA receptor inhibition with memantine or 

ketamine restored synaptic function and plasticity in Mecp2 null mice, specifically forebrain 

hypofunction and LTP at the Schaffer collateral (SC)-CA1 synapse in the hippocampus (138–

140). Moreover, acute or chronic treatment of low-dose ketamine reversed or delayed behavioral 

deficits, in particular stereotypic behavior and abnormal sensorimotor gating and breathing in 

Mecp2 null animals (139, 140). Parallel investigations that increase the activity of several 

subtypes of the mGlu receptors also reversed impaired SC-CA1 LTP and long-term depression 

(LTD) and various phenotypic domains encompassing motor, social, cognitive and respiratory 

function of Mecp2 null mice (124, 136, 137). Another neurotransmitter system of interest involve 

the monoamine neurotransmitters given evidence of monoamine reduction in RTT human and 

mice (77, 141, 142). Studies that pharmacologically manipulate monoamine transporters, 

including inhibition of norepinephrine reuptake by desipramine, noradrenergic and serotonergic 

receptors by mirtazapine, and serotonergic and dopaminergic receptors by sarizotan restored 

normal respiratory function in Mecp2 mutant animals (143–146).  
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These preclinical evaluations of possible therapeutic targets for RTT have translated to clinical 

investigations. Some studies demonstrated safety and efficacy in RTT patients, while others 

reported the development of adverse side effects and/or showed no improvements in symptoms 

(46, 147, 148). In a Phase I clinical trial, glatiramer acetate, which enhances BDNF levels, 

unfortunately caused severe adverse events with RTT patients developing apneas and seizures, 

leading to early termination of the trial (149). A similar compound, Fingolimod that has shown 

efficacy in multiple sclerosis patients was used in RTT patients, where it was deemed safe yet 

lacking efficacy (150). Two promising candidates in the area of growth factors with safe profiles 

are the recombinant human IGF-1 (rhIGF-1) mecasermin and IGF-1 tripeptide analog trofinetide 

(151–153). Phase II trials indicated that rhIGF-1 treatment did not improve RTT symptoms, 

whereas trofinetide significantly did at the highest dose, which has prompted a Phase 3 clinical 

trial by Acadia Pharmaceuticals (ClinicalTrials.gov, number NCT04181723) (152–155).  

 

Targeting the monoaminergic neurotransmitter systems, two drugs, sarizotan and desipramine, 

have been evaluated in RTT patients for correction of breathing abnormalities. Unfortunately, the 

clinical trial using sarizotan was terminated early due to lack of efficacy (ClinicalTrials.gov, number 

NCT02790034). Desipramine treatment also did not significantly improve breathing function, 

although it was noted that a positive correlation existed between desipramine levels and 

improvement of apneas and hypopneas (e.g. shallow breathing), warranting further studies 

targeting the noradrenergic pathway (156). Drugs that target the glutamate neurotransmitter 

system, including dextromethorphan and ketamine, which are both NMDA receptor antagonists 

appear to be more favorable. The initial trial with dextromethorphan lacked a placebo control and 

did not affect the primary endpoint of EEG spike activity, but showed efficacy in reducing seizure 

frequency and hyperactivity and improving cognitive behavior (157). This study is promising given 

that ketamine is currently being investigated in RTT patients (ClinicalTrials.gov, number 
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NCT03633058). Overall, several candidates show potential in alleviating clinical phenotypes in 

RTT, and these studies have enhanced our understanding of the disease. 

 

1.1.3 MECP2 Duplication syndrome (MDS) 

MDS is a much rarer neurodevelopmental disorder than RTT accounting for approximately 1 in 

100,000 live births of males and 1-2% of intellectual disability in males (158, 159). Contrary to 

RTT, MDS is associated with increased expression of MeCP2 due to either duplication or 

triplication of the MECP2 gene (160). Moreover, MDS is of maternal origin and the majority of the 

cases are inherited; due to its X chromosome location, more than 90% of symptomatic MDS 

patients are males (160). Females are also affected, presenting with neuropsychiatric symptoms 

such as anxiety and depression (161). However, due to favorable XCI skewing (near 100%), 

severity especially relating to intellectual disability is comparably reduced in female patients (161–

163). Male MDS patients exhibit infantile hypotonia, developmental delay that spans motor, 

cognitive and social abilities, and seizures, which are analogous to RTT and other ASDs (21, 

160). Interestingly, MDS patients also undergo developmental regression similar to RTT, with the 

average age of onset between 3-5 years old (164). Recent studies have demonstrated that this 

regression mostly encompasses loss of functional skills, such as motor and communication skills, 

and is also associated with the likelihood and onset of epilepsy (164–166). Furthermore, clinical 

severity is positively correlated with age and size of the Xq28 duplication (166, 167).  

 

1.1.3.1 Mouse models of MDS 

The clinical phenotypes of MDS are recapitulated in mouse models that overexpress MeCP2 

(101, 105, 108, 168). Luikenhuis et. al. described that a Tau-Mecp2 transgene expression in wild-

type mice caused a 4-6 fold increase in MeCP2 expression and led to abnormal phenotypes that 

were restricted to animals with homozygous expression of the transgene (101). In particular, these 

mice overexpress MeCP2 only in neurons and displayed reduced body weight and motor 
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abnormalities such as ataxic gait, which was also later observed in mice overexpressing MeCP2 

in forebrain neurons (107). These detrimental effects, including decreased survival, were also 

reported in a more recent study (94). A subsequent paper characterized the behavior of the Tau-

Mecp2 animals, which presented with impaired motor coordination, enhanced cued and 

contextual fear conditioning, impaired fear extinction learning and a recognition memory deficit 

(168). In association with the learning phenotypes, hippocampal synaptic plasticity was also 

altered, with heightened short-term plasticity in the form of paired-pulse facilitation (PPF) and 

attenuated LTP. These studies demonstrate that, similar to RTT, neuronal alteration of MeCP2 is 

sufficient to cause abnormal phenotypes.  

 

To mimic the widespread overexpression of MeCP2 in humans, a human MECP2 transgene was 

ubiquitously expressed in WT mice (105). In agreement with the Tau-Mecp2 mice, animals with 

MeCP2 overexpression exhibited progressive neurological abnormalities such as forepaw 

clasping, kyphosis and hypoactivity, and the onset of phenotypes was correlated to MeCP2 levels, 

with mice expressing a 3-fold increase presenting increase severity earlier until mortality at 3 

weeks of age. In addition, mice with a 1-fold increase in MeCP2 (MECP2Tg1) survived at least to 

20 weeks, at which phenotypes began to manifest, including reduced anxiety, aggressiveness 

and increased frequency of seizures and EEG spikes. These phenotypes were also observed in 

related mouse models of two different genetic strains that overexpressed mouse Mecp2 fused to 

the enhanced green fluorescent protein (EGFP) (108, 169). Interestingly, the delayed onset of 

phenotypes appeared to be correlated to alterations in dendritic complexity, which was increased 

in young mice, and spine density, which decreased in adult mice (169, 170). 

 

MECP2Tg1 animals also displayed abnormal enhancement in motor learning and contextual and 

cued fear conditioning, as well as increased PPF and LTP. These latter phenotypes mostly conflict 

with the behavior observed in Tau-Mecp2 mice, which could be explained by differences in animal 
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genetic strain and age, in the use of mouse versus human MeCP2, and in the ubiquitous versus 

cell-type specific overexpression of MeCP2. The effects of strain difference are somewhat 

reconciled, as MECP2Tg1 animals of mixed F1 hybrid genetic strain also exhibit enhanced motor 

learning and LTP, although again these mice overexpress human MeCP2 (171). Moreover, F1 

hybrid MeCP2-overexpressing mice display heightened anxiety, deficiencies in sociability and 

social recognition, and hypoactivity, the latter of which is conserved in all MDS mice regardless 

of genetic background, species-origin of MeCP2 and localization of MeCP2 overexpression (171, 

172). Despite the discrepancies, these studies demonstrate the detrimental morphological, 

synaptic physiological and behavioral effects of MeCP2 overexpression in preclinical models, 

providing evidence that MeCP2 dosage is critical. 

 

1.1.3.2 Therapeutic discovery and development for MDS 

The availability and validity of MDS mouse models provide opportunities to evaluate treatment 

strategies similar to those conducted with RTT animals. Although the studies are sparse, 

emerging reports excitingly show that MDS phenotypes are reversible in mice with genetic 

manipulation of MeCP2 expression (82, 94, 171) or modulation of MeCP2- and/or MDS-

associated targets (172, 173). The efficacy of increasing MeCP2 levels in RTT mice postulates 

the feasibility of the converse scenario of normalizing MeCP2 to WT levels in MDS mice. Such an 

approach was first genetically conducted in conditional MDS mice that expressed a human 

MECP2 allele  in addition to the endogenous conditional mouse Mecp2 allele (171). Removal of 

the endogenous Mecp2 allele using an inducible Cre-lox system reduced total MeCP2 levels in 

MDS mice and reversed an array of abnormal phenotypes, including deficits in locomotor activity 

and social behavior, and heightened anxiety, motor learning and LTP. A similar, more translatable 

strategy employed antisense oligonucleotides (ASOs), which bind the precursor mRNA of human 

MECP2 and reduce MeCP2 expression (171). Again, behavioral efficacy, including reduction of 

EEG spikes and seizures, was observed with ASO treatment, which is posited to be correlated to 
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the reversal of pathogenic molecular changes as interrogated with hippocampal-specific 

transcriptomic studies. 

 

A related approach to mitigate MeCP2 expression is to introduce mutant MeCP2 in MDS mice. 

One study, reported in the context of treating RTT, genetically supplemented WT mice with a 

mouse Mecp2 transgene bearing the MBD-mutation T158M (82). Despite a 1-fold increase in total 

MeCP2, mice with the Mecp2T158M transgene displayed normal behavior compared to WT animals, 

regardless of sex. A similar study was recently conducted wherein overexpression of the mutant 

MeCP2 was restricted to neuronal cells using the Tau promoter (94). In agreement with the latter 

study, male WT mice overexpressing Tau-Mecp2T158M did not exhibit overt phenotypes apart from 

a progressively worsening hindlimb clasping phenotype that manifested at 10 weeks of age. 

Interestingly, overexpression of another MBD mutation, R133C, in WT animals decreased body 

weight and exacerbated hindlimb clasping starting at 6 weeks old. These effects of Tau-

Mecp2R133C overexpression are thought to be due to the retention of DNA binding ability with the 

MeCP2 R133C mutant protein; this is supported by the similar increase in total MeCP2 levels 

between Tau-Mecp2R133C and heterozygous Tau-Mecp2 animals, which did not exhibit any 

abnormal phenotypes. Moreover, the increase in stereotypic behavior appeared to be restricted 

to overexpression of MBD mutants, as a Tau transgene expressing the NID-mutation R306C 

resulted in similar phenotypes to WT littermates despite a 4-fold increase in total MeCP2, a level 

that caused early mortality in homozygous Tau-Mecp2 mice. These studies suggest that 

disrupting MeCP2 function, but not necessarily expression, is sufficient to alleviate MDS-related 

phenotypes. Moreover, NID dysfunction in MeCP2 is preferred over diminished DNA binding 

capability in achieving these beneficial effects for MDS. 

 

The previous report presented an intriguing possibility that MDS phenotypes could be reversed 

by inhibiting the interaction of MeCP2 with NCOR complexes using small molecules. Although 
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this has not yet been investigated, it parallels other perspectives in using small molecules to 

modulate MeCP2- or MDS-related proteins. In particular, one study demonstrated that chronic 

treatment with the GABAA receptor antagonist picrotoxin (PTX) in Tau-Mecp2 animals improved 

recognition memory, motor learning and synaptic plasticity features of PPF and LTP (173). These 

results, along with studies implicating GABAergic pathways in MDS and other ASDs (72, 174), 

suggest that inhibition of GABAA receptors is a promising therapeutic strategy. It is important to 

note that PTX treatment did not amend all phenotypes in MDS mice, including associative learning 

in either cued or contextual fear conditioning and increased anxiety. Interestingly, a potential 

therapeutic strategy to modulate anxiety could be to target the corticotropin-releasing hormone 

(CRH) signaling pathway. A recent paper from Huda Zoghbi’s lab showed that Crh is upregulated 

in MDS mice and genetic knockdown of Crh ameliorated the heightened anxiety phenotype of 

MDS mice (172). This group also reported that genetic attenuation of another upregulated gene 

in MDS, Oprm1, which encodes for the G protein–coupled μ-opioid receptor MOR, reversed 

sociability and social recognition memory in MDS mice. Overall, these studies provide potential 

therapeutic targets to alleviate MDS phenotypes. 

 

1.1.4 Pitt-Hopkins syndrome (PTHS) 

The prevalence of PTHS is estimated to be even lower than MDS, with a diagnosis rate of 1 in 

225,000 to 300,000 individuals, despite similarly affecting males and females (175). This could 

be confounded by the challenge of differential diagnosing PTHS from RTT and Angelman 

syndrome (AS) given the overwhelmingly similar clinical presentation between these 

neurodevelopmental disorders. Indeed, these overlapping clinical features, including motor and 

cognitive dysfunction, breathing abnormalities and seizures (175–182), have historically led 

clinicians to diagnose PTHS patients with RTT, thereby characterizing PTHS as atypical RTT. 

However, PTHS lacks some core symptoms of RTT, especially developmental regression (45) 

and patients exhibit distinct physical characteristics such as a wide mouth, which was first 
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observed by Australian physicians David Pitt and Ian Hopkins in two unrelated patients (183). In 

an effort to assist accurate identification of PTHS patients, an international consensus of clinical 

diagnostic criteria was recently developed (175). This score-based system relies heavily on 

distinctive facial features and, if needed, it can be followed with molecular/genetic diagnosis to 

screen for mutations in the Transcription Factor 4 (TCF4) gene. Therefore, although so far TCF4 

is the only identified causative gene for PTHS, PTHS patients may be clinically diagnosed with 

the disorder but may not have pathological mutations in TCF4. 

 

4.2.1.1 Transcription Factor 4 (TCF4): Isoforms and molecular functions 

The human TCF4 gene is expressed from chromosome 18 and encodes for the class I basic helix-

loop-helix (bHLH) transcription factor TCF4, which has also been known as E2-2, immunoglobulin 

transcription factor 2 (ITF2), or SL3-3 enhancer factor 2 (SEF2) (184). These different names 

were derived from the ability of TCF4 to bind the promoters and enhancers of different genes, 

e.g. immunoglobins and the SL3-3 gene of murine leukemia virus through Ephrussi boxes (E-

box), which express the consensus sequence CACCTG. The C-terminal bHLH domain (exon 18) 

(Figure 3) also facilitates TCF4’s capacity to form homodimers or heterodimers with other HLH 

proteins (185). In particular, heterodimerization with inhibitors of DNA binding (Id) proteins, 

specifically ID2, prevent the ability of TCF4 to bind DNA (186–188). A similar DNA binding 

inhibition mechanism involves binding of the Ca2+ sensor calmodulin to TCF4’s bHLH domain 

(189). Additionally, TCF4 can heterodimerize with class II bHLH proteins, which are tissue-specific 

and require heterodimerization with other HLH proteins (190). These include the proneural 

proteins ATOH and ASCL1/MASH1 and the oligodendrocyte (OL) protein OLIG2, which are all 

important in neuronal and OL differentiation and specification (191–195). TCF4’s ability to 

dimerize and regulate transcription is impacted by the N-terminal domains, NLS and activation 

domains AD1 and AD2 (Figure 3) (196). Without the NLS domain, TCF4 must rely on 

heterodimerizing with other HLH proteins to translocate to the nucleus. Additionally, the AD1 and 
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AD2 domains modulate the transcriptional activity of TCF4 through recruitment of co-activators 

and co-repressors. For example, TCF4 can promote transcription through AD1’s activity in 

recruiting the Spt–Ada–Gcn5 acetyltransferase (SAGA) histone complex or CREB binding protein 

(CBP) (197, 198). In the same manner, AD2 binds to the histone deacetylase (HDAC) complexes 

to inhibit transcription (199). 

 

 
Figure 3: TCF4 protein and PTHS-associated mutations. Illustration of key domains in TCF4 protein, isoform B, and 

variants leading to PTHS are noted (excluding intragenic deletions and frameshift variants) based on (175). Activation 

domain (AD1, AD2), nuclear localization signal (NLS), basic helix-loop-helix domain (bHLH), C-terminus (C-term), 

*truncation mutations, ^missense mutations. 

 

The functions of TCF4 also depend on the expression of various protein isoforms. Sepp et. al. 

identified that the gene, consisting of 21 exons, leads to 18 N-terminally distinct proteins and 

additional isoforms due to alternative splicing (196). Interestingly, all isoforms include the AD2 

and bHLH domains; thus, function of the majority of the N-terminal variants is dependent on the 

presence and activity of the AD1 domain. Despite the characterization of these isoforms, only two 

TCF4 proteins have been extensively studied, correspondingly named TCF4-A and TCF4-B. 

TCF4-A lacks a large portion of the N-terminus and is missing domains AD1 and NLS, which 

reduces the ability of this isoform to activate transcription and localize to the nucleus (196, 200). 

On the other hand, TCF4-B is a longer protein, containing all major functional domains. 

Interestingly, TCF4-B with both activation domains exhibits increased in vitro transcriptional 

activity compared to a construct lacking one activation domain as well as to TCF4-A, suggesting 

a synergistic effect of these two regulatory domains (196).  
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TCF4 is a ubiquitously expressed gene and protein with high expression in the CNS (196, 201–

204). However, several studies have shown that mRNA and protein expression is dependent on 

transcript variants or protein isoforms, age and tissue (196, 201). Interestingly, although longer 

transcripts and higher molecular weight isoforms are detected, shorter variants and smaller 

isoforms are more prominent in peripheral and CNS tissues (196). In the CNS, TCF4 is expressed 

embryonically and in the fetal brain, consistent with the role of TCF4 in brain development (196, 

201, 204). Moreover, TCF4 is highly expressed in the cerebellum, cortex and subcortical regions 

such as the hippocampus, and is conserved in tissues of adult human, non-human primates and 

mice (196, 202–204). It is important to note that TCF4 levels in CNS tissues likely reduce with 

age, although this is confounded by the lack of sensitivity of antibodies and the numerous 

isoforms. A recent study utilized a GFP reporter to track TCF4, and indeed demonstrated that 

TCF4 maintains high expression only in the cerebellum throughout age (204). The authors also 

characterized TCF4 distribution in specific cell types within brain regions and discovered that, 

consistent with the proneural and OL-specific heterodimerization partners of TCF4, inhibitory and 

excitatory neurons as well as glial cells express TCF4. 

  

4.2.1.2 TCF4 mutations: Impact on function and severity 

The link between TCF4 haploinsufficiency and PTHS was not discovered until 2007 when 

independent studies associated de novo LOF or dominant-negative mutations in TCF4 and 

translocations or deletions in chromosome 18 with symptoms of facial dysmorphism, intellectual 

disability, breathing abnormalities and seizures (205–207). Functional studies have shown that 

pathological mutations impair protein stability, DNA binding ability and/or dimerization capability, 

thus altering transcriptional activity (201, 206, 208). However, as Sepp et. al. comprehensively 

described, the degree of functional loss varies and is dependent on the domain site of the mutation 

or encoded transcripts (208).  
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Intragenic deletions or translocations that lead to the abolishment of exons 10-21, which include 

the AD2 and bHLH domains, do not produce any functional transcripts, thereby causing severe 

phenotypes. This severity is also the case with indel or nonsense mutations that cause premature 

stop codons and result in loss of the bHLH region. The importance of the bHLH domain is further 

exemplified with missense mutations, which encompass the majority of the pathological TCF4 

mutations (~20%) and are clustered in the bHLH domain (178, 209). These missense mutations 

mostly affect arginine residues and impair DNA binding or destabilize TCF4, but interestingly, do 

not impact heterodimerization. The intact heterodimerization capacity can reverse the DNA-

binding and transactivation deficits of mutant TCF4. Conversely, mutant TCF4 can be dominant-

negative and inhibit the DNA-binding ability and transcription activity of its dimer pair, whether 

that is the WT TCF4 or another HLH protein (208). 

 

These functional effects of pathological TCF4 variants translate to the disease presentation and 

severity of symptoms. One study confirmed the latter observation that core features of PTHS 

manifested with bHLH disruption (209). Another report described that missense mutations, likely 

within the bHLH, were correlated with increased seizure frequency as well as breathing 

abnormalities, which have been observed to be more prevalent with and preceding epilepsy (201, 

210). On the other hand, the preservation of the C-terminal domains, such as AD2 and bHLH, led 

to only mild intellectual disability or PTHS-like phenotypes (209, 211).  

 

4.2.1.3 Tcf4 mutant mouse models 

The most frequent mouse model to study PTHS and the functions of TCF4 is the Tcf4 

haploinsufficient mouse, Tcf4+/-, which was first developed in the late 1990s to investigate the role 

of TCF4 in B-lymphocytes (185). Several additional mouse models have since been generated, 

including two that incorporated pathogenic variants within the bHLH (212–214). One of these mice 

expressed a truncated Tcf4 protein, Tcf4+/tr, to model dominant-negative function, while the other 
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bore CNS-specific Tcf4 haploinsufficiency. In the former models, one mouse expresses the most 

prevalent pathogenic TCF4 mutation, R580W (R579W in mouse, Tcf4R579W), and the other model 

has three arginine residues deleted, Tcf4Δ574 – 579. With the exception of Tcf4+/tr, these mice have 

been behaviorally characterized to phenocopy PTHS clinical symptoms including deficits in motor 

coordination and associative and spatial learning and memory, breathing abnormalities with 

increased hyperventilation frequency, and autistic-like behaviors of altered anxiety and sociability 

(212, 215, 216). Interestingly, these Tcf4 mutant mice also displayed enhanced LTP at the 

hippocampal SC-CA1 synapse. Subsequent work with Tcf4 heterozygous and Tcf4R579W animals 

showed that the heightened LTP is due to NMDA receptor hyperfunction, which could be due to 

changes in NMDA receptor subunit composition as NMDA receptor-mediated currents in CA1 

neurons of Tcf4R579W mice were sensitive to an antagonist selective for the NR2B subunit (212).  

 

One main phenotypic difference is the altered acoustic startle response (ASR) and sensorimotor 

gating, in which Kennedy et. al. observed an enhanced response to the auditory stimulus but an 

attenuated pre-pulse inhibition (PPI) phenotype in Tcf4+/- mice, whereas Thaxton et. al. detected 

the opposite behavior. These conflicting results could be due to differences in age as younger 

Tcf4 heterozygous and Tcf4R579W animals exhibited a similar pattern as Tcf4+/- mice with reduced 

sensorimotor gating. Nonetheless, the abnormal sensorimotor gating phenotype is consistent with 

the association of TCF4 variants in neuropsychiatric diseases such as schizophrenia, wherein 

patients have sensorimotor gating dysfunction (217–219). 

 

Intriguingly, several phenotypes observed in the Tcf4 mutant mice modeling haploinsufficiency 

(e.g., Tcf4+/-) or dominant-negative function (Tcf4+/tr) are also seen in mice overexpressing Tcf4 

in the CNS (220, 221). These shared phenotypes include deficits in associative learning and 

memory and sensorimotor gating and NMDA receptor hyperfunction. Additionally, Tcf4 

overexpression during brain development disrupted the organization of pyramidal cells in the 
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medial prefrontal cortex (mPFC), which is thought to be mediated by the activity of Tcf4 to 

transcriptionally activate genes involved in neuronal development (221). Overall, these studies 

highlight that, similar to the critical regulation of MeCP2 levels to maintain normal CNS function, 

control of TCF4 dosage is also important. 

 

4.2.1.4 Therapeutic discovery for PTHS 

The development of the aforementioned PTHS mouse models has provided tools to discover 

potential treatment strategies for PTHS. The numerous isoforms of TCF4 and detrimental effects 

of protein overexpression in mice present a challenge for TCF4-targeted gene therapy. However, 

a manuscript in preprint recently showed that embryonically and ubiquitously normalizing Tcf4 

levels corrected behavioral deficits in Tcf4 haploinsufficient mice, Tcf4STOP/y, such as hyperactivity, 

deficits in spatial learning and memory, and heightened anxiety (222). Moreover, to mimic a 

potential viral-mediated gene therapy approach in the clinic, Cre-expressing AAV was delivered 

through intracerebroventricular (ICV) injection in neonatal mice. Such approach increased the 

Tcf4 transcripts containing exon 10 (bHLH domain) and also reversed the behavioral 

abnormalities described above in addition to partial rescue of aberrant EEG characteristics. 

Interestingly, Tcf4 increase in specific neuronal populations only reversed some phenotypes, 

which could have implications in other treatment strategies that target other proteins or pathways. 

Nonetheless, this study demonstrates, for the first time that in vivo Tcf4 normalization exerts 

beneficial effects in PTHS model mice. 

 

To circumvent the potential challenges of TCF4-mediated gene therapy, modulation of proteins 

or pathways that contribute to the pathophysiology of PTHS could be an alternative route of 

intervention. One approach is to target transcriptional dysregulation caused by TCF4 functional 

loss as explored in a study that utilized the HDAC inhibitor, suberoylanilide hydroxamic acid 

(SAHA), which is currently approved for the treatment of T-cell lymphoma (215). SAHA corrected 
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behavioral cognitive deficits and normalized the enhanced LTP phenotype in Tcf4+/- animals. 

Similar behavioral reversal was observed with ICV administration of HDAC2-specific ASOs to 

reduce Hdac2 levels. These results suggest that perhaps targeting HDAC activity could be 

beneficial for PTHS. 

 

The previous study also reported that HDAC inhibition increased expression of the Grin2a gene, 

which expresses the NR2A subunit of the NMDA receptor, but not the Grin2b gene that encodes 

for the NR2B subunit (215). This finding is exciting in that a previous study demonstrated NMDA 

hyperfunction, possibly due to an increase in the NR2B subunit, as the basis for enhanced LTP 

phenotype in Tcf4 mutant animals (212). Moreover, the shift in NMDA receptor subunit towards 

NR2A has also been observed in RTT mice and genetic reduction and NMDA receptor 

antagonism with ketamine exerts beneficial effects in correcting RTT-like phenotypes (139, 223–

225). Given the overlapping clinical and preclinical phenotypes of RTT and PTHS, it is 

hypothesized that there is rationale to determine the effects of ketamine, which is currently under 

clinical investigation for RTT (ClinicalTrials.gov, number NCT03633058), in PTHS. Analogously, 

as described further below, another family of glutamate receptors, the metabotropic glutamate 

receptors (mGlu) are also implicated in synaptic transmission, which positions them as possible 

therapeutic targets for PTHS and other MECP2-related neurodevelopmental disorders. 

 

1.2 Metabotropic Glutamate Receptors (mGlu) 

The metabotropic glutamate (mGlu) and ionotropic glutamate (iGlu) receptors are both expressed 

throughout the CNS and bind to the neurotransmitter glutamate to regulate neurotransmission. 

Both receptor families work together in the CNS as comprehensively reviewed in (226). However, 

mGlu receptors are unique from iGlu receptors, which are ligand-gated ion channels, in that they 

are G-protein coupled receptors (GPCRs) that modulate excitatory transmission through their 

coupling with effector systems via guanosine-5'-triphosphate (GTP)-binding proteins. The eight 
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mGlu receptors (mGlu1 – mGlu8) are classified into three subgroups (Group I – III) depending on 

sequence homology, pharmacology and function (227). In short and generally, post-synaptically 

expressed Group I mGlu receptors (mGlu1 and mGlu5) mostly couple to Gq proteins to activate 

phospholipase C (PLC), resulting in calcium mobilization. mGlu2 and mGlu3 receptors are in the 

Group II subgroup, Gi/o-coupled, leading to inhibition of adenylyl cyclase (AC) activity, and 

enriched in both pre- and post-synapses of neurons. Group II mGlu receptors (mGlu4, mGlu6, 

mGlu7 and mGlu8) also modulate AC activity via Gi/o proteins but are predominantly localized in 

pre-synaptic terminals. 

 

All mGlu receptors resemble other family C GPCRs and are distinct from other GPCRs by the 

presence of a large, N-terminus extracellular domain (ECD) in addition to the conserved regions 

of the cysteine-rich domain (CRD), seven-helix transmembrane domain (TMD) and intracellular 

C-terminus tail (CTD) (Figure 4). The large ECD is also known as the Venus flytrap domain (VFD) 

or ligand-binding domain as it serves as the orthosteric binding site of ligands including the 

endogenous ligand glutamate. The region of binding for allosteric modulators is the TMD, which 

allows for subtype selectivity. Allosteric modulators have the capacity to alter the binding and/or 

activity of an orthosteric ligand. As illustrated in (227), positive allosteric modulators (PAM) 

enhance the function of the receptor, whereas negative allosteric modulators (NAM) inhibit the 

receptor. One of the first studies to characterize the activity and binding of a PAM for mGlu 

receptors utilized chimeric receptors and mutagenesis to identify TMD-specific binding regions of 

mGlu1-selective compounds, and to illustrate the effect of the PAMs in increasing the affinity of 

an agonist for the mGlu1 receptors and in enhancing the potency of these receptors (228). Since 

then, several reports have utilized similar approaches to map TMD-specific binding regions of 

PAMs and NAMs, including compounds that are selective for mGlu2 (229, 230). 
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Figure 4: Schematic of the mGlu receptor. Domains of the mGlu receptor are illustrated along with the orthosteric 

and allosteric binding sites of ligands. mGlu receptors are constitutive dimers and only one promoter is shown. 

Extracellular domain (ECD), Venus flytrap domain (VFD), cysteine-rich domain (CRD), transmembrane domain (TMD), 

c-terminus domain (CTD), ligand e.g. glutamate (yellow circle). 

 

mGlu receptors are obligate dimers, with dimerization occurring at several interfaces within the 

receptor (231). Structural and biochemical studies have shown that mGlu receptors form 

covalently linkages through cysteine residues within the extracellular CRD (232–234). Additional 

functional analyses later showed that ligand binding in a cleft between the two VFD lobes of the 

monomer induces conformational changes that determine the degree of activity (233–235). In 

particular, the VFD, normally at the resting form (“open-open”), achieves an active state upon 

ligand binding and closure of both lobes. The active state can either be “closed-open” or “closed-

closed” depending on whether one or two ligands are bound and leading to partial or full receptor 

activity, respectively. Moreover, the conformational changes at the ligand interface cause 

rearrangement of more C-terminal regions such as the TMD via the CRD, and the TMD from each 

monomer directly associates, a phenomena that does not happen at the resting state  (234, 236). 

Interestingly, a recent report highlighted that, at least in the case of mGlu2, glutamate binding only 

leads to partial activation and a PAM or Gi/o protein is needed for full activation (237). 

 



 26 

These reports have not only shown homodimerization but also heterodimerization within the mGlu 

receptor subtypes and other GPCRs (231, 238). For example, the existence of mGlu2/3 and 

mGlu2/4 heterodimers have been found in vitro and in vivo (238–241). Studies on the functional 

consequences of mGlu receptor heterodimerization are still minimal but emerging, including a 

recent study describing that mGlu2/4 receptors differentially regulate synaptic transmission in the 

mPFC (242). Thus, the discovery and functional characterization of these mGlu receptor 

heterodimer populations in native tissues are crucial as they could have potential implications for 

the development of treatments for CNS disorders. 

 

1.2.1 Group II mGlu receptors: Expression, signaling, and regulation 

The mGlu2 and mGlu3 receptor subtypes make up the Group II mGlu receptor group and are 

encoded by the GRM2 and GRM3 genes, respectively. Early characterization of these receptors 

illustrated high sequence homology (~70%) (243–245). This has presented a challenge in the 

development of pharmacological (e.g., subtype-selective orthosteric ligands and allosteric 

modulators) and biochemical (e.g., antibodies) tools. Nonetheless, several pharmacological tools 

are available (most common are listed in Table 3), which has allowed the interrogation on the role 

of mGlu2 and mGlu3 receptors in CNS disorders as further outlined below. 

 

Group II mGlu receptors are highly expressed in the CNS, with mGlu3 receptors more widely 

distributed compared to mGlu2. Both have high levels in the cortex, hippocampus and striatum, 

although this is thought to be developmentally regulated as mGlu2 levels increase after birth, and 

the opposite is true for mGlu3 (246, 247). Within the hippocampus, mGlu2 is localized within the 

terminals of mossy fibers and the perforant path, whereas mGlu3 is primarily expressed in the 

CA1 (246, 248, 249). Thus, mGlu2 is characterized as a pre-synaptic receptor, whereas mGlu3 is 

found primarily in post-synaptic neurons as well as in glia. Moreover, group II mGlu receptors are 

located in extra-synaptic sites of terminals with mGlu3 receptors at peri-synaptic sites or locations 
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near the post-synaptic density (PSD) (246). At these extra-synaptic sites, mGlu2/3 receptors are 

thought to be activated by excess glutamate release. 

 

The differences in synaptic localization between the group II mGlu receptors have implications in 

their physiological functions. As highlighted shortly above, mGlu2 and mGlu3 predominantly couple 

to Gi/o proteins. Through this coupling, mGlu2/3 receptors mediate signaling pathways associated 

with AC, specifically inhibiting the enzyme and decrease cyclic-AMP (cAMP) production. Through 

the βγ subunit, these receptors can also indirectly modulate the activity of other proteins such as 

the G-protein-gated inwardly rectifying potassium channels (GIRK) and the extracellular signal-

regulated kinase 1/2 (ERK1/2) proteins that are part of the mitogen-activated protein kinase 

(MAPK) family (250). 

 

The activity of mGlu2/3 receptors is regulated by their direct interactions with other proteins, which 

have been identified throughout the years (250–256). Many of these proteins are PSD-95/Discs-

large/ZO1 (PDZ) scaffold proteins, including protein interacting with protein kinase C (PICK), 

glutamate receptor-interacting protein (GRIP), syntenin and the Na+/H+ exchanger regulatory 

factors 1 and 2 (NHERF) proteins, which bind to a motif in the CTD of these receptors (253, 256). 

These scaffold proteins are thought to regulate the localization of mGlu2/3 receptors, while other 

proteins modulate their signaling. In particular, protein kinase A (PKA) has been shown to 

phosphorylate mGlu2 and mGlu3 at a conserved serine residue in the CTD, which prevents G-

protein coupling, thereby inhibiting the function of these receptors at pre-synaptic terminals (251, 

252). It was later shown that the PKA-mediated phosphorylation of mGlu3, but not mGlu2, can be 

dephosphorylated by protein phosphatase 2Cα (PP2Cα) (254). Another distinct regulation 

between the group II mGlu receptors is their sensitivity to GPCR kinases (GRKs) and β-arrestins. 

Again, mGlu3 but not mGlu2, was desensitized by GRK2 and GRK3 and internalized by β-arrestins 

upon agonist or glutamate binding due to a unique CTD sequence in mGlu3 (250, 257). 
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The functional consequences of these diverse regulation mechanisms are further complicated by 

the presence of splice variants. To date, additional isoforms have not been identified for mGlu2. 

However, in addition to the full-length protein, mGlu3 has four splice variants, stemming from 

intragenic deletions within the six exons. These variants, GRM3∆2, GRM3∆4, and GRM3∆2∆3, 

are due to deletions in exons 2, 4, and 2 and 3, respectively (258). Deletion of exon 2 removes 

the transcription start site, precluding the formation of a protein. GRM3∆4, on the other hand, 

encodes a truncated protein that lacks the TMD and expresses a novel C-terminal tail. The 

retention of GRM3∆4 in the membrane and expression in the human brain suggests it could have 

functional consequences, including heterodimerization with full-length mGlu3 to exert a dominant-

negative effect; this latter effect has recently been reported (259). Additionally, a report suggested 

that the expression of the GRM3∆4 variant may be altered in neuropsychiatric patients with single 

nucleotide polymorphisms (SNPs) that confer risk for disease (260). 

 

1.2.2 mGlu2/3 receptors and synaptic plasticity 

Elucidation of synaptic localization and cellular expression has allowed for the characterization of 

the distinct roles of group II mGlu receptors in modulating synaptic transmission. The predominant 

presence of mGlu2 receptors at pre-synaptic terminals suggests that it is generally involved in 

inhibition of neurotransmitter release at excitatory synapses. mGlu2 receptors have been primarily 

linked to the induction of LTD, especially at the mossy fiber-CA3 and perforant path synapses 

projecting to the dentate gyrus, CA1 and CA3 of the hippocampus (261, 262). Recent studies 

have shown that mGlu2’s role in dampening excitatory transmission is not limited to the 

hippocampus as it also induces LTD in excitatory synapses in the basal ganglia and PFC, thus 

implicating the receptor in disorders such as Parkinson’s disease and depression, respectively 

(263, 264). Specifically, use of the orthosteric agonist LY379268 caused LTD that was not 

observed in mGlu2 knockout animals (263), and antagonism using the subtype selective NAM 

VU6001966 inhibited LTD at thalamic-PFC synapses (264). The latter study on LTD in the PFC 
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has been observed previously using the mGlu2 PAM BINA, wherein mGlu2 activation blocked 

increased post-synaptic currents (265). 

 

On the other hand, mGlu3 receptors at the post-synaptic terminals modulate neuronal excitability 

and have been mostly linked to LTP induction. A recent study showed that the orthosteric agonist 

LY354740 led to an enhancement of SC-CA1 LTP (266), and a subsequent report confirmed that 

the effects of LY379268 were blocked in the presence of the mGlu3 NAM VU0650786 (267). 

However, mGlu3 is not exclusively in post-synaptic neurons as reports of mGlu3 activation, such 

as with the endogenous ligand NAAG, inhibit LTD at the perforant path-dentate gyrus synapse, 

whereas mGlu3’s inhibition reverses the NAAG-mediated LTD inhibition (268, 269). It is possible 

that the latter effects are mediated by mGlu3 expressed in glia given previous reports that NAAG 

is released only at heightened neuronal activity and is sufficient to inhibit cAMP in cultured 

astrocytes (270, 271). A recent report demonstrated that mGlu3 activation by pairing LY379268 

with the mGlu3 selective NAM VU0650786 impaired SC-CA1 LTP through its interaction with β-

adrenergic receptors within astrocytes (272). The effects of increased cAMP and impaired LTP 

were not observed in the presence of a glial toxin. Moreover, LY379268 in the presence of 

VU0650786 reversed LY379268’s disruption of contextual fear memory, a phenotype that is 

observed with β-adrenergic receptor antagonism. Therefore, these findings suggest that 

activation of astrocytic-specific mGlu3 causes cognitive dysfunction. 

 

1.2.3 Role of Group II mGlu receptors in neuropsychiatric disorders 

The utility of knockout rodent models and selective pharmacological tools have assisted in 

illuminating the significance of group II mGlu receptors in several neurological and 

neuropsychiatric disorders. Here, the following will focus primarily on the role of mGlu2/3 receptors 

in depression and schizophrenia. However, these receptors have also shown to be 

neuroprotective, especially the activity of mGlu3 receptors in glial cells, and to mediate motor 
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dysfunction in Parkinson’s disease, pain and stress (263, 273–278). Furthermore, anxiolytic 

effects of both mGlu2/3 activation and antagonism have been demonstrated (279–282), which 

complicates the use of mGlu2/3 compounds for anxiety. 

 

mGlu2/3 receptors have been implicated in depression due to recent preclinical studies using 

mGlu2/3 antagonists and subtype selective NAMs. Chaki et. al. first demonstrated that mGlu2/3 

antagonism decreased the time of immobility of animals in the forced swim test (FST) and tail 

suspension test (TST), which are both a measure of antidepressant effects (283). The effects 

observed with mGlu2/3 antagonism, including the orthosteric antagonist LY341495, is similar to 

ketamine, an NMDA receptor antagonist that exerts rapid antidepressant effects within the mPFC 

(284, 285).  

 

Many studies have begun to elucidate the mechanisms underlying the antidepressant effects of 

mGlu2/3 antagonism as well as the role of each receptor subtype. One study reported that 

LY341495’s effects in the FST were not observed in mGlu2 knockout mice, thereby suggesting 

that mGlu2 mediates antidepressant effects (286). However, several mGlu3 NAMs, including 

VU0650786 have shown efficacy in TST (287). VU0650786 was also employed to assess the 

contribution of mGlu3 in modulating LTD in the mPFC; in these studies, mGlu3 inhibition blocked 

LTD from excitatory inputs within the mPFC and from the basolateral amygdala (282, 288). These 

effects were consistent with knockdown of mGlu3 from PFC pyramidal cells, suggesting that post-

synaptic mGlu3 receptors are important for facilitating LTD in the PFC. Similar effects were 

observed in thalamocortical LTD (264). Interestingly, the mGlu2 NAM VU6001966 also inhibited 

LTD from thalamic inputs, but through a pre-synaptic mechanism. Moreover, both compounds 

independently exerted antidepressant effects in FST and TST, as well as corticosterone stress-

induced anhedonia. This set of findings suggests that both mGlu2 and mGlu3 work in concert to 
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enhance synaptic transmission to the mPFC, and thus highlight the use of mGlu2/3 antagonists for 

depression. 

 

The potential of mGlu2/3 antagonists as treatment for depression are further supported by reports 

of altered mGlu2/3 expression in the PFC of patients with major depressive disorder (289, 290). 

Interestingly, a recent paper reported on a clinical trial on the use of the group II mGlu receptor 

NAM decoglurant for depression (291). Unfortunately, decoglurant had no effect on depression 

or cognition, although it was noted that a high placebo effect was observed. Given the abundant 

efficacy of orthosteric antagonists in preclinical models, the lack of effects with the mGlu2/3 

receptor suggest that orthosteric antagonists may be more efficacious than NAMs. 

 

In contrast to the efficacy of mGlu2/3 antagonism for depression, schizophrenia is thought to 

benefit from activation of group II mGlu receptors. The relationship of mGlu2/3 receptors and 

schizophrenia is strongly substantiated by clinical data. Both receptors have been found to be 

decreased in post-mortem samples of schizophrenia patients (292, 293). Congruently, mGlu2/3 

knockout models exhibit phenotypes consistent with several of the symptom domains present in 

schizophrenia patients, which is a disorder characterized by negative, positive and cognitive 

symptoms. In a neurodevelopmental model of schizophrenia, in which prenatal stress induces 

schizophrenia-like phenotypes, mGlu2 and mGlu3 are decreased in the frontal cortex (294). Thus, 

targeting mGlu2/3 receptors has the potential to intervene at each symptom domain. 

 

Many current treatments for schizophrenia inhibit the D2 dopamine receptors to dampen the 

hyperdopaminergic condition that leads to the positive symptoms of the disease. However, these 

current regimens do not alleviate negative and cognitive symptoms. Many clinical and preclinical 

studies have demonstrated that NMDA receptor hypofunction is a hallmark of schizophrenia, 

suggesting that glutamatergic dysfunction could also contribute to the disease (295). The role of 
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mGlu2/3 receptors in schizophrenia was first shown by Moghaddam et. al., wherein treatment with 

LY345470 to activate these receptors reversed phenotypes induced by the NMDA receptor 

antagonist phencyclidine (PCP) (296). Many mGlu2/3 agonists have since shown efficacy in 

reversing phenotypes of NMDA hypofunction in model animals, which include hyperactivity, 

sensorimotor gating deficits, and working memory impairments (249, 267, 280, 297–302). The 

preclinical efficacy prompted clinical trials, specifically with the mGlu2/3 agonist LY2140023. The 

initial study held promise in treating positive and negative symptoms (301). Unfortunately, 

subsequent and larger clinical trials showed that LY2140023 lacked efficacy (303–305). 

 

The utility of mGlu2/3 knockout mice has allowed the interrogation of the contribution of each 

receptor in mediating the effects of nonselective agonists. For example, the attenuation of PCP-

induced hyperlocomotion by LY379268 was mediated by mGlu2 (298). This suggested that mGlu2 

activation may play a role in the positive symptoms of schizophrenia, and the mGlu2 PAM BINA 

showed promise in reversing hallucinogen-induced phenotypes, such as excitatory 

neurotransmission and stereotypic head-twitching induced (265). Another mGlu2 PAM, LY487379 

also reversed phenotypes of hyperlocomotion and attenuated PPI (306). A caveat to the use of 

mGlu2 PAMs are their ability to induce impairments in cognitive function, as has been shown 

previously (307). However, one study demonstrated that the mGlu2 PAM SAR218645 corrected 

episodic memory and working memory in pharmacological and genetic model mice of 

schizophrenia (308). These findings show that mGlu2 PAMs could potentially exert efficacy in 

improving all symptom domains of schizophrenia. Two clinical trials have since been conducted, 

with one trial reporting that AstraZeneca’s drug AZD8529 had no beneficial effect (309). The other 

trial using JNJ-40411813 demonstrated some cognitive efficacy (310); however, the clinical 

progression of this mGlu2 PAM has appeared to have been halted.  
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mGlu3 has garnered attention given genetic evidence from schizophrenia patients. Specifically, 

SNPs in the mGlu3 gene, GRM3, have been detected and linked to poor performance in 

prefrontocortical- and hippocampal-based tests that measure working and spatial memory (311–

316). These cognitive deficits in patients are also observed in mGlu3 knockout mice which show 

impairments in hippocampal synaptic plasticity and deficits in reference, working and spatial 

memory (317–320). The importance of mGlu3 function has also been shown in mice modeling 

schizophrenia, as mGlu2/3 agonism can reverse working memory deficits (266, 267, 296, 300), 

while the combination of mGlu2 agonism and mGlu3 antagonism does not (321). Lastly, a 

functional relationship between mGlu3 and mGlu5 has been demonstrated in the mPFC, 

specifically in how mGlu3-induced LTD requires mGlu5 activation (278, 322). This has also been 

recently observed in the hippocampus, wherein mGlu3 and mGlu5 work in concert to modulate a 

temporal-dependent form of associative learning and memory (267). These findings suggest that 

mGlu3 PAMs bear the potential to improve cognitive function. Additionally, given the 

neuroprotective role of mGlu3, it is conceivable that activation of both mGlu3 and mGlu5 could exert 

beneficial effects across all symptom domains. 

 

1.2.4 Relationship of mGlu2/3 receptors and MECP2-related disorders 

The reason for the detailed introduction on group II mGlu receptors is because of their association 

with neurodevelopmental disorders and ASD with previous preclinical studies showing that the 

antagonism of mGlu2/3 can reverse ASD-associated and Fragile X syndrome (FXS) phenotypes 

(323, 324). The potential role of mGlu2 and mGlu3 receptors in RTT is highlighted by transcriptomic 

analyses in mouse models and human samples. Several studies have shown that male Mecp2 

mutant animals display decreased mGlu2 and mGlu3 mRNA and/or protein expression (68, 121, 

123). The altered expression of these receptors is also conserved in cortical post-mortem samples 

from patients with RTT (122, 124). Mecp2 mutant animals exhibit impaired LTP and LTD at the 

hippocampal SC-CA1 synapse (69–71) as well as impairments in learning and memory tasks, 
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such as contextual fear conditioning, novel object recognition and spatial memory (70, 74, 78, 82, 

83, 97, 325). These cognitive deficits are also observed in mGlu3 knockout mice, which show 

impairments in reference, working and spatial memory (317–320). mGlu2 knockout mice also 

show attenuated hippocampal synaptic plasticity, such as LTD, albeit at different synapses (e.g. 

perforant path-CA1 or mossy fiber-CA3), which could be associated with abnormal spatial 

learning and memory observed in mGlu2/3 knockout animals (261, 262, 317, 326).  

 

With the phenotypic overlap of cognitive dysfunction between Mecp2 mutant animals and mGlu2/3 

knockout mice, it is likely that mGlu2/3 activation could reverse the deficits observed in RTT mice. 

Unfortunately, some reports have shown that mGlu2/3 activation with LY379268 did not reverse 

working memory impairments in mice, which were induced by the NMDA receptor antagonist, 

MK-801 (327). Additionally, NAAG-mediated mGlu3 activation inhibited LTP at the perforant path-

dentate gyrus synapses (269). However, several studies have demonstrated that 

pharmacological activation of mGlu2 and/or mGlu3 modulates SC-CA1 LTP and behavioral 

learning and memory (266, 267, 299, 328). In particular, mGlu2/3 receptor activation enhanced 

LTP and reversed serotonergic-dependent deficits in novel objection recognition (266, 299). On 

the other hand, mGlu3 activation has been determined to be sufficient in correcting novel object 

recognition deficits in animal models of NAGG peptidase inhibitors, as well as attenuated PCP-

induced LTP and trace fear acquisition (267, 328). These findings suggest a complex role of group 

II mGlu receptors that could be dependent on the disease, brain region or circuity, and 

pharmacological tools. Nevertheless, group II mGlu receptor modulation could potentially reverse 

phenotypes in RTT.  

 

In contrast to Mecp2 mutant animals, MeCP2-overexpressing mice exhibit abnormal 

enhancement of cognitive phenotypes, including LTP, LTD and contextual and cued fear learning 

and memory  (105, 171, 329). In this regard, mGlu2/3 antagonism would logically have beneficial 
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normalization effects. Several studies have shown that orthosteric mGlu2/3 antagonists inhibit LTD 

at different hippocampal synapses, including a report in which an antagonist attenuated the 

heightened LTD phenotype in a FXS model mouse (269, 324). However, as alluded to above, this 

approach is complicated by findings of nonspecific mGlu2/3 or mGlu3 activation, as well as mGlu2 

selective PAMs in impairing LTP and/or disrupting contextual fear memory (269, 272, 307). In 

these paradigms, the effects of mGlu2/3 or mGlu3 activation are likely due to the activity of mGlu3 

in glial cells (269, 272, 274). Interestingly, MeCP2 deficiency in glial cells exerts non-cell 

autonomous negative effects on nearby neurons; this is thought to be due to excessive glutamate 

release (38, 40, 41). Given the critical regulation of normal MeCP2 levels, MeCP2 overexpression 

in glia may also have negative influence. Thus, mGlu2/3 activation could mediate this Mecp2-

induced neurotoxicity, a previously illustrated role for mGlu2/3 agonists in protecting mouse-

derived primary striatal neurons from NMDA receptor-mediated toxicity in vitro, as well as in 

partially shielding hippocampal CA1 neurons from ischemic-induced apoptosis in vivo (273, 274). 

Further studies are needed to elucidate the physiological and behavioral impact of mGlu2/3 

modulation in the context of MeCP2 overexpression.  

 

The relationship between group II mGlu receptors and PTHS is even more complex in that 

contrasting synaptic plasticity and behavioral cognition phenotypes are observed in PTHS model 

mice. Tcf4 mutant mice exhibit enhanced LTP but deficits in associative learning and memory 

tasks (212, 215). Thus, how mGlu2/3 modulation could impact these cognitive phenotypes is 

unclear. However, TCF4 variants have been implicated in schizophrenia (218, 330, 331) and Tcf4 

haploinsufficiency causes aberrant morphological, synaptic and behavioral phenotypes related to 

the mPFC (213, 220, 221, 332, 333), a region associated with psychiatric symptoms and the 

action of mGlu2/3 modulation in alleviating neuropsychiatric-like phenotypes (264, 265, 282, 284, 

293, 322, 334). In particular, mGlu2/3 agonists have shown efficacy in reversing phenotypes in 

mice modeling NMDA receptor hypofunction, such as sensorimotor gating and hyperactivity, and 
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increased post-synaptic currents in the mPFC (249, 265, 280, 296, 297, 299, 300, 302, 335); 

these are also abnormalities observed in Tcf4 mutant animals (212, 215, 220, 222). Therefore, it 

is probable that similar modulation of mGlu2/3 receptors that are employed for neuropsychiatric 

disorders, specifically schizophrenia could exert beneficial effects in PTHS. 

 

Lastly, group II mGlu receptors have been associated with ASD-like phenotypes in addition to 

learning and memory such as anxiety, motor and social behaviors. For example, mGlu2/3 

activation normalizes motor and social deficits in mice with autism-like phenotypes; conversely, 

antagonism reverses hyperlocomotion in NMDA receptor hypofunction model mice (279–281, 

323). Interestingly, mGlu2/3 activation and antagonism both have anxiolytic effects, of which 

activation of mGlu2/3 receptors has been observed in patients (279–281, 336). Both the clinical 

population and preclinical models of MECP2-related disorders exhibit abnormalities within these 

phenotypic domains, and preclinical investigations have shown that these phenotypes are 

receptive to small molecule intervention (124, 133, 134, 136, 137, 171, 173, 215, 337). Based on 

these overall results, we hypothesize that mGlu2/3 modulation could potentially have efficacy in 

several or specific symptoms of MECP2-related disorders.  

 

1.3 Harnessing Clinical Data for Therapeutic Discovery 

Clinical data are powerful tools in translational research, particularly in defining disease etiology 

and pathophysiology, as well as therapeutic discovery and development. In regard to MECP2-

related disorders, several observational clinical trials such as natural history studies (e.g. the RTT 

Natural History Study from 2006 to 2015 (ClinicalTrials.gov, number NCT00299312) and RTT-

related disorders, including MDS (NCT02738281)), biobanking research (e.g., NCT02705677), 

and characterization of neurophysiological features (e.g., NCT03077308), have been or are 

currently being conducted. These studies all aim to understand disease manifestation and 

progression, as well as to identify potential biomarkers, and numerous reports have ranged from 
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genotype-phenotype correlations to severity and frequency of phenotypes (52, 166, 338–350). 

Although such observational studies are limited for PTHS, these published findings have also 

followed the progression of phenotypes such as epilepsy and breathing abnormalities, as well as 

presented genotype-phenotype correlations (178, 209, 210, 351, 352). 

 

The availability of these clinical data is also useful in basic scientific research and preclinical 

therapeutic drug discovery efforts. For example, the correlations between mutations and clinical 

severity provide insights into more relevant or translational animal models. The characterization 

of neurophysiological phenotypes also affords potential translational biomarkers to identify 

treatment efficacy. Furthermore, the availability of patient samples facilitates the identification of 

novel treatment options. In regard to the goals of this dissertation, data obtained from autopsy 

samples from RTT patients have led to two critical areas of study: (1) Evaluation on the impact of 

MECP2 mutations on treatment feasibility; and (2) Identification of novel treatment options for 

atypical RTT (MECP2 mutation-negative) and MECP2-related disorders using small molecules 

modulating proteins related to the disease. 

 

1.4 Dissertation Goals 

MECP2-related neurodevelopmental disorders are rare, pediatric diseases with devastating 

outcomes. The complex pathophysiology of these disorders has raised challenges in developing 

effective treatments. However, MECP2-related disorders exhibit comparable phenotypes both in 

the clinic and in preclinical animal models, which proposes the possibility that these disorders 

could be responsive to similar therapeutic strategies. Clinical and transcriptomic could provide 

insights into these mutual and potential therapeutic targets. My dissertation project will explore 

two arms of the therapeutic drug discovery efforts, genetic and pharmacological interventions, 

and employ preclinical animal models of disease and several molecular biology and in vivo 

neuropharmacology techniques to evaluate the safety and efficacy of these treatment strategies. 
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In Chapters 2 and 3, I will address the safety and efficacy of MeCP2 genetic supplementation in 

a RTT mouse model harboring a clinically prevalent MeCP2 mutation, as well as in mice modeling 

PTHS. Chapter 4 will discuss the efficacy of pharmacologically targeting the group II mGlu 

receptors, two proteins for which we have observed significant decreases in expression in autopsy 

brain samples from RTT patients, in alleviating the cognitive symptoms of RTT and MDS model 

mice. I will conclude with the potential implications of these preclinical studies and future 

directions. Overall, this dissertation aims to provide information pertinent to the clinical trajectory 

of gene therapy and potential novel therapeutics targets for MECP2-related neurodevelopmental 

disorders. 
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CHAPTER 2 

GENETIC INCREASE OF MeCP2 IN HYPOMORPHIC MUTANT RETT SYNDROME MOUSE 

MODEL 

Work presented in this chapter was published in Genes, Brain and Behavior (100). 

Summary of findings depicted in Figure 5 and detailed in Table 1. 

 

2.1. Abstract 

De novo loss-of-function mutations in methyl-CpG-binding protein 2 (MeCP2) lead to the 

neurodevelopmental disorder Rett syndrome (RTT). Despite promising results from strategies 

aimed at increasing MeCP2 levels, additional studies exploring how hypomorphic MeCP2 

mutations impact the therapeutic window are needed. Here, we investigated the consequences 

of genetically introducing a wild-type MECP2 transgene in the Mecp2 R133C mouse model of 

RTT. The MECP2 transgene reversed the majority of RTT-like phenotypes exhibited by male and 

female Mecp2 R133C mice. However, three core symptom domains were adversely affected in 

female Mecp2R133C/+ animals; these phenotypes resemble those observed in disease contexts of 

excess MeCP2. Parallel control experiments in Mecp2Null/+ mice linked these adverse effects to 

the hypomorphic R133C mutation. Collectively, these data provide evidence regarding the safety 

and efficacy of genetically overexpressing functional MeCP2 in Mecp2 R133C mice and suggest 

that personalized approaches may warrant consideration for the clinical assessment of MeCP2-

targeted therapies.  
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Figure 5: Summary of MeCP2 supplementation effects in Mecp2 mutant mice. Female Mecp2 R133C (purple ♀, 

dark purple arrow) animals exhibit less severe Rett syndrome phenotypes than male Mecp2 R133C (purple ♂, light 

purple arrow) and female Mecp2Null/+ (pink ♀ / arrow) mice. Addition of human MECP2 transgene normalizes 

phenotypes of male Mecp2 R133C and female Mecp2Null/+ animals (light blue arrow), whereas adverse effects 

mimicking MECP2 Duplication syndrome in motor, anxiety and cognition domains are observed in female Mecp2 

R133C mice (dark blue arrow). 

 

2.2. Introduction 

Rett syndrome is a rare neurodevelopmental disorder that is predominantly seen in female 

individuals and is characterized by a period of developmental regression in early childhood. 

Although it has been 20 years since the discovery of the gene causing RTT (47), therapeutic 

treatments remain elusive. The majority of RTT cases (90-95%) are due to loss-of-function (LOF) 

mutations in methyl-CpG-binding protein 2 (MECP2), a gene that is expressed from the X-

chromosome and encodes for the methyl reader protein (MeCP2). Seminal findings in preclinical 

hemizygous Mecp2 null models have described that RTT symptoms are reversible if MeCP2 

levels are restored to those of wild type mice, even after disease onset (71, 101). Several studies 

have since shown that viral delivery of human MECP2 in hemizygous and heterozygous Mecp2 

null mice can achieve similar effects in reducing symptom severity and increasing survival (93, 

112, 113, 115, 116, 119). These data support the hypothesis that restoring MeCP2 function by 

supplying the wild-type protein using gene therapy could be a viable treatment option for RTT.  
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Three primary challenges arise with assessing the value of gene therapy as a therapeutic strategy 

for RTT. First, proper brain function has remarkably precise requirements for MeCP2 dosage, as 

even 2x MeCP2 overexpression is also detrimental, and is the molecular basis of another 

neurodevelopmental disorder known as MECP2 Duplication syndrome (MDS). MDS has been 

modeled in mice and, interestingly, there are clusters of symptoms that appear to overlap with 

those in RTT models, while additional symptoms oppose those seen in RTT (105, 168). For 

example, seizures are common clinically in both disorders as well as in mouse models of the two 

diseases. In contrast, anxiety, motor coordination and learning and memory phenotypes are 

antiparallel, with deficits observed in RTT models that oppose phenotypes seen in MDS model 

mice.  

 

The second and third challenges arise from the fact that RTT patients are a heterogeneous clinical 

population, and their diversity has the potential to impact the therapeutic window. In contrast to 

the Mecp2 null mice that have traditionally been used to assess the efficacy of prospective 

therapeutics, the RTT patient population is variable in regard to symptom severity, which is 

impacted by X-chromosome inactivation (XCI) and the specific pathological MECP2 mutation. 

XCI, a random process of silencing one X-chromosome in somatic cells (353), leaves female RTT 

patients and Mecp2 heterozygous mice mosaic for the wild-type (WT) and mutant MeCP2. 

Although the majority of RTT patients display a random XCI pattern, XCI can be skewed, whereby 

the expression of the X chromosome with the mutant MECP2 allele can be expressed at 

substantially higher or lower levels compared to the WT allele. Several studies have reported 

skewed XCI in RTT patients, including familial (e.g. (53, 354)) and sporadic (e.g. (51)) cases, with 

the majority suggesting that a relationship exists between skewed XCI (i.e. favoring WT MeCP2) 

and milder disease severity. This has also been illustrated in Mecp2 heterozygous mice, whereby 

more WT MeCP2 cells leads to milder phenotypic severity (49, 355, 356).  

 



 42 

Similarly, correlations exist between each patient’s specific MECP2 mutation and symptom 

severity (357, 58, 60). Pathogenic MECP2 mutations can render the protein completely 

nonfunctional via truncation or diminished stability, or partially functional through subtle disruption 

of key domains. The latter situation creates a hypomorphic mutation, in which some critical 

functions of MeCP2 are retained, and include the most prominent pathological mutations such as 

R133C, R306C and R294X, as well as other sporadic mutations, e.g. P152A (83, 95, 98, 358). 

These retained features of MeCP2 include the ability to bind to DNA or recruit a complex of the 

co-repressors nuclear receptor co-repressor 2 (NCoR)/silencing mediator for retinoid or thyroid-

hormone receptors (SMRT) to regulate gene transcription. Thus far, the majority of preclinical 

studies regarding gene therapy have addressed the efficacy and safety of this treatment in models 

of complete LOF mutations, including T158M and R255X (74, 82, 116). With the exception of a 

study that investigated the effects of increased MeCP2 dosage in the context of the hypomorphic 

mutation R306C (95), the feasibility of such treatment for patients bearing hypomorphic mutations 

has been understudied and would provide valuable information to the field.  

 

We focused here on the hypomorphic mutation R133C, which is 1) one of the eight most common 

mutations found in patients, 2) accounts for 7% of the current patient population (57), and 3) leads 

to a mild form of RTT (58, 60, 359, 360). This mild severity is thought to be attributed to the R133C 

mutant MeCP2 protein retaining some ability to bind to DNA (91, 98). Mecp2 R133C mice have 

been previously shown to exhibit some RTT-like phenotypes, in particular increased phenotypic 

score and decreased survival, but these phenotypes are milder in comparison to Mecp2 null mice 

(98). 

 

In this current report, we further validated the Mecp2 R133C model of RTT by conducting an 

extensive behavioral phenotypic characterization of male and female mice. We then crossed MDS 

mice (MECP2Tg1/o) and Mecp2 R133C mice to introduce a human MECP2 transgene (termed 
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MECP2Tg1/o; Mecp2R133C/y or MECP2Tg1/o; Mecp2R133C/+) and demonstrate reversibility of several 

symptoms in male and female mice. Interestingly, however, we observed that female MECP2Tg1/o; 

Mecp2R133C/+ mice demonstrate some phenotypes that are similar to MDS mice, suggesting a 

potential safety risk for MeCP2 overexpression in the R133C context. In a parallel experiment, 

heterozygous Mecp2 null (Mecp2Null/+) mice with the MECP2 transgene were indistinguishable 

from WT littermates, further supporting that the MDS-like phenotypes observed in the female 

Mecp2R133C/+ mice are attributable to the hypomorphic R133C mutation. In short, we present the 

first empirical evidence demonstrating that the consequences of introducing a functional MeCP2 

in a female mouse model of RTT bearing a hypomorphic MECP2 mutation are contingent on 

mutation and symptom. 
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2.4. Materials and Methods 

Animals: All animals used in the present study were group housed with food and water given ad 

libitum and maintained on a 12 hr light/dark cycle. Animals were cared for in accordance with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals. All studies were 

approved by the Vanderbilt Institutional Animal Care and Use Committee and took place during 

the light phase. Mecp2 R133C (B6.129P2(C)-Mecp2tm6.1Bird/J, stock no. 026848) mice were 

cryorecovered and Mecp2Null/+ (B6.129P2(C)-Mecp2tm1.1Bird/J, stock no. 003890) were obtained 

from The Jackson Laboratory (Bar Harbor, ME, USA). MECP2Tg1/o mice (C57Bl6 background) 

were generously shared by Dr. Jeffrey Neul (Vanderbilt University). Experimental mice were 

obtained by crossing female Mecp2R133C/+ and male MECP2Tg1/o mice. Male and female mice were 

aged until the predicted symptomatic ages (6 weeks and 20 weeks old, respectively) for all 

experiments. Analogously, female Mecp2Null/+ were crossed with male MECP2Tg1/o mice, and 

female mice were aged to 20 weeks old for experiments. 

 

Behavioral Assays: All behavioral experiments were conducted during predicted symptomatic 

ages (6-13 weeks male mice; 20-28 weeks female mice) at the Vanderbilt Mouse Neurobehavioral 

Core. Each mouse was utilized in multiple assays and conducted in the following order: acoustic 

startle response, accelerated rotarod, open field, elevated zero maze, 3-chamber social 

preference, contextual fear conditioning, and whole-body plethysmograph; a minimum of 4 days 

elapsed between each assay. For each assay, mice were habituated to the testing room for at 

least 30 min prior to the experiment. Quantification was performed either by a researcher blinded 

to the genotype or by automated software.  

 

Hindlimb Clasping: Mice were suspended by their tail for 1 min, which was video recorded and 

analyzed by a blinded reviewer. Recording occurred every 2 weeks within a 6-week span starting 
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from 6 weeks old (male) or 20 weeks old (females). Clasping was defined as the number of 

seconds spent either clasping one or more paws, or knuckling the digits of the paw. 

 

Acoustic Startle Response and Pre-Pulse Inhibition (PPI): Mice were placed in individual acoustic 

startle chambers (Med Associates Inc, St. Albans, VT) and after a 5 min acclimation period, 

followed the testing paradigm of 61 trials previously described in (361). Mice were first presented 

with five 120 dB startle stimulus alone, which was averaged and presented as the acoustic startle 

response (in arbitrary units). Then, animals were exposed to nine rounds of pseudo-randomized 

presentations of the following trials (intertrial interval varied pseudo-randomly between 9 and 21 

sec): no stimulus, startle pulse alone (120 dB), highest pre-pulse noise alone (80 dB), and three 

varying pre-pulses (70, 75, or 80 dB; 20 msec) followed by a startle pulse (120 dB, 50 msec 

interstimulus interval). Background noise of 65 dB was presented continuously. Percent PPI was 

calculated as 100 x (mean acoustic startle response [ASR] - mean ASR in pre-pulse plus pulse 

trials) / mean ASR in startle pulse trials. 

 

Accelerated Rotarod: Mice were placed on a rotarod (Ugo Basile, Med Associates Inc, St. Albans, 

VT, USA) that accelerated from 4 to 40 rpm over 5 min with a 10 min maximum per test. Each 

animal was tested 3 times a day for 3 days with 1 hr between trials. The latency to fall was 

recorded as the time that the mice fall from the rod or time at which the mice turn with the rod 

twice. Data are presented as an average latency to fall of the 3 testing days. 

Open Field: Mice were placed in the activity chamber for 30 min and locomotor activity was 

quantified as beam breaks in the X, Y and Z axis using Activity Monitor software (Med Associates 

Inc, St. Albans, VT, USA). 

 

Elevated Zero Maze: Mice were placed on a continuous circular platform with two closed and two 

open regions for 5 min under full light conditions (~700 lux in the open regions, ~400 lux in the 
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closed regions). The time spent exploring the open regions, as well as distanced traveled in both 

open and closed regions, was quantified by ANY-maze software (Stoelting, Wood Dale, IL, USA). 

 

3-chamber Social Preference Assay: Mice were placed in a standard three-chamber apparatus 

and allowed to habituate for 5 min. The mice were then exposed to a novel mouse (stranger 1) 

and an empty cup for 7 min. Immediately after, the animals were exposed to a novel stranger 

(“novel mouse”) in addition to stranger 1 (“familiar mouse”) for 7 min. Stranger mice were of the 

same sex and strain, as well as ≤5 weeks younger as experimental mice. In between experimental 

mice, chamber placement of stranger mice and cups were switched. Time spent in the chambers 

were quantified using ANY-maze software (Stoelting, Wood Dale, IL, USA). 

 

Contextual Fear Conditioning: Mice were habituated to the room for 2 hrs on the day prior to fear 

conditioning and for 1 hr before conditioning and contextual testing. On conditioning day, mice 

were placed into an operant chamber with a shock grid (Med Associates Inc, St. Albans, VT, USA) 

in the presence of a 10% vanilla odor cue. Following a 3 min habituation period, mice were 

exposed to two mild (0.7 mA) 1 sec foot shocks spaced 30 sec apart that were preceded by a 

tone. Mice remained in the context for an additional 30 sec after the second foot shock. On test 

day, 24 hrs after conditioning, mice were placed back into the same operant chamber with a 10% 

vanilla odor cue for 5 min, and the percentage of time spent freezing was measured by Video 

Freeze software (Med Associates Inc, St. Albans, VT, USA). Due to high baseline freezing (pre-

tone shock), the freezing percentage on the contextual test day was subtracted by the baseline 

freezing on conditioning day. 

 

Whole Body Plethysmography (WBP): Unrestrained mice were placed in a WBP recording 

chamber (Buxco, two-site system, DSI, New Brighton, MN, USA) with a continuous inflow of air 

(1 liter/min). After a habituation period of 1 hr, respiratory measurements were made for 30 min. 
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Analysis was performed using FinePointe ResearchSuite (version 2.3.1.9). Apneas, defined as 

pauses spanning twice the average expiratory time of the previous 2 min, were quantified using 

the FinePointe apnea software patch. Only points of motion-free recording were analyzed. 

Periods of movement were removed (i) automatically by the FinePointe apnea software, (ii) 

manually by identifying points where the D-chamber volume exceeded the normal breath range, 

and (iii) at points where the researcher was present during the recording noted activity. 

 

Total Protein Preparation: The cortex, cerebellum and hippocampus were microdissected from 

naïve 6-week male and 20-week female mice that were of separate cohorts from the mice that 

underwent behavior to avoid changes in gene expression that may occur after behavioral testing. 

Total protein was prepared as previously described in (362). Briefly, tissue samples were 

homogenized using a hand-held motorized mortar and pestle in radioimmunoprecipitation assay 

buffer (RIPA) containing 10 mM Tris-HCl, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid 

(EDTA), 0.1% sodium dodecyl sulfate (SDS), 1% Triton X-100, and 1% deoxycholate (Sigma, St. 

Louis, MO, USA). After homogenization, samples were centrifuged and the supernatant was 

collected. Protein concentration was determined using a bicinchoninic acid (BCA) protein assay 

(Pierce, ThermoFisher, Waltham, MA, USA). 

 

SDS-Page and Western Blotting: As previously described in (362), 50 μg of total protein was 

electrophoretically separated using a 4-20% SDS polyacrylamide gel and transferred onto a 

nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). Membranes were blocked in Odyssey 

blocking buffer (LI-COR, Lincoln, NE, USA) for 1 hr at room temperature. Membranes were 

probed with primary antibodies overnight at 4 °C: rabbit anti-MeCP2 (1:1000, Millipore cat no. 07-

013, Burlington, MA, USA) and mouse anti-Gapdh (1:1000, ThermoFisher cat. no. MA5-15738, 

Waltham, MA, USA), followed by the fluorescent secondary antibodies: goat anti-rabbit (800 nm, 

1:5000, LI-COR, Lincoln, NE, USA) and goat anti-mouse (680 nm, 1:10,000, LI-COR, Lincoln, 
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NE, USA). Fluorescence was detected using the Odyssey (LI-COR, Lincoln, NE, USA) imaging 

system at the Vanderbilt University Medical Center Molecular Cell Biology Resource (MCBR) 

Core and then quantified using the Image Studio Lite software (LI-COR, Lincoln, NE, USA). 

Values were normalized to Gapdh and compared relative to wild-type controls.  

 

Statistical Analyses: Statistics were carried out using Prism 8 (GraphPad) and Excel (Microsoft). 

All data shown represent mean ± SEM. Statistical significance between genotypes was 

determined using mixed-effects analysis, or 1- or 2-way ANOVA with Sidak’s, Tukey’s or t-test 

post-hoc, or unpaired t-test. Sample size and statistical tests are specified in each figure legend 

with p-values represented as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 for within-

genotype comparison. 
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2.6. Results 

2.6.1. Mecp2 R133C mice exhibit RTT-like phenotypes 

Male mice harboring the R133C mutation (Mecp2R133C/y) have been previously characterized as 

exhibiting RTT-like phenotypes such as decreased survival, increased phenotypic score (an 

aggregate measurement of six parameters including general condition, breathing and hindlimb 

clasping (363)) and altered anxiety behavior compared to wild-type (WT) mice (98). To expand 

these observations to more quantitative phenotypes, we began by assessing weight deficits in 

both male and female (Mecp2R133C/+) Mecp2 R133C mice. We found that, regardless of sex, 

decreased weight was observed as early as 5 weeks old and maintained at older ages (Figure 

6A, mixed-effects analysis, male: F (1,47) = 93.09, p < 0.0001, female: F (1,66) = 26.65, p < 

0.0001). Similarly, hindlimb clasping was pronounced in male and female Mecp2 R133C mice, as 

shown in the representative images (Figure 6B). Blinded scoring of video recordings illustrated 

the increased hindlimb clasping in Mecp2 R133C mice compared to WT littermates (Figure 6B, t-

test, male: t (44) = 6.630, p < 0.0001, female: t (61) = 5.362, p < 0.0001). The clasping phenotype 

was also maintained from weeks 6-13 in male Mecp2+/y and 20-28 in female Mecp2R133C/+ animals 

(ANOVA, male: F (1,44) = 43.95, p < 0.0001, female: F (1,61) = 28.83, p < 0.0001).  
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Figure 6: RTT-like neurological phenotypes are observed in male and female Mecp2 R133C mice. (A) Attenuated 

weight across all ages (5-11 week-old males (n = 11-28 per genotype), and 5-25 week-old females, n = 14-25 per 

genotype)). (B-F) Mecp2 R133C mice exhibited hindlimb clasping (representative images shown, B), attenuated 

acoustic startle response to a 120dB stimulus (C), decreased latency to fall on an accelerated rotarod (D), normal 

spontaneous locomotor activity in the open field task (E), and increased time spent in the open arms of an elevated 

zero maze (F). n = 15-33 per genotype in males, n = 18-32 per genotype in females. Mixed-effects analysis with Sidak’s 

post-hoc test, or unpaired t-test. *within-genotype comparison. *p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. WT 

= filled or patterned black bars or closed or open black circles. Mecp2 R133C = filled or patterned purple bars or closed 

or open purple triangles. Male = filled, closed. Female = patterned, open. 

 

We then conducted a behavioral battery that incorporates evaluation of a series of phenotypes 

that have been reported to be abnormal in various mouse models of RTT (62, 72) and that we 

have used for previous studies (136, 137, 362) (Figure 7). Given the prior observation that  Mecp2 

R133C mice exhibited milder severity compared to Mecp2 null mice (98), these studies used 6-

12 week-old male and 20-26 week-old female mice. This battery tested for the following 
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behaviors: acoustic startle response, motor coordination, spontaneous locomotor activity, anxiety, 

social behavior and social recognition/preference, contextual fear conditioning, and breathing 

abnormalities. As assessments of sensorimotor gating, we evaluated the acoustic startle 

response as well as pre-pulse inhibition (PPI). Both sexes of Mecp2 R133C mice exhibited an 

attenuated acoustic startle response to a 120 decibel (dB) stimulus (Figure 6C, t-test, male: t ( 

41) = 5.287, p < 0.0001, female: t (36) = 4.326, p < 0.001). However, no difference in percentage 

of PPI was observed in male or female Mecp2 R133C mice compared to WT littermates (ANOVA, 

male: F (1,41) = 1.226, p > 0.05, female: F (1,35)  =1.275, p > 0.05). These data suggest that, 

while basal startle reactivity is impaired, Mecp2 R133C mice display normal sensorimotor gating. 

 

 

Figure 7: Behavioral battery to assess phenotypes in Mecp2 R133C mice. ♀ (female), ♂ (male). 

 

We next measured performance in an accelerated rotarod to determine motor dysfunction. Both 

sexes of Mecp2 R133C mice displayed decreased average latency to fall, indicative of attenuated 

motor coordination (Figure 6D, t-test, male: t (47) = 8.055, p < 0.0001, female: t (60) = 6.345, p < 

0.0001). Given this deficit, we assessed spontaneous locomotor activity in an open field, as gross 

motor deficits could impact more subtle phenotypic measures of anxiety, cognition, and sociability. 
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We observed no locomotor activity changes in Mecp2 R133C mice compared to WT littermates 

(Figure 6E, t-test, male: t (40) = 0.7135, p > 0.05, female: t (60) = 0.8408, p > 0.05), suggesting 

that the rotarod deficit is specific to motor coordination and not gross motor function. We then 

utilized an elevated zero maze to evaluate anxiety-related behavior. Although male Mecp2R133C/y 

mice exhibited decreased total distance traveled (t-test, male: t (35) = 2.434, p < 0.05, female: t 

(60) = 1.692, p > 0.05), both male and female Mecp2 R133C mice spent more time in the open 

arms compared to the WT littermates, indicative of decreased anxiety behavior (Figure 6F, t-test, 

male: t (35) = 6.785, p < 0.0001, female: t (60) = 3.821, p < 0.001).  

 

To evaluate social behavior as well as learning and memory phenotypes, we utilized a 3-chamber 

discrimination task. In this assay, both Mecp2R133C/+ and Mecp2R133C/y mice were comparable to 

sex-matched WT littermates, spending more time with the stranger mouse (“stranger 1”) over an 

inanimate object (in this case, an empty cup) (ANOVA, male: F (2,70) = 257.0, p < 0.0001, female: 

F (2,96) = 179.9, p < 0.0001), which suggests normal sociability. However, when presented with 

a novel mouse (“novel”) in addition to the familiar mouse (“familiar”) from the sociability phase, 

both sexes of Mecp2 R133C mice failed to demonstrate the same preference for the novel 

stranger as littermates, spending equal time with both stranger mice (Figure 8A, ANOVA, male: 

F (2,68) = 108.8, p < 0.0001 (Mecp2+/y), p > 0.05 (Mecp2R133C/y), female: F (2,96) = 135.3, p < 

0.05 (Mecp2+/+), p > 0.05 (Mecp2R133C/+)). This result is indicative of a deficit in social preference 

and/or impaired social memory.  

 

We further assessed learning and memory using a contextual fear conditioning test, which 

measures freezing to a previously aversive stimulus as a proxy of memory. On day 1, the mice 

were trained to associate their environment with a mild foot shock. Irrespective of genotype, male 

and female mice responded to the aversive stimulus (ANOVA, male: F (2,70) = 34.37, p < 0.0001, 

female: F (2,110) = 138.8, p < 0.0001), suggesting normal sensory and short-term memory 
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acquisition. To evaluate the long-term memory component, mice were placed back in the same 

context 24 hours after shock administration (training day), and only male Mecp2R133C/y mice 

exhibited decreased freezing behavior (Figure 8B, t-test, male: t (35) = 2.465, p < 0.05, female: t 

(55) = 0.9306, p > 0.05). In contrast, female Mecp2R133C/+ mice showed contextual freezing at 

levels comparable to littermate controls. 

 

 

Figure 8: Male and female Mecp2 R133C mice exhibit differential phenotypes in social preference, contextual 

fear conditioning, and respiratory function. (A) Contrary to WT littermates that spend more time with novel (pink) 
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than familiar (white) mice in a 3-chamber social preference task, Mecp2 R133C mice did not show preference for the 

novel mouse. (B) Only male Mecp2R133C/y displayed decreased percent freezing in contextual fear conditioning 24 hours 

after training. (C-D) Increased apneas were observed in Mecp2 R133C mice, both quantitatively and qualitatively as 

shown in representative whole-body plethysmography traces. (E-G) Mecp2 R133C mice exhibited normal respiratory 

parameters for breathing frequency, inspiratory time and expiratory time. n = 13-29 per genotype in males, n = 21-30 

per genotype in females. 2-way ANOVA with t-test post-hoc, or unpaired t-test. *within-genotype comparison. ns (not 

significant), *p < 0.05, **p < 0.01, ****p < 0.0001. WT = filled or patterned black bars. Mecp2 R133C = filled or patterned 

purple bars. Male = filled, closed. Female = patterned, open. 

 

Lastly, we investigated the presence of breathing abnormalities, particularly apneas, which are 

observed in RTT mouse models and patients. Apneas, characterized as “breath-holding” or 

hypoventilation, are preceded by periods of hyperventilation (364) and can be quantified using 

whole-body plethysmography. We observed that both male and female Mecp2 R133C mice 

exhibited apneas (Figure 8C-D, t-test, male: t (42) = 3.067, p < 0.01, female: t (51) = 3.108, p < 

0.01) without significant changes in other breathing parameters such as frequency and times of 

inspiration or expiration (Figure 8E-G, t-test, all p > 0.05, male: t (42) = 0.5755 (breathing 

frequency), t (42) = 0.04122 (inspiration time), t (42) = 0.1622 (expiration time), female: t (51) = 

0.1999 (breathing frequency), t (51) = 1.253 (inspiration time), t (51) = 0.5968 (expiration time)).  

 

2.6.2. MeCP2 protein expression in Mecp2 R133C mice with and without MECP2 

transgene is brain region- specific 

The milder phenotypes in Mecp2 R133C mice and RTT patients have been linked to some 

preserved MeCP2 expression and function, as had been previously characterized both in vitro 

and ex vivo (91, 98, 365). Therefore, we hypothesized that the mutant MeCP2 protein is stably 

expressed in Mecp2 R133C mice. Using Western blotting, we detected both WT MeCP2 and 

GFP-tagged R133C MeCP2. Interestingly, in male Mecp2R133C/y mice, the total level of MeCP2 

protein was dependent on the brain region, with unchanged expression in the cortex and 
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cerebellum, but decreased in the hippocampus compared to WT littermates (Figure 9A, t-test, t 

(8) = 0.4178, p > 0.05 (cortex), t (9) = 2.330, p > 0.05 (cerebellum), t (10) = 2.966, p < 0.05 

(hippocampus)). In female Mecp2R133C/+ mice, we quantified WT and mutant MeCP2, and 

observed that total MeCP2 expression was similar to WT littermates regardless of brain region 

(Figure 9B, t-test, all p > 0.05, t (10) = 1.456 (cortex), t (9) = 0.1474 (cerebellum), t (10) = 1.700 

(hippocampus)). Moreover, by comparing the relative expression of these two forms of MeCP2 in 

female mice, we also observed variability in heterogeneity both between samples and across 

brain regions, with some mice expressing more of the R133C mutant than WT MeCP2, more of 

WT MeCP2 than the R133C mutant protein, or equal amounts of both proteins. 

 

 
Figure 9: Basal MeCP2 protein expression in Mecp2 R133C mice varies by brain region in Mecp2R133C/y mice 

and is unchanged in Mecp2R133C/+ mice. (A) Total MeCP2 protein is unchanged in the cortex and cerebellum of 

Mecp2R133C/y mice but is decreased in the hippocampus. (B) Compared to WT littermates, Mecp2R133C/+ mice express 

normal total MeCP2 levels in the cortex (CTX), cerebellum (CER), and hippocampus (HPC). Total expression is a sum 

of WT and R133C mutant MeCP2 levels. n = 5-6 per genotype. Unpaired t-test. *p < 0.05. WT = filled or patterned black 

bars. Mecp2 R133C = filled or patterned purple bars. Male = filled, closed. Female = patterned, open.  

 

We posited that introduction of a WT human MECP2 transgene would further increase protein 

expression in Mecp2 R133C animals and might elicit unique effects in male versus female mice. 

To address our hypothesis, we took advantage of a well-characterized MECP2 Duplication 
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syndrome (MDS) mouse model, MECP2Tg1/o (105), which expresses a WT human MECP2 

transgene, and have now been bred to the same C57Bl6 congenic background as the R133C 

mutation(74). Similar to the approach in (74), we then bred MDS mice with Mecp2 R133C mice 

to genetically introduce the human MECP2 transgene (Figure 10). This breeding strategy led to 

our experimental mice, male MECP2Tg1/o; Mecp2R133C/y and female MECP2Tg1/o; Mecp2R133C/+ 

animals, which we compared to the following controls: Mecp2+/y or Mecp2+/+, MECP2Tg1/o and 

Mecp2R133C/y or Mecp2R133C/+. Again, we assessed MeCP2 protein expression in the cortex, 

hippocampus and cerebellum from these mice. Compared to WT littermates, total MeCP2 protein 

was increased in MDS mice, MECP2Tg1/o, regardless of sex and brain region (Figure 11, ANOVA, 

overall p-value indicated, male: F (3,18) = 7.584, p < 0.01 (cortex), F (3,19) = 7.894, p < 0.01 

(cerebellum), F (3,20) = 3.654, p < 0.05 (hippocampus), female: F (3,20) = 37.58, p < 0.0001 

(cortex), F (3,19) = 8.113, p < 0.01 (cerebellum), F (3,20) = 21.24, p < 0.0001 (hippocampus)). A 

similar observation was seen in the cortex and cerebellum of MECP2Tg1/o; Mecp2R133C/y and 

MECP2Tg1/o; Mecp2R133C/+ mice, which was not surprising given the stable expression in the Mecp2 

R133C mice alone. Interestingly, hippocampal MeCP2 expression in female MECP2Tg1/o; 

Mecp2R133C/+ mice (Figure 11F) was comparable to that of WT littermates despite Mecp2R133C/+ 

mice expressing MeCP2 protein at WT levels. Nonetheless, regardless of brain region, addition 

of the MECP2 transgene increased WT MeCP2 levels in Mecp2R133C/+ mice as indicated by a 

rightward shift in the expression of the WT protein in MECP2Tg1/o; Mecp2R133C/+ mice compared to 

that in Mecp2R133C/+ mice. Additionally, since MeCP2 protein expression was similar between 

MECP2Tg1/o and MECP2Tg1/o; Mecp2R133C/y or MECP2Tg1/o; Mecp2R133C/+ mice in most brain areas, 

we posited that the introduction of an MECP2 transgene in Mecp2 R133C mice could cause the 

development of MDS-like phenotypes.  
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Figure 10: Breeding scheme to generate Mecp2 R133C mice expressing an MECP2 transgene. Male MECP2Tg1/o 

mice (blue) were bred with female Mecp2R133C/+ (purple) animals to introduce the human MECP2 transgene and 

generate the experimental mice MECP2Tg1/o; Mecp2R133C/y and MECP2Tg1/o; Mecp2R133C/+ (green). Wild-type (gray), 

MECP2Tg1/o, and Mecp2R133C/y or Mecp2R133C/+ littermates were used as controls. 
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Figure 11: Impact of MECP2 transgene on MeCP2 protein expression in Mecp2 R133C mice.  

(A-F) Compared to WT littermates, male and female MECP2Tg1/o mice demonstrate increased MeCP2 expression in 

the cortex, cerebellum and hippocampus. Addition of the MECP2 transgene in Mecp2R133C/y and Mecp2R133C/+ mice 

increased total MeCP2 protein in the cortex and cerebellum, but not in the hippocampus. Total expression is a sum of 

WT and R133C mutant MeCP2 levels. n = 5-6 per genotype. 1-way ANOVA with Tukey's post-hoc test. Overall p-value 

indicated at the top of each graph. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. WT = black bars or circles. 

MECP2Tg1/o = blue bars or squares. Mecp2 R133C = purple bars or triangles. MECP2Tg1/o; Mecp2 R133C = green bars 

or diamonds. Male = filled or closed. Female = patterned or open.  

 

2.6.3. Phenotypic reversal in male Mecp2R133C/y mice with a wild-type MECP2 

transgene 

We first investigated the phenotypic consequences of expressing a WT MECP2 allele in the male 

global mutant R133C context mice by conducting the aforementioned behavioral battery. We 

observed reversal of Mecp2R133C/y-associated phenotypes, including the weight deficit and 
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hindlimb clasping phenotype, at all ages (Figure 12A-B, p-value indicated for MECP2Tg1/o; 

Mecp2R133C/y vs Mecp2R133C/y comparison, (weight) mixed-effects analysis, F (3,99) = 53.56, p < 

0.0001, (hindlimb clasping) ANOVA, F (3,95) = 58.71, p < 0.0001 (overall), F (3,95) = 58.71, p < 

0.0001 (at each age range). Moreover, the addition of WT MECP2 in Mecp2R133C/y mice reversed 

acoustic startle response deficiency (Figure 12C, ANOVA, F (3,89) = 14.05, p < 0.0001 

(MECP2Tg1/o; Mecp2R133C/y vs Mecp2R133C/y)), abnormal social preference (Figure 12D, ANOVA, F 

(2,160) = 200.9, p < 0.001 (MECP2Tg1/o; Mecp2R133C/y familiar mouse vs novel mouse)), and 

increased apneas (Figure 12E, ANOVA, F (3,93) = 10.56, p < 0.001 (MECP2Tg1/o; Mecp2R133C/y vs 

Mecp2R133C/y)). The effect on respiratory function was restricted to the apnea phenotype as no 

changes were observed in breathing frequency as well as inspiratory and expiratory times 

(ANOVA, all p > 0.05, F (3,93) = 0.8194 (breathing frequency), F (3,93) = 0.3889 (inspiratory 

time), F (3,93) = 0.6070 (expiratory time)).  



 60 

 
Figure 12: Wild-type MECP2 corrects abnormal behaviors observed in Mecp2R133C/y mice. (A-E) Weight deficit (n 

= 11-32 per genotype) (A), hindlimb clasping (n = 16-31 per genotype) (B), attenuated acoustic startle response (n = 

14-29 per genotype) (C), lack of social preference (n = 15-30 per genotype) (D), and increased apneas (n = 16-32 per 

genotype) (E) in Mecp2R133C/y mice were normalized in MECP2Tg1/o; Mecp2R133C/y mice. Male MECP2Tg1/o mice also 

exhibited normal behavior in these assays when compared to WT littermates. Representative hindlimb clasping and 

apnea traces are shown. Mixed-effects analysis, or 1- or 2-way ANOVA with Tukey's or t-test post-hoc. ns (not 

significant), ** p < 0.01, *** p < 0.001, **** p < 0.0001. WT = filled black bars or circles. MECP2Tg1/o = filled blue bars or 

squares. Mecp2R133C/y = filled purple bars or triangles. MECP2Tg1/o; Mecp2R133C/y = filled green bars or diamonds. 
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When comparing the phenotype of RTT and MDS mice, several phenotypes consistently present 

in a bi-directional manner. These phenotypes include anxiety, motor coordination and associative 

learning and memory in the form of contextual fear freezing (79, 105, 366, 367). We observed the 

bi-directionality of these phenotypes, in which Mecp2R133C/y mice exhibited attenuated anxiety, 

motor coordination and contextual freezing, whereas MECP2Tg1/o mice displayed contrasting 

phenotypes of increased anxiety, and abnormally enhanced performance in the accelerated 

rotarod and contextual fear conditioning tasks (Figure 13A-C, ANOVA, F (3,83) = 43.22, p < 0.01 

(Mecp2+/y vs MECP2Tg1/o), p < 0.0001 (Mecp2+/y vs Mecp2R133C/y) (anxiety), F (3,99) = 49.10, p < 

0.0001 (Mecp2+/y vs MECP2Tg1/o and Mecp2+/y vs Mecp2R133C/y) (motor coordination), F (3,80) = 

13.69, p < 0.05 (Mecp2+/y vs MECP2Tg1/o and Mecp2+/y vs Mecp2R133C/y) (contextual fear 

conditioning)). Introduction of an MECP2 transgene in the Mecp2R133C/y mice reversed these 

deficits to WT levels, which further established phenotypic reversal in male Mecp2R133C/y mice 

(Figure 13A-C, ANOVA, p-valued indicated for MECP2Tg1/o; Mecp2R133C/y vs Mecp2R133C/y 

comparison, p < 0.0001 (anxiety), p < 0.0001 (motor coordination), p < 0.01 (contextual fear 

conditioning).  

 

 

Figure 13: Bi-directionally affected phenotypes are reversed in Mecp2R133C/y mice after expression of an MECP2 

transgene. (A-C) Opposing phenotypes were observed in MECP2Tg1/o and Mecp2R133C/y mice in anxiety-related 

behavior (n = 16-32 per genotype) (A), motor coordination (n = 16-33 per genotype) (B), contextual fear learning and 
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memory (n = 13-29 per genotype) (C). Introducing the MECP2 transgene in Mecp2R133C/y mice normalized these 

phenotypes to WT levels. 1-way ANOVA with Tukey’s post-hoc test. *p < 0.05, **p < 0.01, ****p < 0.0001. WT = filled 

black bars or circles. MECP2Tg1/o = filled blue bars or squares. Mecp2R133C/y = filled purple bars or triangles. MECP2Tg1/o; 

Mecp2R133C/y = filled green bars or diamonds. 

 

2.6.4. Phenotype-specific effect in female Mecp2R133C/+ mice with wild-type MECP2 

transgene 

The beneficial effects observed with the introduction of an MECP2 transgene in male Mecp2R133C/y 

mice were anticipated, as global MeCP2 disruption would be predicted to result in increased 

severity, and consequently, a larger window before MDS-like phenotypes are observed. We next 

investigated if this reversal would also hold true in female Mecp2R133C/+ mice as they 1) are mosaic 

for mutant and wild-type MeCP2, 2) exhibit milder phenotypes than male mice, and 3) show 

normal baseline MeCP2 protein levels in the cortex, hippocampus and cerebellum (Figure 9B). 

Furthermore, the MeCP2 protein expression in MECP2Tg1/o; Mecp2R133C/+ mice was increased and 

comparable to that in MECP2Tg1/o mice in most brain regions (Figure 11D-F).  

 

General physical characteristics, specifically weight and hindlimb clasping, were similar in 

MECP2Tg1/o; Mecp2R133C/+ mice and WT littermates across age (Figure 14A-B, p-value indicated 

for MECP2Tg1/o; Mecp2R133C/+ vs Mecp2R133C/+ comparison, (weight) mixed-effects analysis, F 

(3,135) = 11.36, p < 0.01 (5, 10 and 25 weeks old), p < 0.0001 (15 and 20 weeks old), (hindlimb 

clasping) ANOVA, F (3,125) = 21.23, p < 0.0001 (overall), F (3,125) = 21.54, p < 0.001 (22-25 

weeks old), p < 0.0001 (20-23 and 24-28 weeks old)), suggesting that increasing MECP2 dosage 

corrected weight deficits and the clasping phenotype. This reversal effect with the MECP2 

transgene was also observed in the attenuated acoustic startle response and lack of social 

preference in Mecp2R133C/+ mice (Figure 14C-D, ANOVA, F (3,74) = 9.971, p < 0.0001 

(MECP2Tg1/o; Mecp2R133C/+ vs Mecp2R133C/+) (acoustic startle response), F (2,204) = 239.6, p < 
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0.01, (MECP2Tg1/o; Mecp2R133C/+ familiar mouse vs novel mouse) (social preference)). As 

illustrated in the representative traces and number of apneas, MECP2Tg1/o; Mecp2R133C/+ mice 

showed comparable apneas to WT littermates, again without changes in other breathing 

parameters (Figure 14E, ANOVA, p-value indicated for MECP2Tg1/o; Mecp2R133C/+ vs Mecp2R133C/+ 

comparison, F (3,107) = 12.67, p < 0.0001 (apnea), F (3,107) = 1.007, p > 0.05 (breathing 

frequency), F (3,107) = 1.353, p > 0.05 (inspiratory time), F (3,107) = 0.3095, p > 0.05 (expiration 

time)).  
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Figure 14: Additional wild-type MECP2 normalizes a subset of phenotypes in Mecp2R133C/+ mice. (A-E) 

MECP2Tg1/o; Mecp2R133C/+ mice exhibited similar weight (n = 14-26 per genotype) (A), hindlimb clasping behavior (n = 

26-40 per genotype) (B), acoustic startle response (n = 18-22 per genotype) (C), social preference (n = 25-31 per 

genotype) (D), and number of apneas (n = 25-33 per genotype) (E) as WT littermates, illustrating a reversal of abnormal 

phenotypes observed in Mecp2R133C/+ mice. Representative hindlimb clasping and apnea traces are shown. Mixed-

effects analysis, or 1- or 2-way ANOVA with Tukey’s or t-test post-hoc. ns (not significant), *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001. WT = patterned black bars or open circles. MECP2Tg1/o = patterned blue bars or open squares. 

Mecp2R133C/+ = patterned purple bars or open triangles. MECP2Tg1/o; Mecp2R133C/+ = patterned green bars or open 

diamonds. 
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We next evaluated the performance of MECP2Tg1/o; Mecp2R133C/+ mice in the bi-directionally 

affected symptom domains of anxiety, motor coordination and associative learning and memory. 

Similar to their male counterparts, female MECP2Tg1/o mice displayed increased anxiety, 

enhanced performance in the accelerated rotarod, and an excessive contextual fear conditioning 

response (Figure 15A-C, ANOVA, p-value indicated for Mecp2+/+ vs MECP2Tg1/o comparison, F 

(3,123) = 21.46, p < 0.05 (anxiety), F (3,125) = 38.86, p < 0.0001 (motor coordination), F (3,111) 

= 12.63, p < 0.0001 (contextual fear conditioning)). Notably, these phenotypes were also 

observed in MECP2Tg1/o; Mecp2R133C/+ mice, which although not as robust as MECP2Tg1/o mice 

alone, were significantly different from WT littermates (ANOVA, p-value indicated for Mecp2+/+ vs 

MECP2Tg1/o; Mecp2R133C/+ comparison, F (3,123) = 21.46, p < 0.05 (anxiety), F (3,125) = 38.86, p 

< 0.001 (motor coordination), F (3,111) = 12.63, p < 0.01 (contextual fear conditioning)). To 

confirm that these MDS-like phenotypes were linked to preserved function of the R133C allele, 

we applied a similar approach in introducing the MECP2 transgene in Mecp2Null/+ mice. In contrast 

to the Mecp2R133C/+ mice, MECP2Tg1/o; Mecp2Null/+ animals were not significantly different from their 

WT counterparts in all three assays (Figure 15D-F, all p > 0.05 for Mecp2+/+ vs MECP2Tg1/o; 

Mecp2Null/+ comparison, F (3,60) = 7.374 (anxiety), F (3,67) = 30.82 (motor coordination), F (3,58) 

= 21.01 (contextual fear conditioning)). Aside from the anxiety-related behavior, wherein 

MECP2Tg1/o mice did not spend less time in the open arms, MECP2Tg1/o; Mecp2Null/+ were 

significantly different from MECP2Tg1/o mice in motor coordination and contextual freezing 

(ANOVA, p-value indicated for MECP2Tg1/o vs MECP2Tg1/o; Mecp2R133C/+ comparison, F (3,60) = 

7.374, p > 0.05 (anxiety), F (3,67) = 30.82, p < 0.05 (motor coordination), F (3,58) = 21.01, p < 

0.05 (contextual fear conditioning)). Altogether, these results suggest that expression of the 

MECP2 transgene in the clinically relevant Mecp2R133C/+ genetic background may result in “MDS-

like” phenotypes, and potentially points to a narrower therapeutic window for MeCP2-targeted 

therapeutics when used with mild hypomorphic mutations. 
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Figure 15: Mecp2R133C/+ mice with additional wild-type MECP2 develop MDS-like phenotypes in anxiety, motor 

and cognitive assays. MECP2Tg1/o and Mecp2R133C/+ or Mecp2Null/+ mice exhibited contrasting phenotypes in anxiety-

related behavior (A, D), motor coordination (B, E), and contextual fear learning and memory (D, F). (A-C) MECP2Tg1/o; 

Mecp2R133C/+ mice phenocopied MECP2Tg1/o mice and significantly differed from WT littermates, with enhanced anxiety 

(A), motor coordination (B) and contextual freezing (C). n = 21-40 per genotype. (D-F) In contrast, MECP2Tg1/o; 

Mecp2Null/+ mice were indistinguishable from WT littermates and/or significantly different from MECP2Tg1/o. n = 13-19 

per genotype. 1-way ANOVA with Tukey’s post-hoc test. Ns (not significant), *p < 0.05, **p < 0.01, ***p < 0.001, ****p 

< 0.0001. WT = patterned black or grey bars or open circles. MECP2Tg1/o = patterned blue bars or open squares. 

Mecp2R133C/+ = patterned purple bars or open triangles. MECP2Tg1/o; Mecp2R133C/+ = patterned green bars or open 

diamonds. Mecp2Null/+ = patterned pink bars or open triangles. MECP2Tg1/o; Mecp2Null/+ = patterned orange bars or open 

diamonds. 
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2.7. Discussion 

In the past decade, gene therapy research for RTT has significantly increased, emerging as a 

feasible and exciting treatment option (93, 112, 113, 115, 116, 119). Most recently, a report 

described the efficacy and safety of a self-complementary AAV9 (scAAV9) encoding for the human 

MECP2 in male Mecp2 null mice and non-human primate models (119). While encouraging, the 

majority of preclinical studies regarding gene therapy for RTT have not examined safety in the 

context of mosaic females (with the notable exception of (113) and (118)). Furthermore, these 

preclinical studies do not address the impact of hypomorphic MeCP2 mutations on therapeutic 

index, except for the study by (95), which illustrated the effects of increasing MeCP2 expression 

in male mice that were hemizygous for the missense mutation R306C. It is widely accepted that 

many missense MECP2 mutations are correlative with milder clinical severity as a result of 

preserved protein function and stability. In this study, we sought to complement existing efforts to 

generate MeCP2-based therapeutics by addressing aspects of this diverse clinical landscape. 

Specifically, we asked whether a 1x increase in MeCP2 dosage from conception would rescue 

phenotypes in Mecp2R133C/y and Mecp2R133C/+ mice without evoking MDS-like adverse effects.  

 

The R133C mutation is one of most common mutations in patients but it also leads to a mild 

presentation of the disease, similar to R306C (60, 357, 359). Here, we behaviorally validated the 

Mecp2 R133C mice as a hypomorphic mutant mouse model of RTT. Both male and female Mecp2 

R133C mice exhibited RTT-like phenotypes, with the exception of a normal contextual fear 

response in female Mecp2R133C/+ mice, which differs from what is commonly observed in Mecp2Null/+ 

animals (70, 79, 124, 137, 368). This further supports the clinical observation that the R133C 

mutation is not a functional null allele, but rather is hypomorphic and conveys a milder phenotype. 

Additionally, our data are in agreement with previous reports of Mecp2 R133C and Mecp2 R306C 

mice, as well as constitutive hypomorphic Mecp2flox/y mice, which have a 50% reduction in MeCP2 

expression (72, 95, 98, 325, 369). The lack of abnormal PPI contrasted from previous findings 
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wherein enhanced PPI was observed in Mecp2tm1.1Jae heterozygous females, Mecp2flox/y mice, and 

glutamatergic- or GABAergic-specific Mecp2 knockout mice (139, 72, 325, 370). However, 

compared to these studies, which utilized older mice of different background strains, we evaluated 

PPI at 6-7 weeks of age for both male and female Mecp2 R133C mice to account for the hearing 

loss that mice of the C57Bl6 background strain begin to experience at 8 weeks of age. Therefore, 

it is possible that older Mecp2 R133C mice could exhibit altered PPI. 

 

As has been previously posited (98), the milder phenotypes seen in the Mecp2 R133C animals 

are likely attributed to partial functional loss of MeCP2. This hypothesis was supported by our 

protein expression data demonstrating that expression of the R133C allele was comparable to WT 

MeCP2 in two brain regions, cortex and cerebellum, in these mice. Interestingly, we observed a 

decrease in hippocampal MeCP2 protein expression in male Mecp2R133C/y mice that was not 

observed in female Mecp2R133C/+ mice. While mosaicism would be predicted to dilute the mutant 

allele’s aggregate impact on hippocampal MeCP2 expression, this sex-specific disconnect could 

explain the associative learning and memory phenotype that was distinct between the male and 

female Mecp2 R133C animals, where only male mice exhibited a contextual fear conditioning 

deficit. 

 

To model an optimal 1x rescue of MeCP2 protein, we genetically introduced a human MECP2 

transgene into Mecp2 R133C mice. We demonstrated that all of the abnormal phenotypes 

observed in male Mecp2R133C/y mice were reversed to that of wild-type behavior when the MECP2 

transgene was expressed, which is highly encouraging. These reversal effects support the 

conclusion that global MeCP2 mutation or loss broadens the range in which MeCP2 can be 

increased before MDS-like phenotypes emerge. Our results are similar to previous studies 

illustrating that genetically increasing MeCP2 expression in male Mecp2 R306C mice corrected 

several RTT-like phenotypes such as deficits in motor function and contextual fear learning and 
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memory (95). In addition, other MeCP2-targeting genetic strategies, such as postnatal reactivation 

of Mecp2, neuronal-specific germline introduction of Tau-Mecp2, and viral delivery of human 

MECP2 in Mecp2 null mice improved phenotypes (71, 101, 102, 112, 113, 115, 116, 119). 

Collectively, these findings support the potential use of MeCP2-targeted approaches for male RTT 

patients with the R133C mutation.  

 

To address the impact of a hypomorphic mutation in a mosaic context, which would occur in female 

patients, we evaluated the consequences of this genetic strategy in female Mecp2R133C/+ mice. 

Encouragingly, the majority of the RTT-like phenotypes in Mecp2R133C/+ mice were normalized with 

the additional MECP2 transgene. These findings are in agreement with previous reports of 

phenotypic reversal with systemic delivery of full-length MeCP2 in female Mecp2Null/+ mice, 

increased MeCP2 expression in Mecp2 T158M mice or germline introduction of human MECP2 in 

mice harboring the R255X mutation (74, 82, 113, 118). While increased expression of MECP2 was 

able to correct a number of deficits in female Mecp2 R133C mice, three phenotypes, anxiety, motor 

coordination and contextual fear conditioning, were mildly yet significantly “over-corrected”, and 

the resulting phenotypes mirrored those of MDS model animals. These data are different from a 

previous report where genetically increasing MeCP2 protein expression in female Mecp2 T158M 

or R255X mice reversed motor coordination and contextual freezing to WT behavior levels (74, 

82). Interestingly, despite lacking an anxiolytic phenotype, the female Mecp2 R255X mice were 

unaffected with addition of the MECP2 transgene. However, the R255X mutation is different from 

the R133C mutation in that no protein is produced in Mecp2 R255X mice (74). Similarly, the T158M 

mutation decreases protein expression and renders the protein nonfunctional, causing a more 

severe form of the disorder, similar to Mecp2 null animals (98). Furthermore, the motor 

coordination phenotype observed in the Mecp2R133C/+ mice with the MECP2 transgene was 

different from a previous study showing that virally-delivered MeCP2 post-symptom onset 

improved attenuated motor behavior in Mecp2Null/+ mice (113), as well as a recent report that pre-
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symptom onset delivery of viral MeCP2 did not affect motor coordination in Mecp2Null/+ mice (118). 

Nonetheless, these previous studies are all in agreement with our results showing that, in 

Mecp2Null/+ mice, addition of the MECP2 transgene reversed attenuated anxiety and performance 

in motor coordination and contextual freezing tasks to levels seen in WT littermates. Altogether, 

our data suggest that the development of MDS-like phenotypes is due to the impact that the R133C 

MeCP2 mutation has on therapeutic index.  

 

We believe that this study provides important information regarding the feasibility of increasing 

MeCP2 expression in mosaic female RTT model mice engineered to have a common hypomorphic 

mutation in MeCP2. Our findings illustrate the promise of MeCP2-targeted therapies for male and 

female RTT patients with an R133C MECP2 mutation. However, our data suggest that careful 

consideration may be required to avoid adverse effects when considering dosage of prospective 

MeCP2-based therapeutics in female R133C RTT patients, as preserved function may result in a 

narrowing of the therapeutic window. One caveat to our studies is that our genetic approach 

increases MeCP2 levels from conception, which is different from current MeCP2-targeted 

treatment strategies that deliver viral MeCP2 after disease onset. It has been hypothesized that 

post-mitotic neurons may be more forgiving with regard to the amount of MeCP2 that can be 

delivered before adverse effects present. It is unknown whether this same caveat can also be 

applied to efficacy, where post-mitotic neurons could be less responsive to a 1x increase in MeCP2 

protein. Future experiments will be required to determine if either scenario is true, and, if so, what 

impact this has on therapeutic development. In summary, this study contributes valuable safety 

data to ongoing efforts to develop MeCP2-targeted therapeutics that are both safe and effective. 

Furthermore, these studies highlight the need for similar investigations in other pathological 

hypomorphic mutations of RTT, and their inclusion in preclinical development efforts. 

 



 71 

CHAPTER 3 

GENETIC INCREASE OF MeCP2 IN PITT-HOPKINS SYNDROME MOUSE MODEL 

Summary of findings depicted in Figure 16 and detailed in Table 2. 

Supplementary tables pertaining to RNA-sequencing data are provided as external files. 

 

3.1 Abstract 

Pitt-Hopkins syndrome (PTHS) is a rare neurodevelopmental disorder caused by loss-of-function 

(LOF) mutations in the Transcription Factor 4 (TCF4) gene. Interestingly, PTHS closely resembles 

Rett syndrome (RTT), another neurodevelopmental disorder caused by LOF mutations in a 

related gene, Methyl-CpG-Binding Protein 2 (MECP2). These two disorders share molecular and 

behavioral phenotypes, including cognitive and motor dysfunction, in both the preclinical and 

clinical settings. Based upon this phenotypic/symptom overlap, and the potential clinical 

application of normalizing MECP2 gene dosage for RTT, we investigated the hypothesis that 

genetic supplementation of MeCP2 would reverse the abnormal phenotypes in PTHS model mice 

that are Tcf4 haploinsufficient, Tcf4+/-. Genetic introduction of a wild-type MECP2 transgene from 

MeCP2-overexpressing mice to Tcf4+/- mice reversed the phenotypes of Tcf4+/- animals, 

specifically hyperlocomotion, attenuated anxiety and contextual fear learning and memory deficit. 

Molecular experiments suggest that MeCP2 does not impact Tcf4 expression, suggesting a more 

complex relationship between these two proteins. Subsequent total RNA-sequencing studies 

identified creatine- and myelination-associated genes and pathways as likely explanations of the 

behavioral effects. However, creatine metabolites were unchanged in Tcf4+/- animals and reduced 

expression of myelination markers in Tcf4+/- mice were not changed with the MECP2 transgene. 

Studies are ongoing to determine the mechanism(s) underlying the behavioral reversal. Overall, 

our preclinical data suggest that the treatment strategy of increasing MeCP2 dosage could 

potentially be leveraged for PTHS. 
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Figure 16: Summary of MeCP2 supplementation effects in Tcf4 mutant mice. Addition of human MECP2 transgene 

(blue arrow) normalizes phenotypes of male Tcf4+/- animals (green arrow) in motor, anxiety and cognition domains. 

 

3.2 Introduction 

Pitt-Hopkins syndrome (PTHS) is a rare neurodevelopmental disorder that is characterized by 

autism-associated symptoms including microcephaly, intellectual disability, speech and motor 

dysfunction, breathing abnormalities, and seizures (175, 177, 178). Nearly 30 years after the 

original patient observations (183), two independent reports linked PTHS with de novo loss-of-

function (LOF) or dominant-negative mutations in Transcription Factor 4 (TCF4), a gene located 

on chromosome 18 (205, 206). The encoded class I basic helix-loop-helix (bHLH) protein or E-

protein, TCF4, imparts its transcriptional activity through homo- or hetero-dimerization with TCF4 

variants or other bHLH transcription factors (371). There are at least 18 characterized isoforms, 

which differ primarily due to the structure of the N-terminus (196). As such, TCF4 variants can 

lack all or some of the N-terminal transactivation domain (AD1) and/or the nuclear localization 

signal, which impacts the degree of transcriptional activity or subcellular localization of TCF4, 

respectively. All variants, however, contain the C-terminal bHLH domain that is functionally 

essential for the DNA-binding ability of TCF4, as well as the AD2 region that is sufficient for 

TCF4’s activity and acts in a synergistic fashion with AD1 if present. 
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Variability in TCF4 expression and function is further compounded in PTHS by the presence of 

TCF4 mutations. Although the majority of pathogenic mutations in TCF4 are located within the 

bHLH domain (201, 208), numerous mutations, such as gene deletions, have been identified 

throughout the TCF4 gene (181). Each mutation imparts varying modifications, including protein 

instability, subcellular localization alterations and functional impairments that modify homo- or 

hetero-dimerization formation and DNA-binding capability, which all ultimately affect the 

transcriptional activity of TCF4 (208, 371). The array of pathogenic mutations and consequent 

functional changes in TCF4 could, in part, influence the phenotypic diversity observed in patients 

as well as pose a challenge in treatment strategies aimed to replace the TCF4 gene or protein 

and/or enhance the function of TCF4. Regardless of this potential challenge, research efforts 

focused on genetic normalization of TCF4 expression and/or function are ongoing. These are 

supported by a study showing that a slight increase in Tcf4 levels in Tcf4+/- mice rescued 

hippocampal-dependent cognitive deficits and a recent report illustrating that post-natal increase 

of Tcf4 levels in Tcf4 mutant animals reversed similar phenotypes in addition to hyperactivity, 

heightened anxiety and EEG abnormalities (215, 222). Conversely, overexpressing Tcf4 in mice 

resulted in altered cortical development and deficits in sensorimotor gating and associative 

learning and memory in fear conditioning tasks (220, 221). While these studies suggest that 

TCF4-based replacement may be therapeutically advantageous, they also highlight a potentially 

narrow therapeutic window, and thus warrant exploration of other treatment options. 

 

In this study, we investigated the feasibility of leveraging Methyl-CpG-binding Protein 2 (MECP2)-

targeted gene therapy, which is currently being strongly explored for Rett syndrome (RTT), 

another rare neurodevelopmental disorder. Recent studies using preclinical rodent models of 

RTT, which is predominantly caused by LOF mutations in MECP2, have shown that genetic 

normalization of MeCP2 gene dosage before or after symptom onset rescues phenotypes (93, 

112, 113, 115, 116, 119). Interestingly, prior to the connection of PTHS to TCF4 variants, patients 
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were historically diagnosed with other disorders, including RTT, due to the similarity in symptoms 

(372). The clinical similarity between PTHS and RTT is also conserved in preclinical models of 

these disorders, suggesting that treatment for one could be efficacious for the other. PTHS model 

mice that are haploinsufficient for Tcf4 (Tcf4+/-) display abnormal dendritic complexity that is seen 

in Mecp2 null animals or other RTT mouse models  with compromised MeCP2 protein function or 

expression (332, 373). Such structural abnormalities translate to physiological aberrations as Tcf4 

and Mecp2 mutant mice exhibit synaptic plasticity deficiencies, including impaired long-term 

hippocampal synaptic plasticity (70, 212, 215). At the behavioral level, seizures, attenuated 

anxiety, and cognitive deficits, such as in the form of impaired fear learning and memory, are also 

observed in these disease model mice (70, 137, 212, 215, 374, 375). Notably, these shared 

characteristics of motor, anxiety and cognitive dysfunction between PTHS and RTT are 

antiparallel to those of a related disorder that has increased MeCP2 expression, MECP2 

Duplication syndrome (MDS) (105, 168).   

 

Given the overlap in symptomology between RTT and PTHS, as well as the contrasting 

phenotypes of both diseases with MDS, we explored here the hypothesis that increasing MeCP2 

expression would reverse phenotypes in Tcf4+/- animals. For genetic supplementation of MeCP2, 

we crossed Tcf4+/- and MDS model mice, MECP2Tg1/o, to congenitally introduce a wild-type 

functional MeCP2 allele into Tcf4+/- animals. The increased MeCP2 dosage reversed abnormal 

phenotypes of Tcf4+/- animals, specifically hyperlocomotion, attenuated anxiety and deficits in 

associative learning and memory. Although increasing MeCP2 levels did not influence the 

expression of Tcf4, transcriptomic studies revealed a relatively small set of differentially 

expressed genes (DEGs) and molecular pathways that were significantly altered in Tcf4+/- and 

MECP2Tg1/o; Tcf4+/- animals, in particular those that are involved in creatine production and 

myelination. Globally, however, the RNA sequencing results suggest minimal overlap between 

genes changed in the context of MeCP2 overexpression or Tcf4 loss. Given that creatine 
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deficiency has been implicated in other neurodevelopmental disorders such as RTT (376, 377) 

and that myelination defects have been previously shown as characteristics of Tcf4+/- animals 

(378), we interrogated the hypothesis that MeCP2 supplementation rescues creatine deficiency 

and hypomyelination. Here, we show that Tcf4+/- mutant animals do not have altered plasma 

creatine and creatinine metabolite composition. We did confirm reduced myelination in Tcf4+/- 

mice, but observed no effect of the MECP2 transgene. Further analysis of the RNA-sequencing 

data is ongoing to uncover potential molecular mechanisms.  

 

Overall, our data here provide proof-of-concept results that, preclinically, PTHS may be amenable 

to treatment aimed at increasing MeCP2 dosage. Additionally, the behavioral efficacy observed 

could be explained by the normalization of disrupted genes and pathways. In short, this study 

proposes that MECP2-based therapeutic strategies could be leveraged for PTHS. 
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3.4 Materials and Methods 

Animals: All animals used in the present study were group housed with food and water given ad 

libitum and maintained on a 12 hr light/dark cycle. Animals were cared for in accordance with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals. All studies were 

approved by the Vanderbilt Institutional Animal Care and Use Committee and took place during 

the light phase. Tcf4+/- mice were cryorecovered from The Jackson Laboratory (B6;129-

Tcf4tm1Zhu/J, stock no. 013598), and maintained by breeding male Tcf4+/- with female WT 

C57BL/6Jx129S F1 hybrid mice (The Jackson Laboratory, B6129SF1/J, stock no. 101043). 

MECP2Tg1/o mice (C57BL/6J background) were generously shared by Dr. Jeffrey Neul (Vanderbilt 

University). Experimental mice were obtained by crossing Tcf4+/- and MECP2Tg1/o mice. Male mice 

were aged until the predicted symptomatic age of 20 weeks old for all experiments. Mice used for 

behavioral experiments were different from those utilized for molecular assays, with the exception 

of the creatine/creatinine detection.  

 

Total Protein Extraction: The cortex, hippocampus, striatum and cerebellum were 

microdissected from naïve 20-25 week-old mice. Total protein was prepared as previously 

described in (362). Briefly, tissue samples were homogenized using a hand-held motorized mortar 

and pestle in radioimmunoprecipitation assay buffer (RIPA) containing 10 mM Tris-HCl, 150 mM 

NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.1% sodium dodecyl sulfate (SDS), 1% 

Triton X-100, and 1% deoxycholate (Sigma, St. Louis, MO, USA). After homogenization, samples 

were centrifuged and the supernatant was collected. Protein concentration was determined using 

a bicinchoninic acid (BCA) protein assay (Pierce, ThermoFisher, Waltham, MA, USA).  

 

SDS-PAGE and Western Blotting: 50 μg of total protein from the cortex, hippocampus, striatum 

and cerebellum was electrophoretically separated using a 4-20% (for MeCP2) or 12% (for Tcf4) 

SDS polyacrylamide gel and transferred onto a nitrocellulose membrane (CriterionTM Blotter, Bio-
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Rad, Hercules, CA, USA (for MeCP2)) or a PVDF membrane (iBlot2, ThermoFisher, Waltham, 

MA, USA (for Tcf4)). Membranes were blocked in TBS Odyssey blocking buffer (LI-COR) for 1 hr 

at room temperature. Membranes were blocked in TBS Odyssey blocking buffer (LI-COR, Lincoln, 

NE, USA) for 1 hr at room temperature. Membranes were probed with primary antibodies 

overnight at 4 °C: rabbit anti-MeCP2 (1:1000, Millipore cat no. 07-013, Burlington, MA, USA), 

rabbit anti-Tcf4 (1:1000, ProteinTech cat no. 22337-1-AP, Rosemont, IL, USA) and mouse anti-

Gapdh (1:1000, ThermoFisher cat. no. MA5-15738, Waltham, MA, USA), followed by the 

fluorescent secondary antibodies: goat anti-rabbit (800 nm, 1:5000, LI-COR, Lincoln, NE, USA) 

and goat anti-mouse (680 nm, 1:10,000, LI-COR, Lincoln, NE, USA). Fluorescence was detected 

using the Odyssey Infrared Imager (LI-COR, Lincoln, NE, USA) at the Vanderbilt University 

Medical Center Molecular Cell Biology Resource (MCBR) Core then quantified using the Image 

Studio Lite software (LI-COR, Lincoln, NE, USA). Values were normalized to Gapdh and 

compared relative to wild-type controls.  

 

Total RNA Extraction: The cortex, hippocampus, striatum and cerebellum were microdissected 

from naïve 20-25 week-old mice. Total RNA was prepared from tissue samples using TRIzol 

Reagent (ThermoFisher, Waltham, MA, USA) and isolated using a RNeasy Mini Kit (Qiagen, 

Hilden, Germany) in accordance with the manufacturer’s instructions. Total RNA was DNase-

treated with RNase-Free DNase Set (Qiagen, Hilden, Germany). Using one set of RNA samples 

from all the brain regions mentioned above, cDNA from 2 μg of total RNA was synthesized using 

SuperScript™ VILO™ cDNA Synthesis Kit (ThermoFisher cat no. 11754050, Waltham, MA, USA) 

for qRT-PCR analysis. A different set of RNA samples from the hippocampus and striatum were 

used for RNA-sequencing analysis. 

 

Quantitative Real-Time PCR (qRT-PCR): qRT-PCR (CFX96, Bio-Rad Hercules, CA, USA, 

equipment located at the Vanderbilt University Medical Center MCBR core) on 50 ng /9 μL cDNA 
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from the cortex, hippocampus, striatum and cerebellum was run in duplicate using PowerUp™ 

SYBR™ Green Master Mix (ThermoFisher cat no. A25742, Waltham, MA, USA) with the following 

primers (5’ to 3’): Mecp2 (exon 4, forward: ATGAGACTGTGCTCCCCATC, reverse: 

TTTTCTCACCAAGGGTGGAC, 80 bp), Tcf4 (exon 18, forward: CCCAGACCAAGCTCCTGATT, 

reverse: CATGTGATTCGCTGCGTCTC, 194 bp), Gamt (exons 1-2, forward: 

CCCTATATGCATGCGCTAG, reverse: TAATCCAGTGTTCCTCTATGGG, 124 bp) and Gapdh 

(exon 6, forward: CGACTTCAACAGCAACTCCC, reverse: GCCGTATTCATTGTCATACCAGG, 

106 bp). All primer sequences were designed using Primer3 and constructed by Sigma through 

the Vanderbilt University Medical Center MCBR core. Ct values for each sample were normalized 

to Gapdh expression and analyzed using the delta−delta Ct method as described in (137). Values 

exceeding two times the standard deviation were classified as outliers. Each value was compared 

to the average delta-Ct value acquired for wild-type controls and calculated as percent-relative to 

the average control delta-Ct. 

 

RNA-sequencing (RNA-seq) Analysis: Extracted RNA samples were sent to Genewiz (South 

Plainfield, NJ), wherein samples were quantified using Qubit 2.0 Fluorometer (Life Technologies, 

Carlsbad, CA, USA) and RNA integrity was checked using Agilent TapeStation 4200 (Agilent 

Technologies, Palo Alto, CA, USA). Further analysis, including RNA library preparation, 

sequencing, and initial bioinformatics analysis, were also conducted by Genewiz.  

 

Library Preparation with Poly A Selection: RNA sequencing libraries were prepared using the 

NEBNext Ultra RNA Library Prep Kit for Illumina following manufacturer’s instructions (NEB, 

Ipswich, MA, USA). Briefly, mRNAs were first enriched with Oligo(dT) beads. Enriched mRNAs 

were fragmented for 15 min at 94 °C. First strand and second strand cDNAs were subsequently 

synthesized. cDNA fragments were end repaired and adenylated at 3’ends, and universal 

adapters were ligated to cDNA fragments, followed by index addition and library enrichment by 



 79 

limited-cycle PCR. The sequencing libraries were validated on the Agilent TapeStation (Agilent 

Technologies, Palo Alto, CA, USA), and quantified by using Qubit 2.0 Fluorometer (Invitrogen, 

Carlsbad, CA) as well as by quantitative PCR (KAPA Biosystems, Wilmington, MA, USA).  

 

HiSeq Sequencing: The sequencing libraries were pooled and clustered on 4 lanes of a Flowcell. 

After clustering, the Flowcell was loaded on the Illumina HiSeq instrument (4000 or equivalent) 

according to manufacturer’s instructions. The samples were sequenced using a 2x150 bp Paired 

End (PE) configuration. Image analysis and base calling were conducted by the HiSeq Control 

Software (HCS). Raw sequence data (.bcl files) generated from Illumina HiSeq was converted 

into FASTQ files and de-multiplexed using Illumina's bcl2fastq 2.17 software. One mismatch was 

allowed for index sequence identification. 

 

Data Analysis: After investigating the quality of the raw data, sequence reads were trimmed to 

remove possible adapter sequences and nucleotides with poor quality using Trimmomatic v.0.36. 

The trimmed reads were mapped to the Mus musculus reference genome available on ENSEMBL 

using the STAR aligner v.2.5.2b. The STAR aligner is a splice aligner that detects splice junctions 

and incorporates them to help align the entire read sequences. BAM files were generated as a 

result of this step. Unique gene hit counts were calculated by using feature Counts from the 

Subread package v.1.5.2. Only unique reads that fell within exon regions were counted. After 

extraction of gene hit counts, the gene hit counts table was used for downstream differential 

expression analysis. Using DESeq2, a comparison of gene expression between the groups of 

samples was performed. The Wald test was used to generate p-values and Log2 fold-changes. 

Genes with adjusted p-values < 0.05 were called as differentially expressed genes for each 

comparison. Gene ontology (GO) and pathway analysis was performed on the statistically 

significant set of genes by utilizing the freely available online bioinformatics resource tools DAVID 

Functional Annotation Bioinformatics Microarray Analysis (https://david.ncifcrf.gov) and 

https://david.ncifcrf.gov/
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Reactome Pathway Database (https://reactome.org). The GO list, which includes biological 

processes (BP), cellular component (CC) and molecular function (MF), was generated along with 

a list of statistically significant pathways from the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) Pathway Database. All raw RNA-seq data will be stored at the National Institutes of 

Health Sequence Read Archive (SRA) upon publication. 

 

Behavioral Assays: All behavioral experiments were conducted from the predicted symptomatic 

age (20-26 weeks) at the Vanderbilt Mouse Neurobehavioral (MNL) Core. Each mouse was 

utilized in multiple assays and conducted in the following order: open field, elevated zero maze, 

and contextual fear conditioning; a minimum of 3 days elapsed between each assay. For each 

assay, mice were habituated to the testing room for 1 hr prior to the experiment. Quantification 

was performed either by a researcher blinded to the genotype or by automated software. 

 

Open Field: Mice were placed in an activity chamber for 1 hr and locomotor and vertical activities 

were quantified as beam breaks in the X, Y and Z axis using Activity Monitor software (Med 

Associates Inc, St. Albans, VT, USA). 

 

Elevated Zero Maze: Mice were placed on a continuous circular platform with two closed and two 

open regions for 5 min under full light conditions (~700 lux in the open regions, ~400 lux in the 

closed regions). The time spent exploring the open regions were quantified by ANY-maze 

software (Stoelting, Wood Dale, IL, USA). 

 

Contextual Fear Conditioning: Mice were habituated to the room for 1 hr before conditioning and 

each contextual testing day. On conditioning day, mice were placed into an operant chamber with 

a shock grid (Med Associates Inc, St. Albans, VT, USA) in the presence of a 10% vanilla odor 

cue. Following a 3-min habituation period, mice were exposed to one mild (0.7mA) 1 sec foot 
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shock that was preceded by a 30 sec tone. Mice remained in the context for an additional 30 sec 

after the foot shock. On test day, 24 hours after conditioning, mice were placed back into the 

same operant chamber with a 10% vanilla odor cue for 5 min, and the percentage of time spent 

freezing was measured by Video Freeze software (Med Associates Inc, St. Albans, VT, USA). A 

nociception assay was also performed by applying a series of mild foot-shocks of increasing 

intensity 20 sec apart and progressing as follows: 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 mA. 

Startle response was binarily scored (0 = no response, 1 = response) and visually quantified as 

a movement that is different from their normal exploratory motion (e.g. jump or running away). 

 

Metabolite analysis: Blood samples from isofluorane-anesthesized mice were collected by 

cardiac puncture and kept on ice until plasma samples were separated by 700xg centrifugation 

for 10 min at 4 °C. A commercial enzyme-linked immunosorbent assay (ELISA) assay kit (Abcam, 

cat no. ab65340, Cambridge, MA) was used to measure creatine and creatinine concentrations 

in accordance with manufacturer’s instructions. Fluorescence (Ex/Em = 538/587 nm) was 

measured using a Flexstation III (Molecular Devices, San Jose, CA).  

 

Statistical Analyses: Statistics were carried out using Prism 8.0 (GraphPad) and Excel 

(Microsoft). All data shown represent Mean ± SEM. Statistical significance between genotypes 

was determined using 1-way or 2-way ANOVA with Sidak’s or Tukey’s post-hoc test. Sample size 

and statistical test are specified in each figure legend or on the graph above the error bars. 
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3.6 Results 

3.6.1 Abnormal phenotypes in Tcf4+/- mice are reversed with increased MeCP2 

dosage 

Genetic supplementation of MeCP2 from conception has been previously conducted in several 

mouse models of Rett syndrome (RTT), including mice that have decreased MeCP2 protein 

expression and function, as well as mice that stably express MeCP2 yet have compromised 

protein function (74, 82, 94, 95, 99, 100). The latter context is mimicked in PTHS model mice that 

are haploinsufficient for Tcf4, Tcf4+/-, wherein MeCP2 mRNA and protein expression are 

unchanged relative to wild-type (WT) littermates across several brain regions, including the 

cortex, hippocampus, striatum and cerebellum (Figure 17). In these previous RTT studies, one 

method to increase MeCP2 levels consists of introducing a functional human MECP2 allele, which 

is expressed by the MECP2 Duplication syndrome (MDS) model mice, MECP2Tg1/o, to the mutant 

mice of interest. We utilized this method and bred MECP2Tg1/o with Tcf4+/- mice to generate 

MECP2Tg1/o; Tcf4+/- animals that express one copy each of the Tcf4 and human MECP2 alleles in 

addition to the endogenous mouse Mecp2 allele (Figure 18). Given that MeCP2 is stably 

expressed in Tcf4+/- mice, it is not surprising that, regardless of brain region, we observed an 

increase in MeCP2 mRNA and protein in MECP2Tg1/o; Tcf4+/-, animals that have the MECP2 

transgene; these mice resemble MECP2Tg1/o mice in terms of elevated MECP2 expression (Figure 

17). 
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Figure 17: Introduction of an MECP2 transgene increases MeCP2 expression in Tcf4+/- mice. (A-B) Compared to 

WT littermates (Tcf4+/+), MECP2Tg1/o and MECP2Tg1/o; Tcf4+/- mice exhibit a similar increase in MeCP2 transcript and 

protein levels in the cortex, hippocampus, striatum and cerebellum. MeCP2 expression in Tcf4+/- animals is unchanged 

relative to that of WT littermates. (C) Representative images of immunoblots for MeCP2/Mecp2 (72 kDa, red arrow) 

and Gapdh (35 kDa, black arrow). mRNA: n = 5-6 mice per genotype. Protein: n = 9-10 mice per genotype. 1-way 

ANOVA with Tukey’s post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Open circle / black bars = Tcf4+/+, 

blue squares/bars = MECP2Tg1/o, green triangles/bars = Tcf4+/-, pink diamonds/bars = MECP2Tg1/o; Tcf4+/-. 
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Figure 18: Breeding strategy to introduce the MECP2 transgene into Tcf4+/- mice. Breeding scheme to genetically 

introduce the MECP2 transgene from MECP2Tg1/o mice into Tcf4+/- animals. Male mice (20-25 weeks old) were used 

for all experiments. 

 

The increased levels of MeCP2 raised the possibility that MECP2Tg1/o; Tcf4+/- mice might develop 

MDS-like phenotypes as previously observed in RTT mice with partial loss-of-function mutations 

in MeCP2 (99, 100). Therefore, we conducted a behavioral battery (Figure 19) to assess the 

phenotypes of MECP2Tg1/o; Tcf4+/- animals, focusing on previously identified abnormal behavioral 

characteristics of various PTHS model mice. As illustrated in Figure 20A-B, Tcf4+/- mice behaved 

significantly different from WT littermates by exhibiting enhanced distance traveled in an open 

field chamber throughout the one-hour test. This hyperlocomotor activity was not observed in 

MECP2Tg1/o; Tcf4+/- animals, indicating a reversal effect of the MECP2 transgene. In this open 

field arena, vertical or rearing activity, characterized as a mouse standing on both hind paws in 

an upright posture, is also evaluated; Tcf4+/- mice displayed a significant increase in this behavior 

compared to WT littermates (Figure 20C). Rearing has been linked to anxiety-related behavior 

(379); therefore, we performed another assay of anxiety using an elevated zero maze apparatus. 

In this test, Tcf4+/- animals spent more time in the open, fully lighted regions of the maze, signifying 

attenuated anxiety (Figure 20D). In both measures of anxiety, MECP2Tg1/o; Tcf4+/- animals display 
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anxiogenic behavior compared to Tcf4+/- mice and spent a similar amount in the open arms as 

their WT counterparts, again refuting our initial hypothesis of the potential development of MDS-

like phenotypes. 

 

 
Figure 19: Behavioral battery to assess effects of the MECP2 transgene in Tcf4+/- mice. ♂ (male). 

 

Lastly, we assessed associative learning and memory using a classical Pavlovian contextual fear 

conditioning task. On training day, mice were placed in a chamber with vanilla odor (unconditioned 

stimulus) and presented with a conditioned stimulus (foot shock). Regardless of genotype, all 

mice responded to the foot shock; however, MECP2Tg1/o animals demonstrated increased freezing 

prior to and after the foot shock compared to all other genotypes. Twenty-four hours after training, 

mice were placed back in the same context (chamber with vanilla odor), and Tcf4+/- animals 

exhibited attenuated percent freezing compared to WT littermates, indicative of a deficit in 

associative learning and memory (Figure 20E). This phenotype is in contrast to MECP2Tg1/o mice, 

which displayed enhanced percent freezing. Moreover, the contextual fear conditioning deficit 

was reversed to the level of WT littermates when the MECP2 transgene was added to Tcf4+/- 

mice. These observations were not due to differences in response to the conditioned stimulus as 
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no genotypic discrepancies were seen in a nociception assay, wherein mice were presented with 

several foot shocks of increasing intensity.  

 

 

Figure 20: Increasing MeCP2 levels reverses abnormal phenotypes in Tcf4+/- mice. (A-B) Tcf4+/- mice exhibit 

hyperlocomotive activity in an open field chamber, which is maintained throughout the majority of the duration of the 

test. (C-D) Indicated by enhanced vertical activity in an open field chamber and increased time spent in the open arms 

of an elevated zero maze, Tcf4+/- mice display decreased anxiety-related behavior. (E) Compared to WT littermates, 

Tcf4+/- mice have a deficit in contextual fear learning and memory, as signified by decreased percent freezing in the 

contextual fear conditioning task. In all behavioral assays, MECP2Tg1/o; Tcf4+/- animals do not behave statistically 

different from WT littermates. n = 10-19 mice per genotype. 1- or 2-way ANOVA with Tukey’s post-hoc test. *p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001, ns (not significant). Open circle / black bars = Tcf4+/+, blue squares/bars = 

MECP2Tg1/o, green triangles/bars = Tcf4+/-, pink diamonds/bars = MECP2Tg1/o; Tcf4+/-. 
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3.6.2 Increasing MeCP2 expression does not affect Tcf4 levels yet imparts global 

transcriptomic changes 

The reversal effect of increased MeCP2 dosage in a context of normal MeCP2 protein and 

function is surprising given previous studies of adverse effects in the form of MDS-like phenotypes 

when MeCP2 is overexpressed (99, 100). However, this is encouraging from the view of PTHS 

therapeutic discovery, and we posited at least two possible underlying molecular scenarios. First, 

we hypothesized that Tcf4 is a downstream target of MeCP2, which, like Tcf4, acts a 

transcriptional regulator. We assessed mRNA expression of Tcf4 in several brain regions, 

including the cortex, hippocampus, striatum and cerebellum. As illustrated in Figure 21A, Tcf4 

transcript is decreased in Tcf4+/- animals without and with the MECP2 transgene when compared 

to WT littermates across brain regions. Additionally, Tcf4 mRNA is unchanged in MECP2Tg1/o 

mice. The numerous isoforms of Tcf4 presents a challenge in detecting protein expression. 

However, we did detect several isoforms of Tcf4 in the cerebellum, which is where Tcf4 is highly 

expressed (204), and observed similar results in that Tcf4 levels are decreased in both Tcf4+/- and 

MECP2Tg1/o; Tcf4+/- animals. These data indicate that the additional copy of MeCP2 does not 

impact Tcf4 levels and suggest that the behavioral effects observed in the MECP2Tg1/o; Tcf4+/- mice 

could perhaps be due to functional compensation rather than normalization of Tcf4 expression.  

 

To test this possibility, we performed total RNA-sequencing (RNA-seq) analysis using 

hippocampal and striatal samples from the four genotypes of interest (n = 6 per genotype per 

brain region) as these two brain regions are thought to be critically involved in the behavioral 

phenotypes observed in Tcf4+/- mice (204). In each brain region, we individually compared all 

mutant animals, MECP2Tg1/o, Tcf4+/- and MECP2Tg1/o; Tcf4/-, against the WT (Tcf4+/+) mice. RNA-

seq quality control is summarized in Supplementary Table 1. RNA-seq experiments and 

bioinformatics analysis were conducted by Genewiz. RNA extraction, mRNA enrichment and 

cDNA library preparation were performed on individual samples, and sequencing of each sample 
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was conducted with paired-end 150 base pair high-throughput sequencing using Illumina HiSEq 

4000. Following trimming of sequence reads, an average quality score of 35 was obtained in all 

samples. Over 15 million high-quality reads were obtained per sample, of which 93.3% +/- 0.5% 

were unique reads and 98.7% +/- 0.08% were mapped to the Mus musculus GRCm38 reference 

genome available on ENSEMBL (Supplementary Table 1).  

 

Using differential sequencing analysis with DESeq2, we identified 787 and 126 differentially 

expressed genes (DEGs) with false discovery rate (FDR) < 0.05 from the hippocampus and 

striatum, respectively, in Tcf4+/- animals (Figure 21B, Supplementary Table 2). In MECP2Tg1/o 

mice, the number of DEGs were slightly lower, as only 221 hippocampal and 77 striatal genes 

were altered. Regardless of genotype, the majority of these DEGs were not impacted by the 

addition of the MECP2 transgene or reduction of Tcf4 levels, as these “unchanged” genes were 

commonly disrupted in both Tcf4+/- or MECP2Tg1/o and MECP2Tg1/o; Tcf4+/- mice (Figure 22A-B). 

One exception is in the striatal DEG set for MECP2Tg1/o animals, in which half of the genes were 

unchanged or “normalized” with the Tcf4 haploinsufficiency (Figure 22B). 
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Figure 21: Increased MeCP2 dosage does not affect Tcf4 expression but elicits global transcriptomic changes. 

(A) Tcf4 mRNA expression is decreased in the cortex, hippocampus, striatum and cerebellum of Tcf4+/- and MECP2Tg1/o; 

Tcf4+/- mice. (B) Total RNA-sequencing analysis reveals unique and similar DEGs from the hippocampal and striatal 

samples of the three mutant mice assessed compared to WT animals. n = 5-6 mice per genotype. 1-way ANOVA with 

Tukey’s post-hoc test. *p < 0.05, **p < 0.01, ****p < 0.0001. Open circle / black bars = Tcf4+/+, blue squares/bars = 

MECP2Tg1/o, green triangles/bars = Tcf4+/-, pink diamonds/bars = MECP2Tg1/o; Tcf4+/-. 

 

In the Tcf4+/- mice, approximately 27% (215) and 11% (14) of the hippocampal and striatal DEGs, 

were normalized with the MECP2 transgene (Figure 22A, Supplementary Table 3). In the 

hippocampus, the normalized DEGs were evenly distributed between decreased (14.0%, 110 

genes) and increased (13.3%, 105 genes) DEGs. Interestingly, decreased DEGs (11 genes vs 3 

increased genes) disproportionately consisted of the normalized DEGs in the striatum, although 

this is certainly skewed due to the low number of increased genes (4) that were disrupted in Tcf4+/- 
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striatal samples. When compared to the hippocampus of Tcf4+/- animals, a similar distribution of 

normalized genes was observed in the hippocampus of MECP2Tg1/o mice (31%, 77 DEGs) (Figure 

22B); however, more of the normalized genes were initially decreased (55 genes vs 20 increased 

genes), which mirrored the striatal gene set in Tcf4+/-. Moreover, approximately half of striatal 

DEGs in MECP2Tg1/o were normalized (47%, 36 genes) and equally distributed amongst 

decreased (24.7%, 19 genes) and increased (22.1%, 17 genes) DEGs. More genes in MECP2Tg1/o 

appear to be impacted; however, in either brain region, the number of DEGs is much lower than 

in Tcf4+/-. Furthermore, the equal distribution of normalized vs unchanged genes in the 

hippocampus for each transgenic animal suggest that the MECP2 transgene and Tcf4 

haploinsufficiency favorably elicit its effects in the hippocampus. However, regardless of genotype 

and brain region, these normalized genes were not as robustly changed (-2 < log2 Fold Change 

(FC) > 2) (Figure 22C-F). 
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Figure 22: Normalization of altered genes in Tcf4+/- and MECP2Tg1/o animals. (A-B) Comparative analysis between 

DEGs (increased in green, decreased in red) within each brain region reveal a subset that is disrupted (unchanged) in 

Tcf4+/- or MECP2Tg1/o mice and normalized (checkered) with the MECP2 transgene or reduction of Tcf4 expression, 

respectively (i.e. normalized in the MECP2Tg1/o; Tcf4+/- animals. The number of DEGs and percent of the total DEGs 

are indicated. (C-F) Volcano plots illustrating the log2 Fold Change of normalized (green or red for increased or 

decreased, respectively) and unchanged (black) DEGs. DEGs are genes with FDR < 0.05 or -log10 FDR > 1.30. Some 

normalized genes are labeled. n = 6 mice per genotype. 

 

We then conducted gene ontology (GO) functional enrichment analysis using the DAVID 

Functional Annotation Tool on the normalized DEGs, regardless of magnitude or direction and 

genotype, and discovered that the majority of the identified hippocampal genes were involved in 

neuronal development and/or function (Supplementary Table 4A-B). This is consistent with 

previous studies illustrating the role of Tcf4 and MeCP2 in brain development and function 

especially in regard to cortical and hippocampal neurons (20, 36, 68, 102, 202, 203, 332, 333, 

380–382). A similar GO enrichment was observed in the normalized striatal genes of MECP2Tg1/o 
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animals (Supplementary Table 4B), suggesting that the impact of Tcf4 haploinsufficiency is 

widespread in the brain. In contrast, GO analysis with the normalized striatal DEGs in Tcf4+/- mice 

revealed a variety of roles that were not necessarily neuronal-specific (Supplementary Table 4A); 

again, this could be influenced by the low number of normalized genes compared to the 

hippocampal dataset.  

 

3.6.3 Analysis of MeCP2- and TCF4-regulated genes highlights potential 

dysregulation of creatine pathway in Tcf4+/- mice. 

Focusing on the impact of increased MeCP2 expression in Tcf4+/- animals, we further determined 

the importance of genes that had been “normalized” in Tcf4+/- mice by conducting a comparative 

analysis of genes regulated by MeCP2 and/or Tcf4. The genes that are transcriptionally activated 

or repressed by MeCP2 or Tcf4 were previously identified using brain tissue from mice lacking or 

overexpressing MeCP2, or cells expressing TCF4  (15, 378). As illustrated in Figure 23A, several 

of the normalized DEGs have been shown to be regulated by MeCP2 or Tcf4. However, only 9 

genes were predicted to be both MeCP2- and Tcf4-regulated, 8 from the hippocampus and 1 from 

the striatum. The gene from the striatum, guanidinoacetate methyltransferase (Gamt), was of 

particular interest due to its role in a group of disorders known as cerebral creatine deficiencies 

(CDDs), which are metabolic disorders characterized by neurological symptoms of intellectual 

disability and epilepsy, in addition to creatine deficiency (383). CDDs are caused by mutations in 

one of three genes encoding for proteins involved in creatine production or transport, arginine: 

glycine amidinotransferase (AGAT), GAMT, or creatine transporter (SLC6A8) (383). Of these 

three genes, GAMT has been implicated in RTT (384); additionally, alterations in creatine and 

creatinine are also linked to the pathophysiology of RTT (376, 377, 385). Moreover, we performed 

pathway analysis of these normalized genes using the Reactome Pathway Database and 

discovered that creatine metabolism was predicted to be significantly altered. Therefore, we 
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proceeded to establish the expression of Gamt and whether creatine and creatinine levels are 

also disrupted in Tcf4+/- animals. 

 

Evaluation of Gamt mRNA and protein expression using a cohort of samples independent from 

the RNA-seq samples showed that it was unchanged in the hippocampus or striatum of Tcf4+/- 

mice (Figure 23B-E). This discrepancy between the RNA-seq and qRT-PCR or Western blot could 

be due to the small change in Gamt expression in Tcf4+/- mice in the RNA-seq study (log2 fold 

change of -0.28). Nonetheless, we analyzed plasma creatine and creatinine levels using an 

ELISA-based fluorescence assay. Regardless of genotype, we detected normal creatinine and 

creatine levels in the plasma of these animals (Figure 23F-H). This is consistent with the normal 

expression of Gamt, and suggests that creatine deficiency is not characteristic of Tcf4+/- animals.  
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Figure 23: Transcriptomic analysis illustrate genes regulated by both MeCP2 and Tcf4. (A) Several hippocampal 

and striatal DEGs that are disrupted in Tcf4+/- animals and normalized with the MECP2 transgene are also regulated 

by both Tcf4 and MeCP2. Originally upregulated genes in green and downregulated genes in red. (B-E) Gamt mRNA 

and protein expression in the hippocampus and striatum is unchanged across the genotypes assessed (n = 5-6 mice 

per genotype). (F-G) Creatine and creatinine concentration, and plasma creatine/creatinine ratio are not changed in 

plasma samples of all genotypes assessed (n = 12-16 mice per genotype). 1-way ANOVA with Tukey’s post-hoc test. 

 

3.6.4 Transcriptomic studies illustrate myelination-associated genes and 

pathways that could underlie behavioral reversal in Tcf4+/- mice 

We next focused on the DEGs from only the MECP2Tg1/o; Tcf4+/- animals with the idea that the 

addition of the MECP2 transgene elicited changes specifically in the context of Tcf4 

haploinsufficiency (Supplementary Table 2). We performed separate GO analyses for the 
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individual gene sets of each brain region in only the MECP2Tg1/o; Tcf4+/- group and discovered 

enrichment of myelination-associated biological processes (BP), molecular function (MF) and 

cellular component (CC) (Figure 24A-B, Supplementary Table 5). To further delineate whether 

these pathways are conserved in both brain regions, we first conducted comparative analysis of 

DEGs in only the MECP2Tg1/o; Tcf4+/- group, and identified 64 genes that were common in both 

the hippocampus and striatum (Figure 24C). GO analysis using these shared genes also identified 

myelination-associated pathways as significantly altered (Figure 24D, Supplementary Table 5), 

which further supports the importance of myelination in PTHS mice and/or in the mechanisms of 

MeCP2 supplementation’s beneficial effects in PTHS mice. Moreover, it has been previously 

observed that myelination and expression of myelination-associated genes and proteins are also 

altered in other mouse models of syndromic autism spectrum disorders including RTT 

(Mecp2Null/y), phosphatase and tensin homolog deleted on chromosome 10 (PTEN)-associated 

autism (homozygous Pten mutation), and Tuberous sclerosis (TSC, Tsc1 neuronal-specific 

deletion) in addition to PTHS (378, 386, 387). Therefore, we determined whether the increase in 

MeCP2 expression reversed the myelination defects that have been previously characterized in 

Tcf4+/- animals. 
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Figure 24: Transcriptomic studies illustrate myelination-associated genes and pathways as enriched in 

MECP2Tg1/o; Tcf4+/- mice. (A-B) GO analysis of hippocampal and striatal DEGs only in MECP2Tg1/o; Tcf4+/- animals 

reveals enrichment of myelination-associated pathways. (C-D) Comparative analysis of DEGs found only in 

MECP2Tg1/o; Tcf4+/- mice detects a subset of genes that are common between the hippocampus and striatum. 

Subsequent GO analysis of these 64 DEGs identifies significant enrichment of pathways related to myelination. 
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We evaluated the expression of markers for mature myelinating-oligodendrocytes (OLs), myelin 

oligodendrocyte glycoprotein (MOG) and 2',3'-Cyclic nucleotide 3'-phosphodiesterase (CNP) in 

total protein lysates from the cortex of WT, MECP2Tg1/o, Tcf4+/-, and MECP2Tg1/o; Tcf4+/- animals. 

Similar to previous findings in the medial prefrontal cortex (378), Tcf4+/- mice exhibit 

hypomyelination with decreased expression of MOG, but not CNP, without changes in the 

immature OL marker, NG2 chondroitin sulphate proteoglycan (NG2) (Figure 25). However, 

compared to WT, MECP2Tg1/o; Tcf4+/- animals also have decreased levels of these myelination 

markers. These data suggest that although myelination defects are observed in Tcf4+/- mice, 

increasing MeCP2 expression does not correct this abnormal phenotype and therefore, 

myelination does not underlie the behavioral reversal effects. We anticipate that the identification 

of myelination pathways that appeared to be affected only in the MECP2Tg1/o; Tcf4+/- mice was due 

to the relatively small changes that were identified in these genes in the RNA sequencing study. 

 

 

Figure 25: Myelination defects in Tcf4+/- animals are not changed with an MECP2Tg1/o transgene. (A) Decreased 

expression of the mature OL myelination marker MOG is decreased in the cortex of Tcf4+/- without and with the MECP2 

transgene. (B-C) Mature OL marker CNP and immature OL marker NG2 are unchanged in the cortex. n = 8 mice per 

genotype. 1-way ANOVA with Tukey’s post-hoc. *p < 0.05, **p < 0.01. 
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3.7 Discussion 

The need for an effective therapeutic intervention for PTHS has paralleled the increase in 

identification of patients with PTHS. The monogenicity of PTHS makes gene therapy an intriguing 

possibility given this approach’s previous success in neurological disorders such as spinal 

muscular atrophy (388–391). A recent study demonstrated that a viral-mediated strategy to 

increase Tcf4 levels postnatally in the brain of Tcf4 haploinsufficient mice exerts beneficial effects 

in several behavioral domains (222). However, the challenge of TCF4-targeted gene therapy is a 

potentially narrow therapeutic window as overexpression of Tcf4 in mice disrupted brain 

development and led to deficits in sensorimotor gating and associative learning and memory (220, 

221). An alternative approach is to leverage RTT therapeutics for PTHS given the overlapping 

symptomology of these two disorders. In particular, here we studied the safety and efficacy of 

genetic MeCP2 supplementation in PTHS model mice, Tcf4+/-. 

 

We utilized a breeding strategy previously conducted by us and other labs in mouse models of 

RTT to introduce a wild-type human MECP2 transgene in Tcf4+/- animals (74, 99, 100). The 

MECP2 transgene increased MeCP2 expression in several brain regions of the Tcf4+/- animals at 

similar levels as the MDS mice, thereby validating our genetic approach. Remarkably, increasing 

MeCP2 levels had favorable effects, reversing behavioral phenotypes characteristic of Tcf4 

mutant animals including hyperactivity, anxiety-like behavior and attenuated learning and 

memory. These beneficial effects are in agreement with previous studies of RTT mice using the 

same approach (74, 82, 99, 100). However, this result is also perplexing, as Tcf4+/- animals had 

normal MeCP2 levels and previous studies have demonstrated the manifestation of abnormal 

MDS-like phenotypes in the context of MeCP2 overexpression, which are likely due to the 

retention of normal MeCP2 expression and partial function (99, 100). Nonetheless, we show for 

the first time proof-of-concept data on the feasibility of genetic MeCP2 supplementation for PTHS. 
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The lack of adverse effects associated with increased MeCP2 suggested that TCF4 levels could 

be impacted and/or MeCP2 and TCF4 share common pathways which are disrupted with Tcf4 

haploinsufficiency and normalized with the addition of the MECP2 transgene. The former 

hypothesis was negated, as MECP2Tg1/o; Tcf4+/- animals displayed decreased Tcf4 mRNA and 

protein across several brain regions, similar to the Tcf4+/- mice. To interrogate the second 

possibility, we conducted total RNA-sequencing analysis of hippocampal and striatal samples 

from all four genotypes and compared dysregulated genes and pathways in the mutant animals 

to that of their WT counterparts. A set of genes were disrupted in Tcf4+/- mice, and also normalized 

with the MECP2 transgene. One of these genes from the striatum, Gamt, is regulated by both 

MeCP2 and TCF4 as previously identified through other transcriptomic studies (15, 331). Gamt 

is also involved in creatine production, which was of interest given a group of intellectual disability 

disorders characterized by cerebral creatine deficiencies, and the reports of altered levels of 

creatine and its metabolite, creatinine in RTT patients (376, 377, 383). Therefore, it was 

conceivable that creatine deficiency is a characteristic of PTHS and that increasing MeCP2 would 

normalize this metabolic dysfunction thereby alleviating the behavioral phenotypes. However, 

plasma creatine and creatinine levels were normal in Tcf4+/- animals, suggesting that creatine is 

not involved in the effects of the MECP2 transgene. Still, it is plausible that creatine deficiency is 

a hallmark of PTHS in the clinical population as has been observed in RTT patients. One potential 

mechanism for decreased creatine is the increase activity of creatine kinase (CK), which breaks 

down creatine to its metabolites phosphocreatine and creatinine (392). The CK gene has four E-

box regions in its enhancer, positing the possibility that TCF4 regulates the expression of this 

gene as has been previously shown in vitro (205). Thus, further studies should assess whether 

creatine or creatinine levels are altered in PTHS patients as these findings would have 

implications for treatment as well as serve as biomarkers to evaluate treatment efficacy and/or 

disease progression. 
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The other set of genes of interest from the hippocampus and striatum of MECP2Tg1/o; Tcf4+/- 

animals are involved in myelination, as characterized using GO analysis. Defects in myelination 

have been observed through brain imaging of PTHS patients (393). Congruently, hypomyelination 

using the markers for myelinating mature oligodendrocytes was reported in the cortex of Tcf4 

mutant animals (378). Given this precedent, the enrichment of myelination-associated processes 

appeared to be significant. Using cortical samples, we confirmed the previous report of attenuated 

expression of myelination markers in Tcf4+/- mice. However, we also detected the same reduction 

in the MECP2Tg1/o; Tcf4+/- animals, suggesting that myelination defects were not reversed with the 

MECP2 transgene. These results are consistent with the previously observed function of MeCP2 

as a negative regulator of myelin genes (394). In such case, MeCP2 overexpression would also 

cause myelination dysfunction, as has been documented been documented in patients with MDS 

(395, 396). Other studies, however, have shown the opposite in that MeCP2 acts as positive 

regulator of myelin and that restoration of MeCP2 levels in glia partially reversed myelin gene 

expression in Mecp2 null mice (397, 398). With the latter role of MeCP2 as a transcriptional 

activator of myelin-associated genes, it would be logical that increasing MeCP2 in a 

hypomyelination context such as in Tcf4 mutant animals would impart beneficial effects. However, 

it is also possible that too much MeCP2 would cause aberrant myelination. 

 

The mechanisms underlying the behavioral reversal with increased MeCP2 expression are still 

unclear. The transcriptomic data demonstrate that many of the normalized genes are involved in 

neuronal development and function. Therefore, it is likely that increasing MeCP2 expression from 

conception impacts the functional loss of TCF4 in regulating brain development. To mitigate the 

developmental effects of increased MeCP2, as well as mimic the ideal gene therapy strategy 

potentially used in the clinic, an alternative approach would be to increase MeCP2 expression 

postnatally and after symptom onset. In such case, the viral vectors expressing MeCP2 that have 

been used in preclinical RTT investigations could be employed.  
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Overall, these data demonstrate the promise for leveraging the MeCP2-targeted gene therapy for 

PTHS. Further analysis of the abundant transcriptomic data is needed to elucidate which genes 

and/or pathways are playing a role in MeCP2’s beneficial effects, which could have implications 

in the utility of MeCP2-targeted gene therapy for other atypical RTT disorders.
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CHAPTER 4 

PHARMACOLOGICAL MODULATION OF GROUP II METABOTROPIC GLUTAMATE 

RECEPTORS IN MOUSE MODELS OF RETT SYNDROME AND MECP2 DUPLICATION 

SYNDROME 

Summary of findings depicted in Figure 26. 

 

4.1 Abstract 

Rett syndrome (RTT) and MECP2 Duplication syndrome (MDS) have opposing molecular origins 

in relation to expression and function of the transcriptional regulator Methyl-CpG-binding protein 

2 (MeCP2). Several clinical and preclinical phenotypes, however, are shared between these 

disorders. Modulation of MeCP2 levels has recently emerged as a potential treatment option for 

both of these diseases. However, toxicity concerns remain with these approaches. Here, we focus 

on pharmacologically modulating the group II metabotropic glutamate receptors (mGlu), mGlu2 

and mGlu3, which are two downstream targets of MeCP2 that are bidirectionally affected in 

expression in RTT patients and mice (Mecp2Null/+) versus an MDS mouse model (MECP2Tg1/o). 

Mecp2Null/+ and MECP2Tg1/o animals also exhibit contrasting phenotypes in trace fear acquisition, 

a form of temporal associative learning and memory, with trace fear deficiency observed in 

Mecp2Null/+ mice and abnormally enhanced trace fear acquisition in MECP2Tg1/o animals. In 

Mecp2Null/+ mice, treatment with the mGlu2/3 agonist LY379268 reverses the deficit in trace fear 

acquisition, and mGlu2/3 antagonism with LY341495 normalizes the abnormal trace fear learning 

and memory phenotype in MECP2Tg1/o mice. Altogether, these data highlight the role of group II 

mGlu receptors in RTT and MDS and demonstrate that both mGlu2 and mGlu3 may be potential 

therapeutic targets for these disorders. 
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Figure 26: mGlu2/3 receptor modulation in RTT and MDS model mice. Activation (green, LY379268) or inhibition 

(red, LY341495) of mGlu2/3 receptors in mouse models of Rett syndrome (RTT) and MECP2 Duplication syndrome 

(MDS), respectively, normalizes abnormal phenotypes of associative learning and memory, specifically trace fear 

acquisition. 

 

4.2 Introduction 

MECP2-associated disorders are X-linked monogenic neurodevelopmental diseases that are 

caused by abnormal expression and/or function of the protein Methyl-CpG-binding protein 2 

(MeCP2), which is encoded on the X chromosome. Rett syndrome (RTT) is caused by loss-of-

function (LOF) mutations in MECP2, and is observed most often in females (21, 47). The multi-

domain clinical symptoms of RTT, including motor dysfunction, impaired social skills, cognitive 

decline, and breathing abnormalities, overlap with another MECP2-associated disorder, MECP2 

Duplication syndrome (MDS), which is caused by multiple copies of the MECP2 gene. Due to 

random X chromosome inactivation in females, patients diagnosed with MDS are predominantly 

male (161, 162). The symptoms observed in RTT patients are recapitulated in mice that 

ubiquitously or cell type-specifically lack Mecp2 or express functionally mutated Mecp2 (65, 70, 

74–79, 82, 85, 86, 95–101, 325, 368, 369, 399–402). Similarly, clinical characteristics of MDS are 

observed in mouse models that either have global or neuronal-specific MECP2 overexpression 

(105, 168). Interestingly, many phenotypes in RTT mice are antiparallel to those observed in MDS 

model animals, including anxiety, motor abnormalities, and cognitive function. For example, RTT 
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mice display deficits in associative learning and memory in a fear conditioning task; in contrast, 

MDS mice exhibit abnormally enhanced learning in this task in addition to impairments in 

extinction of fear-learned behavior (70, 105, 168, 329, 366).  

 

Previous studies in RTT models have shown that genetic normalization of MECP2, even after 

disease onset, can rescue many phenotypes in Mecp2 mutant mice, supporting the feasibility of 

treating the disorder (71, 93, 112–120). Promisingly, recent studies have also demonstrated that 

abnormal phenotypes in MDS mice can be improved post-symptom onset with genetic 

manipulations, including normalization of MeCP2 dosage with antisense oligonucleotides (94, 

171). Pharmacological approaches targeting genes/pathways downstream of MeCP2 could also 

have potential in treating symptom domains of RTT and MDS. For example, in mice with MeCP2 

over-expression in neurons (Tau-Mecp2), pharmacological antagonism of GABAA receptors can 

alleviate symptoms (173). Comparably, studies have determined that modulation of receptors 

involved in neurotransmission and that are sensitive to MeCP2 dosage can improve phenotypes 

in RTT mice (124, 128, 129, 136, 137, 143–145). These include the Trkb, glutamatergic AMPA, 

metabotropic glutamate (mGlu), and muscarinic acetylcholine receptors, which were initially 

identified in expression studies in RTT patient and mouse samples (15, 68, 121–124, 136, 137). 

The association of these receptors with neurological and neurodevelopmental disorders, as well 

as the advent of selective modulators, make these receptors potential therapeutic targets for new 

drug candidates.  

 

The expression of the group II mGlu receptors, mGlu2 and mGlu3, has been consistently 

demonstrated to be affected by MeCP2 dosage in patient and preclinical samples (15, 68, 122–

124). Additionally, these dimeric receptors have been implicated in neuropsychiatric disorders 

such as schizophrenia and depression (311, 313, 314, 403, 404). Studies using subtype-selective 

modulators, preclinical knockout mouse models, and clinical genetic associations have shown 
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that mGlu3 has a vital role in cognition, specifically in hippocampal and prefrontal cortical function 

(264, 266, 267, 269, 272, 288, 311, 316, 319, 320, 405). mGlu2 has also been shown to be 

involved in cognition, as mGlu2-selective positive allosteric modulators (PAMs) improve learning 

and memory in rodent models of schizophrenia (308, 406). Given the molecular studies 

demonstrating the relationship of MeCP2 and the group II mGlu receptors, as well as the 

association of these receptors with cognition, we posited that mGlu2 and mGlu3 may play critical 

roles in the etiology or treatment of the cognitive phenotypes observed in RTT and MDS.  

 

In this study, we show that mGlu2 and mGlu3 receptor levels are decreased in temporal cortex 

samples from RTT patient autopsies. Expression of these receptors is also reciprocally decreased 

and increased in the hippocampus of Mecp2Null/+ and MECP2Tg1/o mice, respectively. Based on 

these findings, we tested the hypothesis that an mGlu2/3 agonist or antagonist would positively 

affect behavior in Mecp2Null/+ and MECP2Tg1/o mice in a hippocampal-dependent behavioral 

cognitive assay. We show here that activation of mGlu2/3 receptors reverses deficient trace fear 

acquisition in Mecp2Null/+ animals, whereas mGlu2/3 antagonism normalizes the abnormal 

enhanced trace fear acquisition phenotype in MECP2Tg1/o mice. Collectively, these data 

demonstrate that both mGlu2 and mGlu3 receptors are implicated in the cognitive function of RTT 

and MDS model mice, and that modulation of mGlu2/3 activity may be beneficial in alleviating 

cognitive symptoms of these two disorders. 
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4.4 Materials and Methods 

Animals: All animals used in the present study were group housed with food and water given ad 

libitum and maintained on a 12 hr light/dark cycle. Animals were cared for in accordance with the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals. All studies were 

approved by the Vanderbilt Institutional Animal Care and Use Committee and took place during 

the light phase. MECP2Tg1/o mice (FVB-Tg(MECP2)1Hzo/J, stock no. 008679) were 

cryorecovered and Mecp2Null/+ (B6.129P2(C)-Mecp2tm1.1Bird/J, stock no. 003890) were obtained 

from The Jackson Laboratory. Given that MECP2Tg1/o mice on the FVB/N background are prone 

to retinal degeneration, we utilized the F1 generation or hybrid mice (FVB/N x C57BL/6) for our 

studies as described previously (172, 407). These F1 hybrid mice were generated by crossing 

MECP2Tg1/o mice (FVB/N background) with WT C57BL/6J mice (The Jackson Laboratory, stock 

no. 000664). To reflect the predominantly male clinical population in MDS (161), male MECP2Tg1/o 

mice (8-12 weeks old) were used for all experiments. Similarly, as a reflection of the predominantly 

female RTT patient population, female Mecp2Null/+ mice were utilized and aged to at least 20 

weeks of age prior to experiments. Mecp2Null/+ animals were maintained on a C57BL/6J 

background by breeding Mecp2Null/+ with WT C57BL/6J mice (The Jackson Laboratory, stock no. 

000664). 

 

Total Protein Preparation: The cortex and hippocampus were microdissected from 8-9 week-

old male WT littermates and MECP2Tg1/o mice, and 20-25 week-old female Mecp2+/+ and 

Mecp2Null/+ animals. Total protein was prepared as previously described in (362). Briefly, tissue 

samples were homogenized using a hand-held motorized mortar and pestle in 

radioimmunoprecipitation assay buffer (RIPA) containing 10 mM Tris-HCl, 150 mM NaCl, 1 mM 

ethylenediaminetetraacetic acid (EDTA), 0.1% sodium dodecyl sulfate (SDS), 1% Triton X-100, 

and 1% deoxycholate. After homogenization, samples were centrifuged and the supernatant was 
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collected. Protein concentration was determined using a bicinchoninic acid (BCA) protein assay 

(Pierce). 

 

SDS-Page and Western Blotting: As previously described in (362), 50 μg of total protein was 

electrophoretically separated using a 4-20% SDS polyacrylamide gel and transferred onto a 

nitrocellulose membrane (iBlot2, ThermoFisher (for mGlu2 and mGlu3); CriterionTM Blotter, Bio-

Rad (for MeCP2)). Membranes were blocked in TBS Odyssey blocking buffer (LI-COR) for 1hr at 

room temperature. Membranes were probed with primary antibodies overnight at 4 °C: mouse 

anti-mGlu2 (1:1000 Abcam, cat. no. ab15672), rabbit anti-mGlu3 (1:1000, Alomone, cat. no. 

AGC_012), rabbit anti-MeCP2 (1:1000, Millipore, cat. no. 07-013), rabbit anti-vGlut2 (1:1000, Cell 

Signaling Technology, cat. no. 71555) and mouse anti-Gapdh (1:1000, ThermoFisher, cat. no. 

MA5-15738), followed by the fluorescent secondary antibodies: goat anti-rabbit (800 nm, 1:5000, 

LI-COR, cat. no. 926-32211) and goat anti-mouse (680 nm, 1:10,000, LI-COR, cat. no. 926-

68020). Fluorescence was detected using the Odyssey (LI-COR) imaging system at the 

Vanderbilt University Medical Center Molecular Cell Biology Resource (MCBR) Core and then 

quantified using the Image Studio Lite software (LI-COR). Values were normalized to Gapdh and 

compared relative to controls (WT littermates or Mecp2+/+).  

 

Total RNA Extraction and cDNA Synthesis: For total RNA extraction of human temporal cortex 

samples, frozen samples were obtained from the University of Maryland Brain and Tissue Bank 

and the Harvard Brain Tissue Resource Center, which are Brain and Tissue Repositories of the 

National Institutes of Health NeuroBioBank (neurobiobank.nih.gov). For mouse total RNA 

extraction, the cortex and hippocampus were microdissected from 8-9 week-old male WT 

littermates and MECP2Tg1/o mice, and 20-25 week-old female Mecp2+/+ and Mecp2Null/+ animals. 

Total RNA was prepared from tissue samples using TRIzol Reagent (ThermoFisher) and isolated 

using a RNeasy Mini Kit (Qiagen) in accordance with manufacturer’s instructions. Total RNA was 
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DNase-treated with RNase-Free DNase Set (Qiagen), and cDNA from 2 μg of total RNA was 

synthesized using a SuperScript™ VILO™ cDNA Synthesis Kit (ThermoFisher, cat. no. 

11754050).  

 

Quantitative Real-Time PCR (qRT-PCR): qRT-PCR (CFX96, Bio-Rad, Vanderbilt University 

Medical Center MCBR Core) on 50 ng / 9 μL cDNA was run in duplicate using TaqMan™ Fast 

Universal PCR Master Mix (2X), no AmpErase™ UNG (Life Technologies, cat. no. 4352042) and 

Life Technologies gene expression assays for human GRM2 (Hs00968358_m1), GRM3 

(Hs00932301_m1) and G6PD (Hs00166169_m1), and mouse Grm2 (Mm01235831_m1), Grm3 

(Mm00725298_m1) and Gapdh (Mm99999915_g1). Similar qRT-PCR was performed using 

PowerUp™ SYBR™ Green Master Mix (ThermoFisher, cat. no. A25742) with the following 

primers (5’ to 3’): Mecp2 (exon 4, forward: ATGAGACTGTGCTCCCCATC, reverse: 

TTTTCTCACCAAGGGTGGAC) and Gapdh (exon 6, forward: CGACTTCAACAGCAACTCCC, 

reverse: GCCGTATTCATTGTCATACCAGG). All primers used for SYBR qRT-PCR were 

designed using Primer3 and constructed by Sigma through the Vanderbilt University Medical 

Center MCBR Core. Ct values for each sample were normalized to G6PD/Gapdh expression and 

analyzed using the delta−delta Ct method as described in (137). Values exceeding two times the 

standard deviation were classified as outliers. Each value was compared to the average delta-Ct 

value acquired for control human samples or wild-type mice (WT littermate or Mecp2+/+) and 

calculated as percent-relative to the average control delta-Ct. 

 

Drugs: LY379268 (mGlu2/3 agonist) and LY341495 (mGlu2/3 antagonist) were purchased from 

Tocris. All drugs used for behavioral experiments were diluted in 10% Tween-80. 

 

Behavioral Assays: All behavioral experiments were conducted at predicted symptomatic ages 

(8-12 week-old MECP2Tg1/o and 20-25 week-old Mecp2Null/+ mice) at the Vanderbilt Mouse 
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Neurobehavioral Lab (MNL) Core. All experiments were preceded by intraperitoneal (i.p.) 

injections of the following drugs (Tmax in parentheses): vehicle (10% Tween-80), LY379268 

(1mg/kg, 30 min) or LY341495 (3mg/kg, 20 min pre-LY379268 administration or 30 min). 

Quantification was performed either by a researcher blinded to the genotype and/or by automated 

software. 

 

Open Field: Mice were placed in the activity chamber for 30 min and locomotor activity was 

quantified as beam breaks in the X, Y and Z axis using Activity Monitor software (Med Associates 

Inc). 

 

Trace Fear Conditioning: Mice were habituated to the room for 1 hour before all tests. On 

acquisition or conditioning day, mice were treated with compounds or vehicle prior to being placed 

into an operant chamber with a shock grid (Med Associates Inc.) in the presence of a 10% vanilla 

odor cue. Modified from previous studies  (267, 408), mice were acclimated for 1 min and exposed 

to a mild 1 sec foot shock (0.5 mA for WT littermate and MECP2Tg1/o mice, and 0.7mA for Mecp2+/+ 

and Mecp2Null/+ animals) that was preceded by a 15 sec tone. A precise 30 sec interval or “trace” 

separated the tone and shock. Three or four tone-trace-shock pairings were applied, 240 sec 

apart, for the MECP2Tg1/o or Mecp2Null/+ mouse lines, respectively. Percentage of time spent 

freezing during each trace was measured by Video Freeze software (Med Associates Inc.).  

 

Statistical Analyses: Statistics were carried out using Prism 9 (GraphPad) and Excel (Microsoft). 

All data shown represent mean ± SEM. Statistical significance between genotypes was 

determined using Student’s t-test, or 2-way ANOVA with Sidak’s or Tukey’s post-hoc. Sample 

size (denoted as “n”), statistical test and results of statistical analyses are specified in each figure 

legend. 
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4.6 Results 

4.6.1 Group II mGlu receptor expression is decreased in clinical and preclinical 

RTT samples 

We first investigated the expression of mGlu2 and mGlu3 in post-mortem brain tissue from female 

patients clinically diagnosed with RTT. Complementing our previous studies in the motor cortex 

and cerebellum (124, 136, 137), we obtained fourteen temporal cortex samples (Brodmann area 

20 or 38, BA 20 or BA 38) from female RTT patients characterized as having truncation mutations 

in MECP2 (R168X, R255X, and R270X) and fourteen age-, sex- and post-mortem interval (PMI)-

matched controls (Table 4). qRT-PCR analyses revealed decreased levels of GRM2 and GRM3 

mRNA in the temporal cortex of RTT patients (Figure 27A), which is in agreement with previous 

transcriptomic analyses of other brain regions, including the cerebellum and frontal, motor and 

temporal cortices (121, 122, 124).  

 

Decreased expression of mGlu2 and mGlu3 mRNA has also been observed in preclinical RTT 

mouse models, particularly in the cortex of male Mecp2 null mice (15, 68, 123). Consistent with 

these transcriptomic studies, we found significantly reduced Grm2 mRNA expression in the cortex 

of naïve 20-25 week old female Mecp2Null/+ animals compared to the wild-type (WT) controls, 

Mecp2+/+ (Figure 27B). Interestingly, cortical Grm3 mRNA was not statistically different between 

the mutant and control mice. Given that mGlu2 and mGlu3 have both been linked to cognitive 

function, specifically hippocampal-dependent cognition (317, 318), we assessed Grm2 and Grm3 

transcript levels in the hippocampus, and found that hippocampal Grm2 and Grm3 mRNA levels 

were also attenuated in Mecp2Null/+ animals (Figure 27C). 

 

Next, we determined whether altered expression of mGlu2 and mGlu3 in Mecp2Null/+ mice was 

maintained at the protein level. As illustrated in the representative immunoblots, both mGlu2 and 

mGlu3 proteins were decreased in the cortex of Mecp2Null/+ animals (Figure 27D-E, antibody 
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validated using mGlu3 global knockout animals that have been previously characterized in (267)). 

Compared to their WT counterparts, Mecp2Null/+ mice exhibited significant reductions of monomer, 

dimer and total (sum of monomer and dimer) mGlu2 protein, whereas mGlu3 levels were 

significantly reduced at the levels of the monomeric and total protein (Figure 27E). Additionally, 

the decreased expression of mGlu2 and mGlu3 protein was also observed in the hippocampus of 

Mecp2Null/+ mice, which is in agreement with the transcript expression data (Figure 27F-G). 

Notably, for both receptors, the dimer and total protein levels were significantly decreased in 

Mecp2Null/+ animals without differences in the control synaptic protein vGlut2 (Figure 27G). These 

clinical and preclinical data provided rationale for investigating the role and therapeutic potential 

of group II mGlu receptors in RTT and related disorders. 
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Figure 27: mGlu2 and mGlu3 expression is decreased in RTT patients and mice. (A) Compared to controls (black 

bars / white circles, n = 11-12), GRM2 and GRM3 mRNA are both decreased in RTT patients in temporal cortex autopsy 

samples (red bars / white squares, n = 14). RTT patient samples used in this study have truncated MeCP2 mutations, 

specifically R168X, R255X and R270X (see Table 4). (B-C) Compared to Mecp2+/+ animals (red bars / squares, n = 4-

5), Grm2 and/or Grm3 mRNA levels are decreased in 20-25 week-old Mecp2Null/+ mice (white bars / black circles, n = 

4-5). (D) Representative immunoblots illustrating cortical dimeric (“D”, 200 kDa) and monomeric (“M”, 100 kDa) forms 



 113 

of mGlu2 or mGlu3 and Gapdh (37 kDa) loading control in Mecp2+/+ (“WT”) and Mecp2Null/+ (“Null/+”) animals. (E) Cortical 

mGlu2 and mGlu3 protein expression (total = monomer + dimer) is decreased in Mecp2Null/+ mice (n = 5-6) relative to 

Mecp2+/+ animals (n = 5-6). (F) Representative immunoblots for hippocampal proteins as in (D) with the addition of 

vGlut2 (65 kDa). (G) Compared to Mecp2+/+ animals (n = 5-6), mGlu2 and mGlu3 proteins are reduced in the 

hippocampus of Mecp2Null/+ mice (n = 5-6). vGlut2 is unchanged between genotypes. Student’s t-test. ns (not significant), 

*p<0.05, **p<0.01. 

 

4.6.2 Group II mGlu receptor expression is increased in MECP2Tg1/o mice 

We further explored the molecular relationship of mGlu2 and mGlu3 with MeCP2 using a rodent 

MDS model, MECP2Tg1/o, and tested the hypothesis that increased MeCP2 expression in the 

MECP2Tg1/o context also enhances mGlu2 and mGlu3 expression. Similar to the use of 

symptomatic female Mecp2Null/+ animals to reflect the clinical population, we utilized 8-9 week old 

male MECP2Tg1/o mice and WT littermates to assess protein and mRNA expression in the 

hippocampus. In agreement with previous reports (105, 168, 171, 362), MeCP2 mRNA and 

protein expression were increased in MECP2Tg1/o mice compared to WT littermates (Figure 28A-

C). Comparably, Grm2 and Grm3 mRNA levels were also significantly increased in MECP2Tg1/o 

animals (Figure 28A). To determine if this effect was also observed at the protein level, we 

evaluated mGlu2 and mGlu3 protein expression. As illustrated in the representative immunoblots, 

expression of both receptors was increased in MECP2Tg1/o animals (Figure 28B). In Figure 28C, 

quantification of expression showed that statistical significance was observed for the expression 

of the monomer, dimer and total (sum of monomer and dimer) protein for mGlu2, and the level of 

the dimer and total mGlu3 protein was significantly different between MECP2Tg1/o mice and WT 

littermates. These overexpression data of group II mGlu receptors suggested that these proteins 

could potentially contribute to the abnormal phenotypes in MDS mice, which could be amenable 

to receptor modulation. 
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Figure 28: Hippocampal mGlu2 and mGlu3 expression is increased in MDS mice. (A) Compared to WT littermates 

(white bars / black circles, n = 5-7), Mecp2/MECP2, Grm2 and Grm3 transcripts are increased in the hippocampus of 

8-9 week-old MECP2Tg1/o mice (blue bars / squares, n = 4-5). (B) Representative immunoblots illustrating MeCP2 (72 

kDa), mGlu2 or mGlu3 dimer (“D”, 200 kDa) and monomer (“M”, 100 kDa), vGlut2 (65 kDa), and Gapdh (37 kDa) loading 

control in hippocampal samples of WT littermates and MECP2Tg1/o mice. (C) Protein expression of MeCP2, mGlu2, and 

mGlu3 (total = monomer + dimer) is increased in MECP2Tg1/o mice (n = 5-6) relative to WT littermates (n = 6-7). vGlut2 

is unchanged between genotypes. Student’s t-test. ns (not significant), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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4.6.3 RTT and MDS mice exhibit abnormal and bidirectional phenotypes in trace 

fear acquisition 

Numerous studies have characterized RTT model mice as exhibiting abnormal phenotypes in 

cognition, specifically in associative learning and memory, which is often assessed using a cued 

or contextual fear conditioning assay (70, 74, 79, 82, 83, 97, 99, 100, 136, 137, 366, 368). 

Interestingly, a recent study highlighted the role of mGlu3 in mediating a temporal- and 

hippocampal-dependent associative learning and memory phenotype known as trace fear 

acquisition or conditioning (267). Prior to investigating the relationship of mGlu2/3 receptors and 

trace fear conditioning in a RTT mouse model, we first characterized the trace fear behavior of 

Mecp2Null/+ animals. In this task, the mice were trained to associate their environment and 

presented tone with an aversive stimulus in the form of a mild foot shock (0.7 mA); the “trace” 

period that separates the tone and shock presentations is thought to enhance learning (Figure 

29A). As shown in Figure 29B, increases in percent freezing in Mecp2+/+ animals paralleled the 

increase in tone-trace-shock pairings (black symbols), reflecting learning behavior. However, we 

demonstrate here that Mecp2Null/+ mice exhibit abnormal trace fear acquisition, as illustrated by 

the attenuated percent freezing compared to their Mecp2+/+ counterparts. In particular, freezing 

behavior was significantly different between Mecp2+/+ and Mecp2Null/+ animals at the last trace 

period (T4), suggesting a deficit in trace fear acquisition.  

 

Similar to RTT model mice, MDS mice have been shown to exhibit abnormal phenotypes in cued 

or contextual fear associative learning and memory (105, 168, 171–173, 329, 362). However, as 

in RTT model animals, phenotypes in trace fear conditioning have not been assessed in mice 

modeling MDS. WT littermate and MECP2Tg1/o animals were subjected to a similar trace fear 

acquisition paradigm as RTT mice, with the notable differences of a milder foot shock intensity 

(0.5 mA) and reduced number of tone-trace-shock pairings (Figure 29C). These changes were 

performed to account for the high percent freezing phenotype that MDS mice exhibit in fear 
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conditioning assays (105, 168, 171–173, 329, 362). Compared to WT littermates, MECP2Tg1/o 

mice displayed enhanced trace fear acquisition during the last trace period measured (T3, Figure 

29D). This abnormal enhancement in trace fear acquisition was in contrast to the deficient 

phenotype in Mecp2Null/+ animals; coupled with the increases in expression of mGlu2 and mGlu3 

in the hippocampus of MECP2Tg1/o mice, we hypothesized that these changes in trace fear 

behavior might be sensitive to mGlu2/3 receptor modulation.  

 

 
Figure 29: Contrasting phenotypes in trace fear conditioning between Mecp2Null/+ and MECP2Tg1/o animals. (A) 

Diagram illustrating the trace fear conditioning paradigm. Mice are trained to associate their environment (context and 

tone) with an aversive stimulus in the form of a mild foot shock (0.7 mA), with a temporal component (trace) separating 

the tone and shock. Four tone-trace-shock pairings are presented and percent freezing during the trace period is 

measured as a proxy for fear learning behavior. (B) Compared to Mecp2+/+ mice (black circles, n = 17), 20-25 week-old 

Mecp2Null/+ animals (red squares, n = 12) display attenuated percent freezing during the fourth trace period (T4). (C) 

Diagram illustrating the trace fear conditioning paradigm in WT littermates and MECP2Tg1/o animals. The protocol 

mentioned above in RTT mice is followed with notable differences in the foot shock intensity (0.5 mA) and the number 
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of tone-trace-shock pairings (three). (D) Compared to WT littermates (black circles, n = 11), 8-12 week-old MECP2Tg1/o 

animals (blue squares, n = 10) exhibit increased percent freezing during the third trace period (T3). 2-way ANOVA with 

Sidak’s post-hoc test. **p<0.01, ****p<0.0001.  

 

4.6.4 mGlu2/3 activation reverses deficits in trace fear acquisition in Mecp2Null/+ 

mice 

Detection and quantitation of a trace fear acquisition deficit in RTT mice allowed us to then test 

the hypothesis that administration of a nonselective mGlu2/3 agonist, LY379268, to increase 

receptor activity would improve this abnormal cognitive phenotype in Mecp2Null/+ animals. Animals 

were intraperitoneally administered either vehicle (10% Tween-80) or 1mg/kg LY379268 30 

minutes prior to trace fear conditioning (Figure 30A). LY379268 treatment reversed the trace fear 

acquisition deficit in vehicle-treated Mecp2Null/+ mice with statistical significance observed between 

vehicle- and LY379268-treated Mecp2Null/+ mice at trace periods 2 (T2) and 4 (T4) (Figure 30B-

D). The increased freezing behavior at period T2 was only observed in Mecp2Null/+ animals (Figure 

30C), suggesting an increased sensitivity to LY379268 in the mutant mice compared to their WT 

counterparts. In contrast, Mecp2+/+ animals did not exhibit a significant change in response to 

LY379268 at any of the trace periods measured. To eliminate the possibility that the increased 

percent freezing in Mecp2Null/+ animals was due to hypolocomotive effects of LY379268, as has 

previously been shown in WT animals (280, 298, 409), we placed the mice in an open field 

chamber and monitored spontaneous locomotor activity. 1mg/kg LY379268 did not change the 

distance traveled of Mecp2+/+ or Mecp2Null/+ animals, which already have reduced locomotion at 

baseline.  

 

To further validate that the reversal effects in trace fear conditioning were due to mGlu2/3 

modulation by LY379268 and not an off-target result, we administered the mGlu2/3 orthosteric 

antagonist LY341495 (3mg/kg) prior to LY379268 treatment (Figure 30E). LY341495 blocked the 



 118 

effect of LY379268 in Mecp2Null/+ mice, specifically at trace periods T2-T4 (Figure 30F-I). In these 

trace periods, the freezing behavior of vehicle-treated Mecp2Null/+ animals was indistinguishable 

from Mecp2Null/+ mice that received both LY341495 and LY379268. Importantly, the ability of 

LY341495 to block LY379268’s increased freezing effect at period T2 in Mecp2Null/+ animals 

suggests that the left-shifted response of the mutant animals to LY379268 is a consequence of 

mGlu2/3 modulation (Figure 30G). Interestingly, co-administration of LY379268 and LY341495 to 

Mecp2+/+ animals decreased percent freezing at trace periods T3-T4 (Figure 30H-I). Again, this 

could potentially be due to alterations in locomotor activity; however, assessment of distance 

traveled in an open field assay revealed no locomotor effects of LY341495 and LY379268 co-

administration in either the Mecp2+/+ and Mecp2+/- mice. Overall, these data support the ability of 

mGlu2/3 activation to enhance the trace fear acquisition response in Mecp2Null/+ animals. 
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Figure 30: Attenuated trace fear acquisition in Mecp2Null/+ mice is improved with group II mGlu receptor 

activation. (A) Diagram illustrating timeline of drug administration prior to trace fear conditioning. Mice are treated 

intraperitoneally (i.p.) with vehicle (10% Tween-80) or 1 mg/kg LY379268 (mGlu2/3 agonist) 30 minutes prior to 

placement in the fear conditioning box. (B-D) Treatment with LY379268 increases trace fear acquisition in Mecp2Null/+ 

mice (red bars, vehicle: closed red squares, n = 15; LY379268: open red squares, n = 7). Freezing behavior in Mecp2+/+ 
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mice (black bars) is not different between the treatment groups, vehicle (closed black circles, n = 15) and LY379268 

(open black circles, n = 8). Analysis of trace periods T2 and T4 (dark grey) are shown in (C) and (D), respectively. (E) 

Diagram illustrating timeline of co-drug administration of LY341495 (mGlu2/3 antagonist) and LY379268 prior to trace 

fear conditioning. LY341495 (3 mg/kg, i.p.) is administered 20 minutes prior to LY379268 (1 mg/kg, i.p.). (F-I) Co-

administration of LY341495 and LY379268 blocked the reversal effect of LY379268 in Mecp2Null/+ animals (red bars, 

vehicle: closed red squares, n = 12; LY341495 + LY379268: pink squares, n = 6) at trace periods T2-T4. Percent 

freezing in Mecp2+/+ mice (black bars) is decreased with co-administration of LY341495 and LY379268, particularly at 

trace periods T3-T4 (vehicle: closed black circles, n = 17; LY341495 + LY379268: grey circles, n = 6). Analysis of trace 

periods T2-T4 (dark grey) is shown in (G-I). 20-25 week-old mice. 2-way ANOVA with Tukey’s post-hoc test. *between-

genotypes. #within-genotypes. **p<0.01, ***p<0.001, ##p<0.01, ###p<0.001, ####p<0.0001.  

 

4.6.5 mGlu2/3 antagonism normalizes abnormal trace fear acquisition phenotype 

in MECP2Tg1/o mice 

Given the beneficial effects of activating mGlu2/3 in RTT mice, which display opposite trace fear 

conditioning phenotypes from MDS mice, we then posited the converse hypothesis: that inhibiting 

mGlu2/3 could alleviate the abnormal increase in trace fear behavior in MECP2Tg/o animals. Prior 

to trace fear conditioning, animals were intraperitoneally administered either vehicle (10% Tween-

80) or the nonselective orthosteric mGlu2/3 antagonist LY341495 (3mg/kg) (Figure 31A). 

LY341495 treatment did not affect trace fear behavior in WT littermates (Figure 31B-C). However, 

MECP2Tg1/o animals administered LY341495 exhibited significantly reduced percent freezing at 

the last tone-trace-shock pairing (T3) compared to vehicle-treated MECP2Tg1/o mice (Figure 31C). 

Notably, LY341495-treated MECP2Tg1/o mice displayed comparable freezing behavior to vehicle-

treated WT counterparts. To rule out potential locomotor effects of mGlu2/3 inhibition with the 

nonselective antagonist, we placed vehicle- and LY341495-treated animals in an open field 

chamber. At baseline, MECP2Tg1/o mice presented with hypolocomotor activity compared to WT 

littermates. Importantly,  regardless of genotype, LY341495 administration did not affect distance 

traveled in the open field task, which is in agreement with previous studies using systemic 
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administration of LY341495 (284, 286). Overall, these data suggest that mGlu2/3 antagonism has 

positive effects in normalizing enhanced trace fear behavior in MECP2Tg1/o animals.  

 

 
Figure 31: Group II mGlu receptor antagonism normalizes enhanced trace fear acquisition in MECP2Tg1/o mice. 

(A) Diagram illustrating the timeline of LY341495 administration prior to trace fear conditioning. Mice are treated 

intraperitoneally (i.p.) with vehicle (10% Tween-80) or 3 mg/kg LY341495 (mGlu2/3 antagonist) 35 minutes prior to 

placement in the fear conditioning box. (B-C) LY341495 treatment significantly decreases the enhanced trace fear 

acquisition phenotype in MECP2Tg1/o mice (blue bars, vehicle: closed blue squares, n = 11; LY341495: open blue 

squares, n = 5) but not in WT littermates (white bars, vehicle: closed black circles, n = 10; LY341495: open black circles, 

n = 7). Analysis of trace period T3 (dark grey) is shown in (C). 8-12 week-old mice. 2-way ANOVA with Tukey’s post-

hoc test. *between-genotypes. #within-genotypes. ***p<0.001, ****p<0.0001, ####p<0.0001. 
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4.8 Discussion 

Our understanding of MECP2-associated disorders has developed tremendously in the past 20 

years. However, despite the monogenicity of these disorders and the link of MeCP2 protein 

expression and/or function to each disease, no effective treatment is currently available for RTT 

or MDS. Promisingly, recent studies have demonstrated that genetic manipulations of MECP2 

and pharmacological modulations of downstream targets of the protein improve phenotypes in 

preclinical rodent models of RTT (93, 112–119, 124, 128, 129, 136, 137, 143–145) and MDS (94, 

171, 173). In this study, we aimed to capitalize on previous reports by investigating two potential 

therapeutic targets, mGlu2 and mGlu3, and employing pharmacological modulators of these 

receptors to evaluate effects in RTT (Mecp2Null/+) and MDS (MECP2Tg1/o) mouse models.  

 

mGlu2 and mGlu3 are group II mGlu receptors that have been robustly implicated in 

neuropsychiatric disorders (334, 403, 404, 410, 411). Their role in neurodevelopmental disorders 

is limited; however, mGlu3 has been shown to be involved in the cognitive phenotypes of Fragile 

X syndrome (FXS) (324) and mGlu2/3 receptors have been implicated in autism-like phenotypes 

in a rat model of autism (323). Moreover, expression studies demonstrate that both mGlu2 and 

mGlu3 are decreased in male Mecp2Null/y mice and patients diagnosed with RTT (15, 68, 121–

124). Here, we further support these data by showing attenuated mGlu2 and mGlu3 expression in 

the temporal cortex of RTT autopsy samples from patients with truncating mutations in MeCP2. 

Altered levels of these receptors are conserved in a female RTT mouse model, Mecp2Null/+, 

specifically in the cortex and hippocampus. Since RTT and MDS are due to loss-of-function 

mutations and multiple copies of MECP2, respectively, and given the role of MeCP2 as a 

transcriptional activator (15), we posited that mGlu2 and mGlu3 expression would be increased in 

MDS. In the hippocampus of MECP2Tg1/o mice, we confirmed previous studies showing increased 

MeCP2 expression (105, 168, 362) and also observed increased mGlu2 and mGlu3 mRNA and 
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protein expression. These findings suggest that group II mGlu receptors may be targets of MeCP2 

transcriptional regulation, whether through direct or indirect mechanisms. 

 

These molecular data provided our rationale to further explore mGlu2 and mGlu3 in the behavioral 

phenotypes of RTT and MDS, focusing on the learning and memory phenotypes given the role of 

group II mGlu receptors in cognition. Numerous studies have established that RTT and MDS mice 

have contrasting characteristics in contextual fear conditioning, a hippocampal-dependent 

learning and memory paradigm (70, 105, 137, 168, 172, 173, 329, 362, 366). In particular, RTT 

mice exhibit deficits in contextual fear conditioning, whereas MDS mice display an abnormal 

enhancement of this behavior. Several studies have described a similar hippocampal-dependent 

cognitive task that relies on both the spatial and temporal factors of learning and memory called 

trace fear conditioning (408, 412–414). Excitingly, our group has demonstrated a specific role for 

mGlu3 in trace fear acquisition (267). Before exploring the relationship of mGlu2/3 receptors and 

trace fear conditioning in mouse models of MECP2-associated disorders, we first characterized 

the behavior of both Mecp2Null/+ and MECP2Tg1/o animals in this cognitive task, which has not yet 

been investigated. Here, we extend previous studies in cognitive domains to show that Mecp2Null/+ 

mice exhibit a deficit in trace fear acquisition. Conversely, MECP2Tg1/o animals have an abnormal 

enhanced trace fear acquisition phenotype, which supports the bidirectional behavioral 

phenotypes of cognition in mouse models of these two disorders.  

 

These data prompted us to test our hypothesis that mGlu2/3 modulation could improve abnormal 

cognitive phenotypes in Mecp2Null/+ and MECP2Tg1/o mice using the trace fear paradigm. Previous 

preclinical studies have shown that mGlu3 activation and mGlu2 positive allosteric modulators 

improve deficits in cognitive tasks (272, 308, 406). Given that both receptors are decreased in 

Mecp2Null/+ mice, it is likely that the function of both mGlu2 and mGlu3 is also disrupted. Therefore, 

we activated both receptors using a nonselective mGlu2/3 agonist, LY379268. Excitingly, in 
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Mecp2Null/+ animals, LY379268 rescued deficiencies in trace fear acquisition. Interestingly, we 

observed a left-shifted response to LY379268 that was specific to Mecp2Null/+ mice. This could be 

attributed to a ceiling effect of the trace fear paradigm, for example the strong shock intensity, on 

the baseline trace fear behavior of Mecp2+/+ animals, which has also been previously observed in 

WT animals (267), or to a potential sensitivity of the receptors to agonist in the Mecp2Null/+ context. 

Importantly, LY379268’s effect in augmenting freezing behavior in Mecp2Null/+ was completely 

blocked by the mGlu2/3 antagonist, LY341495, suggesting that LY379268 mediates its effects via 

mGlu2 and mGlu3 in the trace fear acquisition paradigm in RTT mice.  

 

In contrast to the effects seen in Mecp2Null/+ animals, inhibition of mGlu2/3 receptors with LY341495 

reversed the abnormally enhanced trace fear acquisition of MECP2Tg1/o mice. The lack of 

LY341495’s effect in WT animals suggests that the heightened trace fear phenotype in 

MECP2Tg1/o mice is driven, in part, by the increased expression of the mGlu2 and/or mGlu3 

receptors. The bidirectionality in mGlu2/3 modulation to alleviate the abnormal behavioral cognition 

in Mecp2Null/+ and MECP2Tg1/o animals parallels the contrasting trace fear phenotypes. These 

together may indicate that, in both the RTT and MDS contexts where both receptors are affected, 

one or both of the group II mGlu receptors are needed to mediate this form of associative learning 

and memory. 

 

In MECP2Tg1/o and Mecp2Null/+ mice, the functional consequences of altered mGlu2 and mGlu3 

receptor expression, such as in impacting long-term synaptic plasticity in the hippocampal 

Schaffer collateral-CA1 (SC-CA1) synapse, remains to be elucidated. Previous reports have 

demonstrated that SC-CA1 long-term potentiation (LTP) is bidirectionally altered in Mecp2 mutant 

and MECP2Tg1/o animals (69–71, 105, 171). Additionally, in Mecp2 mutant mice, NMDA 

antagonism has been shown to reverse LTP deficits (138). Although no studies have yet shown 

whether NMDA function is implicated in MDS, NMDA dysregulation has been associated with the 
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enhanced LTP phenotype of mice modeling a related disorder, Pitt-Hopkins syndrome (212, 215). 

Coupling these data with previous evidence illustrating that mGlu2/3 receptors play a role in NMDA-

mediated LTP at the SC-CA1 synapses (266), it is therefore possible that mGlu2/3 modulation may 

correct abnormal SC-CA1 LTP in RTT and MDS animals. However, empirical studies are needed 

to demonstrate this theory.  

 

In conclusion, we have demonstrated that the expression of mGlu2 and mGlu3 is altered in RTT 

clinical samples and bidirectionally affected in Mecp2Null/+ and MECP2Tg1/o animals, indicating a 

potential role of group II mGlu receptors in RTT and MDS phenotypes. Correspondingly, we 

establish that Mecp2Null/+ and MECP2Tg1/o mice present abnormal and contrasting phenotypes in 

trace fear conditioning, a temporal-dependent form of associative learning and memory. 

Pharmacological mGlu2/3 activation or antagonism exerted efficacy in modulating trace fear 

behavior of Mecp2Null/+ and MECP2Tg1/o mice, respectively. Altogether, our data provide novel 

evidence that mGlu2 and mGlu3 are implicated in neurodevelopmental disorders, particularly in 

RTT and MDS.  
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CHAPTER 5 

CONCLUSION 

The goals of this dissertation stemmed from the assessment and utility of clinical data from RTT 

patients and consisted of interrogating two arms of the therapeutic drug discovery efforts, genetic 

and pharmacological interventions, for MECP2-related neurodevelopmental disorders. With focus 

on these two interventions, this research aimed to address two areas of study: (1) Evaluation on 

the impact of MECP2 mutations on treatment feasibility; and (2) Identification of novel treatment 

options for atypical RTT (MECP2 mutation-negative) and MECP2-related disorders using small 

molecules modulating proteins related to the disease. 

 

5.1 Influence of MECP2 mutations on treatment safety and efficacy 

Extensive behavioral characterization demonstrated the efficacy of genetic supplementation of 

MECP2 in mouse models of typical and atypical RTT, specifically PTHS. However, the 

manifestation of MDS-like adverse effects in the typical RTT mice harboring the hypomorphic and 

clinically prevalent MeCP2 mutation R133C highlights potential toxicity issues with MeCP2-

targeted gene therapy especially in the context of stable expression and functional retention of 

the MeCP2 protein. More studies are needed to determine if such safety concerns are specific to 

the R133C mutation studied here or are conserved in all hypomorphic MECP2 mutations. Several 

studies have shown that the safety issues of MeCP2 supplementation appear to be restricted in 

hypomorphic contexts (74, 82, 99). Still, many MECP2 mutations that lead to stable protein 

expression and function have yet to be assessed.  

 

The observed effectiveness of MeCP2 supplementation in PTHS model mice is promising for the 

treatment of PTHS as well as other related MECP2 mutation-negative disorders such as FOXG1 

syndrome and CDKL5 deficiency disorder. Leveraging current treatment strategies of other 

neurodevelopmental disorders for PTHS is not a new concept; a current Phase II clinical trial is 
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evaluating RTT-related therapeutics (targeting IGF-1 pathway using NNZ-2591) for PTHS 

(ClinicalTrials.gov, number NCT05025332). The premise is that  targeting the IGF receptor and 

signaling will improve symptoms in PTHS, a similar mechanism through which trofinetide exerts 

its effects in RTT. This is due to studies showing that several proteins in the IGF signaling pathway 

are decreased in in vitro TCF4 knockdown studies (331, 415). One of these proteins is IGF-2, 

which has been implicated in synaptogenesis and learning and memory (416, 417), and activates 

the same receptor as IGF-1. 

 

The mechanisms underlying the beneficial effects of MeCP2 supplementation in PTHS are still 

unclear; however, transcriptomics analyses have provided investigative tools. Comparison of 

these data with transcriptomic information from other related disorders regardless of species, as 

had been previously done (121, 122, 124, 378), would also be insightful in delineating pathways 

or proteins that are commonly dysregulated between these disorders, which could have clinical 

implications in treatment selection. To illustrate the utility of transcriptomic data for several 

disorders, one group of genes of interest from the RNA-sequencing studies was myelination-

associated genes. Myelination dysfunction and aberrant white matter are characteristics in 

patients and preclinical models of several ASDs, including RTT, MDS, PTEN-associated ASD, 

PTHS and TSC (378, 386, 396, 418–420). The studies conducted here recapitulate findings of 

hypomyelination in PTHS model mice. Although increasing MeCP2 expression did not reverse 

the attenuated expression of myelination markers, these data supported evidence that targeting 

myelination regulation could be a potential therapeutic avenue. Recent studies with TSC model 

mice have shown that perhaps mTOR dysregulation could underlie myelination defects, 

specifically through the increase of the neuronal connective tissue growth factor (CTGF), which 

disrupts OL maturation (386, 387). Interestingly, our RNA-seq data indicated that Ctgf was 

increased in Tcf4+/- animals with the MECP2 transgene, which is consistent with the lack of rescue 

in hypomyelination. Moreover, most of the ASDs mentioned above are associated with mTOR 
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dysregulation, and is one of the downstream effectors within the IGF signaling pathway (418, 

421). Thus, targeting the mTOR pathway to reverse myelination dysfunction and secondary 

effects, such as synaptic transmission and behavioral abnormalities, could be exploited for 

several disorders. 

 

Although the positive effects of MeCP2 supplementation in two disorders are encouraging and 

provide proof-of-concept data, it is imperative to establish whether the effect is also observed with 

more translatable gene therapy methods using viral vectors expressing MeCP2 as well as the 

evaluation of translatable neurophysiological features with the use of EEG and auditory and/or 

visual ERPs. Moreover, the temporal effects of MeCP2 increase should also be assessed. The 

genetic studies conducted here provided for increased MeCP2 expression throughout 

development and during pre-symptomatic phases, which is a different context from the ideal 

clinical approach employing virally-mediated gene therapy after birth and post-symptom onset. 

To mimic the clinical strategy, one potential approach is to deliver AAV-expressing MeCP2 in 

adult symptomatic animals. Another method is to use an inducible Cre that targets an additional 

WT Mecp2 allele with a STOP cassette in Mecp2 or Tcf4 mutant animals. In this way, the Cre 

recombinase enzyme can be activated after symptom onset to allow transcription of the additional 

WT Mecp2 allele. Regardless of the method, such studies will contribute to field of MeCP2-

targeted gene therapy and our understanding of MECP2-related disorders.  

 

The studies here were performed in the context of evaluating MeCP2-targeted therapeutics for 

RTT and PTHS; however, the bidirectionality of the phenotypes observed in regard to RTT or 

PTHS model mice compared to the MDS mice suggest that perhaps altering MeCP2 and TCF4 

expression and function could be beneficial for MDS. For example, female Mecp2 null animals 

exhibited attenuated motor coordination, anxiety, and learning and memory; MeCP2-

overexpressing mice display abnormal enhancements in these tasks. Similar contrasting 
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phenotypes, with the addition of hyperactivity, were observed when compared with the Tcf4 

haploinsufficient animals. In the “rescue” or double transgenic animals with both the Mecp2 or 

Tcf4 deficiency and MECP2 transgene, all these phenotypes in RTT, PTHS and MDS mice were 

normalized to that of WT animals. Excitingly, a recent study has shown that specific MeCP2 

mutations, such as those that disrupt the recruitment of co-repressors via the NID domain, are 

able to ameliorate abnormal phenotypes caused by MeCP2 overexpression (94). On the other 

hand, mutations in MBD exacerbate MDS-like phenotypes. Our findings here with the Mecp2 

R133C animals demonstrating MDS-like phenotypes upon MECP2 transgene expression support 

the latter observation. Moreover, decreasing Tcf4 expression appears to reverse phenotypes of 

MDS mice, not only behaviorally but also at transcriptome level, as genes involved in 

neurodevelopment and neuronal function and disrupted in MDS mice are normalized in the rescue 

animals. Disrupting Tcf4 expression and function in MDS could possibly be deleterious in practice 

given Tcf4’s role in normal brain development; however, modulating pathways or genes that are 

shared between these two proteins and/or disorders could be favorable. Therefore, as alluded to 

above, targeting MeCP2 through the same viral method or convergent pathways among these 

disorders has implications for a broad clinical population, including MDS patients.  

 

5.2 Identification of novel treatment options for MECP2-related disorders 

Correction of behavioral cognitive phenotypes, specifically in trace fear conditioning in RTT and 

MDS mice using a small molecule approach, illustrates that two mGlu receptors may be potential 

therapeutic targets for these disorders. The reversal effects are consistent with the cognitive 

improvement exerted by mGlu2 and/or mGlu3 modulation in models of neuropsychiatric disorders 

such as schizophrenia and depression. Thus, the studies here contribute to the rationale for 

developing small molecules that target group II mGlu receptors simultaneously or selectively to 

mediate pathological symptoms, including impaired cognitive function. These data also raise 
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several possibilities or directions regarding synaptic function and the interplay of these two mGlu 

receptors alone or with other proteins. 

 

Hippocampal short-term and long-term synaptic plasticity, especially paired-pulse ratio (PPR) and 

LTP has been used as a correlate to associative learning and memory. An unanswered question 

in these studies is the effect of mGlu2/3 modulation on the synaptic physiology profiles of RTT and 

MDS mice. RTT mice, similar to NMDA receptor hypofunction models of schizophrenia, exhibit 

SC-CA1 LTP deficits (267, 300, 422–426). Conversely, MDS mice exhibit heightened LTP, 

although there are conflicting reports regarding this phenotype (105, 168, 171). Another 

bidirectional phenotype between RTT and MDS mice is PPR, which is attenuated and increased, 

respectively. It would be prudent to evaluate how mGlu2/3 activation mediates synaptic 

transmission in RTT and MDS. As previously shown, it is likely that only mGlu3 plays a role in SC-

CA1 LTP (267, 272). Utility of subtype-selective positive or negative allosteric modulators would 

help delineate the contribution of these two mGlu receptors in facilitating the cognitive effects. 

Along the same lines, PAMs and NAMs could be employed in vivo to determine whether both 

receptors are required for improvement of trace fear conditioning in these model mice. 

 

Additionally, while the studies here show that mGlu2/3 receptor modulation can affect the changes 

in trace fear behavior in RTT and MDS model mice, other proteins could also be involved, 

especially the mGlu5 receptor. Deletion of mGlu5 from CA1 pyramidal cells induces deficits in trace 

fear conditioning (267, 408). Additionally, the effects of LY379268 in augmenting trace fear 

acquisition are dependent on the concerted effort of both mGlu3 and mGlu5 (267), a relationship 

that has been previously characterized in the prefrontal cortex (322). In regard to MDS, mGlu5 

has been linked to abnormal hippocampal synaptic plasticity and behavioral dysfunction observed 

in MDS animals (329). There are also previous reports demonstrating the relationship of mGlu5 

and RTT, specifically decreased mGlu5 expression in RTT patients and mouse models, the role 
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of mGlu5 in mediating hippocampal synaptic plasticity, and the beneficial effects of 

pharmacologically activating mGlu5 in RTT mice (136, 427). These several lines of evidence 

suggest that the group II mGlu receptors and mGlu5 are key players in modulating trace fear 

behavior in RTT and MDS animals. Thus, it is probable that the interplay of these three receptors 

is needed to regulate trace fear conditioning in RTT and MDS mice. Further studies are needed 

to elucidate this possibility, but this collective effort could have potential implications in treatment 

strategies for RTT and MDS. 

 

Although the studies here focused on the role of mGlu2/3 receptors on cognitive function, other 

symptom domains in RTT and MDS could be responsive to mGlu2/3 modulation. Several studies 

have shown that activation of group II mGlu receptors can mediate anxiety-related behavior, both 

in having anxiolytic and anxiogenic effects, and hyperlocomotor activity especially in models of 

NMDA receptor hypofunction (279–281, 323). mGlu2/3 receptor antagonism also normalizes 

abnormal anxiety and motor phenotypes (279–281). Therefore, targeting the group II mGlu 

receptors, either simultaneously or selectively, could be advantageous across many symptoms 

of the RTT and MDS, and future studies should assess these potential effects in rodent models 

of these disorders. 

 

In regard to RTT, the reversal effects of mGlu2/3 activation in Mecp2 null animals are consistent 

with the human-derived data of attenuated mGlu2 and mGlu3 levels. However, expression data 

from post-mortem human samples also postulate that perhaps the effects of group II mGlu 

receptor modulation is dependent on the type and domain localization of the MECP2 mutation 

(Figure 32). For example, mutations in the MBD lead to decrease levels of mGlu2 and mGlu3, and 

specifically, the T158M mutation affect both receptors. Interestingly, mGlu2 expression appears to 

be sensitive to mutations in all MeCP2 functional domains compared to mGlu3, which may suggest 

that mGlu2 receptor modulation could have exert efficacy in a broader population of RTT patients. 
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Moreover, both receptors are also attenuated in MECP2 mutation-negative samples, which 

represents samples from patients diagnosed with RTT but do not have mutations in MECP2. 

Thus, it is possible that atypical RTT disorders could benefit from mGlu2/3-targeted therapy. Future 

studies should assess mGlu2/3 activation in MeCP2 point mutant mouse models, as well as mice 

modeling atypical RTT disorders, to determine the effect of MeCP2 mutation on symptomatic 

treatment strategies.  

 

 

Figure 32: mGu2 and mGlu3 mRNA expression is dependent on MeCP2 mutation. GRM2 (A-B) and GRM3 (C-D) 

levels in RTT (n = 42) are dependent on the location of the mutation within the protein domain (A, C) and the type of 

mutation (B, D; common mutations are shown). Control samples (n = 11-12) are from sex-, age- and post-mortem 

interval-matched samples of typical patients. All samples are from the temporal cortex, Brodmann areas 20 and 38. 

The MECP2 mutation-negative (Mut Neg) designation represents samples from patients clinically diagnosed with RTT 
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but lacking a mutation in MECP2. Student’s unpaired t-test, *p < 0.05, **p < 0.05. MeCP2 domains: methyl-CpG-binding 

domain (MBD), transcriptional repressor domain (TRD), C-terminus (CTD). 

 

In conclusion, this dissertation aimed to provide information pertinent to the clinical trajectory of 

MeCP2-targeted gene therapy and potential novel therapeutic targets for MECP2-related 

neurodevelopmental disorders. The collected preclinical data has implications for precision or 

personalized medicine of MECP2-related neurodevelopmental disorders. 
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TABLES 

Phenotype 
- MECP2 transgene + MECP2 transgene 

R133C/y R133C/+ Null/+ R133C/y R133C/+ Null/+ 
Decreased weight   Inconclusive + + Inconclusive 
Decreased survival      + 
Seizures      + 

Hindlimb clasping
#
    + + + 

Decreased acoustic startle response   n/a + + n/a 
Apneas    + + + 
Decreased social preference    + + + 
Decreased anxiety    + - + 

Decreased motor coordination
#
    + - + 

Decreased contextual freezing
#
    + - + 

#
Statistically different between Mecp2

R133C/+
 and Mecp2

null/+
                                             

+ (beneficial effect in improving phenotype); - (MDS-like phenotype/adverse effect)  

Table 1: Behavioral phenotyping comparison in Mecp2 mutant mice with and without an MECP2 transgene. 
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Phenotype Tcf4
+/-

 

- MECP2 transgene + MECP2 transgene 
Tcf4 transcript  No effect 
Mecp2 transcript + protein No change - 
Hyperactivity  + 
Decreased anxiety  + 
Decreased contextual freezing  + 
+ (beneficial effect in improving phenotype); - (MDS-like phenotype/adverse effect)  

Table 2: Molecular and behavioral comparison in Tcf4 mutant mice with and without an MECP2 transgene.
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Activity Compound Selectivity 
Effects in preclinical 

investigations 

Agonist 

LY354740 Group II 

Anti-psychotic (296, 297) 

Neuroprotection (273) 

Anxiolytic (279) 

LY379268 Group II 

Neuroprotection (273) 

Anti-psychotic (280, 297–300) 

Anti-depressant (276, 335) 

Pro-cognitive (267, 299) 

Anxiolytic / anxiogenic (280) 

Antagonist LY341495 Group II > Group III > Group I 

Anxiolytic (281) 

Antidepressant (284) 

Stress resilience (277) 

PAM 

LY487379 

 

mGlu2 

 
Anti-psychotic (306) 

BINA mGlu2 Anti-psychotic (265) 

NAM 
VU6001966 mGlu2 Antidepressant (264) 

VU0650786 mGlu3 Antidepressant (264, 287, 405) 

 
Table 3: List of common compounds targeting the Group II mGlu receptors.  
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Code AN 
Number Age Sex PMI 

(hr) Mutation %XCI Region Sub-
reg Cause of Death 

Rett-1 AN19242 10 F N/A R255X 63.9 Cortex BA20  

Rett-3 AN15579 11 F 9.6 R255X 38.9 Cortex BA38  

Rett-4 AN04573 12 F 5 R270X 49.1 Cortex BA20  

Rett-5 AN08016 8 F 2.9 R255X  Cortex BA38  

Rett-6 AN02091 24 F 15.78 R255X  Cortex BA20  

Rett-7 AN04121 10 F 23.5 R270X  Cortex BA38  

Rett-13 AN13266 33 F 23.67 R270X  Cortex BA38  

Rett-16 AN15264 35 F 25.37 R168X  Cortex BA38  

Rett-23 AN07309 12 F 16.83 R255X  Cortex BA38  

Rett-26 AN17849 12 F 3.08 R168X  Cortex BA38  

Rett-27 AN14876 26 F 17.05 R270X  Cortex BA38  

Rett-32 AN05266 21 F 19.68 R168X  Cortex BA38  

Rett-33 AN09497 27 F 32.08 R255X  Cortex BA38  

Rett-37 AN05357 12 F 8.13 R168X  Cortex BA38  
          

Rett Age PMI        

AVG 18.1 15.6        

SEM 2.5 2.6        
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Code UMBN Age Sex PMI 
(hr) Mutation %XCI Region Sub-

reg Cause of Death 

CTL-3 #5161 10 F 22 None  Cortex BA38 Accidental Hanging, S15 
CTL-4 #5554 13 F 15 None  Cortex BA38 Suicidal Hanging, S9 
CTL-6 #5844 42 F 12 None  Cortex BA38 Cardiac Arrythmia, S11 
CTL-7 #5566 15 F 23 None  Cortex BA38 Hypertrophic Cardiomyopathy, S11 
CTL-8 #5309 14 F 8 None  Cortex BA38 Streptococcal Toxic Shock, S13 
CTL-9 #4330 19 F 19 None  Cortex BA38 Unaffected Control, 4430S9 
CTL-10 #5446 18 F 18 None  Cortex BA38 Unaffected Control, 5446S11 
CTL-11 #5538 19 F 24 None  Cortex BA38 Unaffected Control, 5538S11 
CTL-12 #5644 30 F 23 None  Cortex BA38 Unaffected Control, 5644S9 
CTL-13 #5646 21 F 23 None  Cortex BA38 Unaffected Control, 5646S11 
CTL-14 #5669 25 F 29 None  Cortex BA38 Unaffected Control, 5669S11 
CTL-15 #5670 17 F 22 None  Cortex BA38 Unaffected Control, 5670S11 
CTL-16 #5751 25 F 24 None  Cortex BA38 Unaffected Control, 5751S11 
          

CTL Age PMI        

AVG 20.6 20.2        

SEM 2.3 1.6        

Table 4: Human temporal cortex sample data. PMI = post mortem interval, XCI = X chromosome inactivation. *cause of death in 

RTT samples is not specified.
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