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Abstract

There is currently no effective treatment for Rett syndrome (RTT), a severe X-linked progressive 

neurodevelopmental disorder caused by mutations in the transcriptional regulator MECP2. 

Because MECP2 is subjected to X-inactivation, most affected individuals are female heterozygotes 

who display cellular mosaicism for normal and mutant MECP2. Males who are hemizygous for 

mutant MECP2 are more severely affected than heterozygous females and rarely survive. Mecp2 
loss-of-function is less severe in mice, however, and male hemizygous null mice not only survive 

until adulthood, they have been the most commonly studied model system. Although heterozygous 

female mice better recapitulate human RTT, they have not been as thoroughly characterized. This 

is likely because of the added experimental challenges that they present, including delayed and 

more variable phenotypic progression and cellular mosaicism due to X-inactivation. In this review, 

we compare phenotypes of Mecp2 heterozygous female mice and male hemizygous null mouse 

models. Further, we discuss the complexities that arise from the many cell-type and tissue-type 

specific roles of MeCP2, as well as the combination of cell-autonomous and non-cell-autonomous 

disruptions that result from Mecp2 loss-of-function. This is of particular importance in the context 

of the female heterozygous brain, composed of a mixture of MeCP2+ and MeCP2− cells, the ratio 

of which can alter RTT phenotypes in the case of skewed X-inactivation. The goal of this review is 

to provide a clearer understanding of the pathophysiological differences between the mouse 

models, which is an essential consideration in the design of future pre-clinical studies.

1. Introduction

Rett syndrome (RTT) is a severe X-linked progressive neurodevelopmental disorder for 

which there is currently no effective treatment or cure. Males rarely survive past birth, and 

RTT impacts approximately 1:10,000 live female births (Chahrour and Zoghbi, 2007). Girls 

with RTT develop relatively normally for 6–18 months, after which they undergo a period of 

rapid regression, with loss of motor skills including purposeful hand movement, deceleration 

of head growth, and onset of repetitive, autistic behaviors (Hagberg, 1983; Rett, 1966). 
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Social behavior and autonomic dysfunction, sleep problems, scoliosis, and seizures are also 

symptoms of this condition (Hagberg, 2005; Roze et al., 2007).

The discovery in 1999 that the majority of RTT cases are caused by mutations in the gene 

MECP2 (Amir et al., 1999), located on the X-chromosome, has led to an expansive field of 

research on the role of the transcriptional regulator MECP2 in brain function. Further, the 

monogenic nature of this disorder has led to the development of a number of mouse models 

of RTT. Mecp2 mutant mice exhibit a range of neurological abnormalities that recapitulate 

human RTT, and this model system has already provided crucial insight into the pathology 

of RTT. For example, selectively re-expressing Mecp2 in postmitotic neurons, either in the 

whole brain or neocortex and hippocampus, of adult mice has shown that RTT symptoms 

can be partially reversed (Giacometti et al., 2007; Guy et al., 2007; Luikenhuis et al., 2004), 

indicating that MeCP2 is necessary for both the development and maintenance of functional 

mature neurons (McGraw et al., 2011; Nguyen et al., 2012). These discoveries have 

uncovered the exciting potential of post-symptomatic reversal of RTT symptoms.

Although RTT is an X-linked disorder and human males rarely survive past birth, Mecp2 
loss-of-function is less severe in mice and male hemizygous null mice (Mecp2−/y) not only 

survive until adulthood, they have been the most commonly studied model system to date 

and they have provided extensive insight into the molecular pathophysiology of Mecp2 loss-

of-function. Heterozygous (Het; Mecp2+/−) female mice have not been as thoroughly 

characterized, likely because of the added experimental challenges that they present, 

including delayed and more variable phenotypic progression, and cellular mosaicism due to 

X-inactivation. However, they are a more clinically relevant RTT model and it is imperative 

that female heterozygotes are included in any studies of potential therapeutics (Katz et al., 

2012). Further, because they have a more delayed phenotypic progression and longer 

lifespan than males, there is greater potential to investigate clinically relevant alterations in 

phenotypic development.

In this review, we discuss what is known about the phenotypes of Mecp2 Het female mice 

and the underlying pathophysiology, and we compare the female Het mice with the male 

hemizygous null mouse models. We discuss the lack of studies that compare the sexes and 

that employ the same phenotypic assessments in rescue or therapeutic intervention 

approaches. The goal of this review is to provide a clearer understanding of the 

pathophysiological differences between the mouse models, which is an essential 

consideration in the design of future pre-clinical studies.

2. MeCP2 is a transcriptional regulator with many functions

Although the genetic cause of RTT, mutations in the methyl CpG binding Protein 2 gene 

(MECP2; Mecp2 in mouse) was identified 20 years ago (Amir et al., 1999), the complex 

functions of the MeCP2 protein have hindered the elucidation of molecular disruptions 

underpinning RTT phenotypes. The many roles of MeCP2 have been comprehensively 

reviewed elsewhere (Bellini et al., 2014; Connolly and Zhou, 2019; Fasolino and Zhou, 

2017; Guy et al., 2011; Horvath and Monteggia, 2018; Lyst and Bird, 2015); thus, we will 

only briefly summarize them here.
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MeCP2 contains multiple domains, including the methyl-CpG-binding domain (MBD), 

transcriptional repression domain (TRD) and the nuclear repressor co-repressor (NCOR)-

silencing mediator of retinoic acid and thyroid hormone receptor (SMRT) interacting 

domain (NID), located within the TRD (Lyst et al., 2013; Nan et al., 1997, 1993). MeCP2 

binds to DNA through its MBD domain and functions as a repressor of gene transcription by 

recruiting SIN3A, histone deacetylases and NCOR/SMRT co-repressors (Guo et al., 2014; 

Jones et al., 1998; Kokura et al., 2001; Lewis et al., 1992; Nan et al., 1998). In addition to 

interacting with methylated CpG dinucleotides, Mecp2 binds to methylated CpH (Guo et al., 

2014). In fact, MeCP2 recruitment to methylated CpA plays a key role in the downregulation 

of long genes (Gabel et al., 2015). Additionally, because many of the dysregulated genes in 

Mecp2-mutant mice acquire high levels of methylated CpH as they mature, it has been 

proposed that the lack of MeCP2 binding to mCH as neurons mature could underpin the 

delayed onset of RTT symptoms (Chen et al., 2015).

Surprisingly, MeCP2 also acts as a transcriptional activator when it recruits cyclic AMP-

responsive element-binding protein 1 (CREB1), with data suggesting that in the absence of 

Mecp2, a greater number of genes are downregulated than upregulated (Chahrour et al., 

2008). Whether these transcriptional changes all represent direct targets of MeCP2 or 

secondary effects is not clear, however. It has been proposed that MeCP2 acts as a 

transcriptional repressor when it interacts with 5-methylcytosine (5mC) and as an activator 

when it binds to 5-hydroxymethylcytosine (5hmC) (Li et al., 2013; Mellén et al., 2012). 

However, more recent studies suggest that MeCP2 only has high affinity to 5hmCA and its 

affinity to 5hmCG is low, similar to unmethylated regions (Kinde et al., 2015; Mellén et al., 

2017); therefore the low affinity of MeCP2 to 5hmCG would result in its diminished binding 

and consequently reduction in transcriptional repression by MeCP2 (Ip et al., 2018; Mellén 

et al., 2017).

Further, there is evidence that MeCP2 contributes to chromatin structural organization by 

displacing histone H1. Importantly, in the absence of Mecp2, there is an increase in histone 

deacetylation and histone H1, leading to alterations in chromatin structure (Nan et al., 1997; 

Skene et al., 2010). In addition, MeCP2 is involved in post-transcriptional regulation, 

evidenced by its enriched binding to alternatively spliced exons and by its interaction with Y 

box-binding protein 1 (YB-1), a protein that regulates RNA splicing events. Loss of MeCP2 

leads to alterations in alternative splicing, in both mice and human cell lines (Maunakea et 

al., 2013; Young et al., 2005). MeCP2 also binds to DiGeorge syndrome critical region 8 

(DGCR8), playing a role in miRNA processing by preventing the formation of the DGCR8-

Drosha complex (Cheng et al., 2014).

With so many mechanisms of action and functions for MeCP2, it is not surprising that 

mutations in MECP2 lead to such a complex syndrome with several distinct symptoms. It 

should be noted that the majority of the mechanistic studies involving RTT model mice have 

been conducted in Mecp2-null mice, demonstrating their importance to RTT research. Even 

though the null model does not recapitulate the cellular mosaicism of human RTT, it has 

been invaluable for accelerating our understanding of MeCP2 and the underlying 

pathophysiology of RTT. However, due to the complete absence of MeCP2 in these mice, it 

is difficult to tease apart the direct effects of Mecp2 loss to the indirect outcomes of their 
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severely compromised development, and further studies are needed to understand the 

mechanisms of action of MeCP2 in the context of the cellular mosaicism of the female Het 

brain.

3. Mecp2 Mutant Mouse Models

3.1 Female heterozygous mutant mice display milder phenotypes and delayed 
phenotypic progression

A number of Mecp2-mutant mouse models have been generated that recapitulate certain 

phenotypes of human RTT. Mecp2tm1.1Bird and Mecp2tm1.1Jae are the most common null 

allele models used, while Mecp2tm1Hzo (also known as Mecp2308) is one of the most 

common nonsense mutation models. The Mecp2tm1.1Bird model lacks exons 3 and 4, 

resulting in a complete loss of expression of Mecp2 mRNA and protein. Male null and 

female Het Mecp2tm1.1Bird mice display similar physical deficits, but with very distinct 

phenotypic progression timelines. These phenotypes include irregular gait and reduced 

mobility, breathing apneas, hindlimb clasping, reduced neuronal size and brain weight. 

Mecp2tm1.1Bird null males develop overt phenotypes as early as 3 weeks of age, while 

female Hets might not start showing obvious symptoms until 3 months. Further, female Het 

mice do not exhibit the rapid phenotypic progression seen in null males, which results in 

their early death at around 6 to 12 weeks of age (Guy et al., 2001).

The Mecp2tm1.1Jae model, on the other hand, lacks only exon 3 and, although mice carrying 

this allele do not express the full MeCP2 protein, they do exhibit peptides of smaller size. 

Similar physical deficits are seen in Mecp2tm1.1Jae null males, which display overt 

symptoms by 5 weeks of age. Het females, on the other hand, are apparently asymptomatic 

for the first four months of life, later developing aberrant gait, body tremors, and reduced 

activity as seen with null males and the Mecp2tm1.1Bird model (Chen et al., 2001; Guy et al., 

2001). The Mecp2tm1Hzo model produces a truncated protein, recapitulating a common 

mutation found in RTT. A premature stop codon was engineered after codon 308 of Mecp2; 

thus, the allele maintains the MBD and TRD domains and the nuclear localization signal 

(NLS), but lacks the C-terminal third of the sequence. Similar to the null allele models, the 

heterozygous female mice exhibit milder phenotypes with a delayed symptom onset relative 

to males. In female Hets, overt symptoms appear after 1 year of age, while males start 

showing symptoms after 4 months of age, with signs of mild tremor appearing at 6 weeks. 

(Shahbazian et al., 2002b).

Due to the fact that the testes of Mecp2-null mice remain internal and they are not able to 

breed, generating Mecp2−/− female mice is uncommon. However, Guy et al (2001) 

generated Mecp2−null females by crossing female mice heterozygous for Mecp2 and for a 

Cre transgene on the X chromosome to males carrying an allele flanking exons 3 and 4 of 

the Mecp2 gene. The resulting Mecp2-null female mice displayed similar phenotypic 

progression as Mecp2-null males (Guy et al., 2001), suggesting that the delayed and highly 

variable phenotypic progression seen in Het females is due to their cellular mosaicism rather 

than an overall sex difference. Additional studies on Mecp2−/− female mice would be 

necessary, however, to determine if there are sex-based differences in the RTT model mice 
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that are independent of the cellular mosaicism inherent in the commonly employed Het 

model.

3.2 Phenotypes of both male and female Mecp2 mutant mice depend on genetic 
background

Importantly, genetic background greatly alters phenotypic presentation in Mecp2 mutant 

mice (Table 1). For example, Mecp2tm1.1Bird male mice on a C57BL/6 background undergo 

rapid weight loss before death, while males with the same allele on a 129 strain are 

significantly heavier than wildtype (Guy et al., 2001). Similarly, Mecp2tm1.1Jae male mice 

maintained on a mixed background (129, C57BL/6 and BALB/c) display increased body 

weight (Chen et al., 2001), as do heterozygous Mecp2tm1.1Bird females on an FVB.129F1 

(FVB/N x 129S6/SvEv) background. The latter are overweight starting at 8 weeks of age, 

while heterozygous females on a 129.B6F1 (129S6/SvEv x C57BL/6) background only 

appear to be heavier at 52 weeks. Weight gain in mice is altered by the neuropeptide 

somatostatin in the hypothalamus, which increases as the expression level of MeCP2 rises. 

Remarkably, the negative correlation between Mecp2 expression and weight gain is only 

observed in females on the FVB.129F1 background, but not the 129.B6F1 strain, even 

though both strains show weight gain with the progression of RTT (Samaco et al., 2013).

Although Mecp2tm1.1Bird mutant mice on a CD-1 background display similar overall 

phenotypes to those on a C57BL/6 background, considerations should be made to metabolic 

alterations, such as cholesterol levels, which appear to depend more on the genetic 

background than neurological phenotypes. Genetic background also modifies litter size and 

maternal care, with Mecp2 heterozygous mice on a CD-1 background having larger litters 

with greater survival than C57BL/6 dams (Gigli et al., 2016). Maternal care is particularly 

important for symptom onset and severity in Mecp2-mutant mice. This is highlighted by 

cross-fostering pups between Mecp2+/− and wildtype dams, which results in differences in 

the onset of adult phenotypes and easier detection of behavioral deficits of heterozygous 

female mice when compared to their wildtype littermates (Vogel Ciernia et al., 2017).

The sociability of Mecp2 mutant mice is also variable and dependent on the allele and strain 

studied. For males, the Mecp2tm1.1Jae and Mecp2tm1.1Bird alleles are associated with 

hypersociability (Kerr et al., 2008; Schaevitz et al., 2010); however, Mecp2tm1Hzo males 

only display increased sociability on a C57BL/6 background (Pearson et al., 2012), and not 

on the 129/SvEv background (Moretti et al., 2005). Mecp2tm1.1Bird female mice on either a 

FVB.129F1 or 129.B6F1 background spend more time investigating a novel mouse than a 

novel object, but less time investigating the novel mouse than their wildtype littermates, 

suggesting behavioral impairments in social approach (Samaco et al., 2013).

3.3 Mecp2 mutant male and female mice share a subset of phenotypes

Although phenotypic progression and severity are highly divergent between the two sexes, a 

number of neurological phenotypes are consistently comparable between male hemizygous 

null and female Het mice. This includes a reduction in the volume of cortical and subcortical 

regions, with only minor sex differences in the Mecp2tm1Hzo model, mainly in the inferior 

and superior colliculi of the brainstem (Allemang-Grand et al., 2017). Further, both Mecp2-
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null and Het females display reduced dendritic complexity, spine density and soma area of 

cortical neurons (Belichenko et al., 2009; Fukuda et al., 2005; Kishi and Macklis, 2004; 

Rietveld et al., 2015; Stuss et al., 2012; Tropea et al., 2009; Wang et al., 2013). Disrupted 

contextual fear learning (Pelka et al., 2006a; Samaco et al., 2013) and inability to complete 

hippocampal dependent tasks (Stearns et al., 2007) are also consistently observed in both 

male and female Mecp2 mutant mice.

Other robust phenotypes observed in mice of both sexes, as well as RTT patients, are 

respiratory (Mancini et al., 2018; Roux et al., 2007) and cardiac dysfunction (McCauley et 

al., 2011). A study using Sarizotan, a 5-HT1a and dopamine D2-like receptor agonist, 

showed reduction in apneas and breathing irregularities in both male and female mice, with 

only respiratory frequency increased in females and not altered in male mice (Abdala et al., 

2014). This drug is currently in clinical trial to assess its efficacy in treating breathing 

abnormalities of RTT patients (). Reduction in apnea frequency was also observed in Mecp2 
Het female mice exposed to metabotropic glutamate receptor allosteric modulators. 

Metabotropic glutamate receptor 7 (mGlu7) is downregulated in the cortex and hippocampus 

of male and female Mecp2 mutant mice, in addition to RTT patients, and its modulation also 

improves synaptic transmission between Schaffer collaterals and CA1 in the hippocampus, 

regardless of sex (Gogliotti et al., 2017).

Additionally, male mice generated with a conditional Mecp2 allele that exhibit a ~50% 

reduction in the expression of Mecp2 showed intact pain sensitivity, which is dependent on 

spinal cord reflex, but impaired pain recognition, which is dependent on the communication 

between the spinal cord and the brain (Samaco et al., 2008). The same phenotype is 

observed in female mice and RTT patients (Downs et al., 2010; Samaco et al., 2013). This 

indicates that either pain response is a common result of the loss of Mecp2 independent of 

sex, or that the similarity in phenotype is due to the roughly 50% reduction of MeCP2 in the 

brain.

Anxiety-like behavioral phenotypes are even more complex, with results dependent on the 

paradigm used to test the behavior. The elevated plus and zero mazes consistently show 

lower anxiety-like behavior in both male and female mutant mice (Meng et al., 2016; Pelka 

et al., 2006b; Samaco et al., 2013; Stearns et al., 2007; Ure et al., 2016; Vogel Ciernia et al., 

2017), with the exception of the Mecp2tm1Hzo model (De Filippis et al., 2010; McGill et al., 

2006). However, the open field test usually evidences increased anxiety-like behavior in both 

sexes (McGill et al., 2006; Shahbazian et al., 2002a; Vogel Ciernia et al., 2017), while the 

light/dark box paradigm shows variable results, indicating anxiogenic effect in some cases 

(McGill et al., 2006; Meng et al., 2016; Ure et al., 2016) and anxiolytic effect in others 

(Samaco et al., 2013).

Taken together, these data suggest that a subset of RTT phenotypes are consistent between 

male and female Mecp2-mutant mice, and might respond similarly to therapeutic 

intervention. However, the preponderance of evidence indicates that male null and female 

Het mice have sex-specific responses to possible therapeutic interventions that must be 

considered.
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4. MeCP2 has distinct functions in different circuits and cell types across 

the nervous system

The mammalian brain is comprised of a complex network of neuronal and glial subtypes, 

each with a distinct transcriptome and epigenome. MeCP2 is expressed in most (if not all) of 

these cells, but the molecular pathways regulated by MeCP2 are tissue- and cell-type 

specific and loss of MeCP2 function in defined CNS circuits results in distinct RTT 

phenotypes. To tease apart the contributions of different circuitries and brain regions to RTT 

phenotypes, cell type- and brain region-specific deletion and re-expression of Mecp2 have 

been employed. However, few studies have included both male and female mice in their 

experimental design, which is problematic when the severity of the phenotypes can be 

idiosyncratic to each sex, greatly impacting the potential for phenotypic rescue. Further, 

studies that have analyzed both males and female Mecp2 mutant mice have identified some 

distinct differences in phenotypes, highlighting the need to employ both sexes in such 

analyses.

4.1 Mecp2 mutant mice display sex-specific phenotypes in distinct neuronal 
subpopulations

An example of molecular phenotypic differences between males and females is found in the 

serotonergic system, which is more highly dysregulated in Mecp2-null mice than Het 

females (Vogelgesang et al., 2017). Behaviorally, loss of Mecp2 specifically in 5-

hydroxytryptamine (5-HT) neurons leads to reduced depression-like and increased anxiety-

like phenotypes in the novelty suppression feeding test in male Mecp2-null mice. In 

contrast, female Het mice display reduced anxiety-like behavior in the elevated plus maze 

test (Philippe et al., 2018). The authors suggest that the changes in behavior could be a result 

of increased expression of 5-HT1A autoreceptors due to the loss of MeCP2 enhancement of 

Deaf1-mediated repression in 5-HT neurons (Philippe et al., 2018).

Restoration of Mecp2 expression specifically in glutamatergic or inhibitory neurons also 

highlights the differences in male and female phenotypes, and possible limitations of 

preclinical studies that focus only on Mecp2-null mice. Female mice in which Mecp2 
expression is maintained exclusively in glutamatergic neurons display more extensive 

phenotypic amelioration than male mice; for example, normalization of ataxia is only seen 

in Het females (Meng et al., 2016). In contrast, Het female mice expressing Mecp2 only in 

inhibitory neurons display less extensive phenotypic improvement than male null mice (Ure 

et al., 2016). The authors suggest that this phenotypic divergence is indicative of Mecp2 re-

expression being less effective in inhibitory than glutamatergic neurons in Mecp2 mosaic 

Het brains (Meng et al., 2016; Ure et al., 2016).

Mecp2 mutant mice also display sex-specific differences relating to the cholinergic system. 

Mecp2 deficient mice express lower levels of choline acetyltransferase in a number of brain 

regions, such as basal forebrain and striatum (Ricceri et al., 2011; Zhou et al., 2017). With 

the injection of nicotine or nicotinic acetylcholine receptor (nAChR) agonist, male Mecp2-

null mice displayed enhanced locomotion, contrary to the suppressive effect these agonists 

have on wildtype mice. Het female mice, on the other hand, show distinctive phenotypes 
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after nicotine exposure, such as Straub tail, a dorsiflexion of the tail used to measure 

nicotine sensitivity in mice. Similar phenotypic heterogeneity was found in the expression 

levels of nAChR subtypes in the midbrain of RTT mice, with males having a significant 

reduction in α4 and α6 subtype mRNA levels, while females only showed differential 

expression of α6 (Leung et al., 2017). This could contribute to the sex difference seen in the 

behavioral response to nicotine exposure. Additionally, the loss of Mecp2 in the cholinergic 

system impairs memory recognition of Mecp2-null mice, a phenotype that can be rescued 

with the chronic administration of the acetylcholinesterase inhibitor donepezil (Ballinger et 

al., 2019).

The hippocampi of Mecp2-null and female heterozygous mice, on the other hand, share 

similar properties. Increased hippocampal activation (Calfa et al., 2011; Li et al., 2017), and 

a reduction in soma size of hippocampal neurons is observed in both males and females. The 

same is true for soma size of neurons in the locus coeruleus, which display smaller and 

hyperexcitable neurons in both male and female mutant mice. However, there are features in 

the locus coeruleus that distinguish males and females; the decrease in tyrosine hydroxylase 

levels between MeCP2- in the Het brain and wildtype females is greater than difference seen 

between Mecp2-null and wildtype male mice (Taneja et al., 2009). Neuronal phenotypes in 

the neocortex are also consistent between male nulls and female Hets. In both, cortical 

neurons demonstrate reduced dendritic complexity, spine density, and soma size (Belichenko 

et al., 2009; Fukuda et al., 2005; Kishi and Macklis, 2004; Rietveld et al., 2015; Stuss et al., 

2012; Tropea et al., 2009; Wang et al., 2013), as well as spontaneous excitatory input 

(Asgarihafshejani et al., 2019). Physical and morphological phenotypes of dopaminergic 

neurons in the substantia nigra are comparable between males and females as well. Both 

sexes of Mecp2 mutant mice have reduced cell capacitance and dopamine current density, 

and increased resistance, although male mice show more severe reduction in capacitance 

(Gantz et al., 2011). Thus, some neuronal characteristics might provide a consistent measure 

of potential phenotypic rescue between mutant mice of both sexes, but distinct responses can 

be expected in other neuronal populations.

4.2 Mecp2 loss-of-function in glia disrupts their function and alters neuronal circuitry

Initially, RTT was thought to be predominantly caused by the loss of Mecp2 in neurons since 

the protein is expressed up to ten times higher in neuronal cells than other cell types in the 

brain (Chen et al., 2001; Skene et al., 2010). However, more recently, Mecp2 loss-of-

function in glial cells has been shown to centrally contribute to RTT pathogenesis, although 

sex differences have yet to be characterized in these important cellular populations. 

Expressing Mecp2 exclusively in astrocytes improves several RTT phenotypes, including 

locomotion and anxiety-like behavior, in addition to prolonging lifespan (Lioy et al., 2011). 

Mecp2-null astrocytes grow slower in vitro and do not mediate immune response as 

effectively as wildtype astrocytes. Further, Mecp2-null astrocytes alter wildtype neuronal 

phenotypes and fail to provide essential support for neuronal health. The negative impact of 

Mecp2-null astrocytes might become more pronounced with age; hippocampal astrocytes of 

Het female mice display lower MeCP2 expression at 7 months than at 1 month of age. This 

Mecp2 deficiency appears to spread through gap junctions, highlighting the negative impact 

that MeCP2− cells have on MeCP2+ cells (Maezawa et al., 2009).
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Microglia also contribute to circuit disruption in RTT, although their role in the pathogenesis 

of the disorder has been controversial. Wang et al (2015) found that restoration of MeCP2 

expression in microglia or the introduction of wildtype microglia in the brain via bone 

marrow transplantation does not rescue RTT phenotypes in mice, as had been previously 

reported (Derecki et al., 2012; Wang et al., 2015). Nevertheless, microglia are a known 

physiological mediator of synaptic pruning by eliminating unnecessary synaptic connections 

in the retinogeniculate system of Mecp2-null mice at postnatal day 5 (Schafer et al., 2012) 

and between postnatal days 30 and 60 (Hong et al., 2014; Schafer et al., 2012). Interestingly, 

Mecp2-null and wildtype microglia behave similarly in early postnatal and juvenile 

timepoints; however, after postnatal day 56, microglia lacking Mecp2 excessively prune 

synaptic connections. This period coincides with late symptomatic stages of Mecp2-null 

mice, indicating that microglia could enable late stage circuit defects in males (Schafer et al., 

2016). Because female heterozygous mice become highly symptomatic at a later timepoint 

than male mice, it would be interesting to see if the same microglia defects would be found 

in this population, at a later timepoint.

5. Rett Syndrome phenotypes are influenced by patterns of X-

chromosome inactivation

Our ability to distinguish differences between male Mecp2-null and female Mecp2 Het mice 

is further compounded by phenotypic variability caused by skewed X-inactivation. X-

chromosome inactivation (XCI) is an event that occurs very early in development, around 

the time of implantation, in both mice and humans. It allows for dosage compensation 

between females and males, who only possess one X-chromosome. The process randomly 

silences either the maternal or paternal X-chromosome in all somatic cells. The inactivated 

chromosome (Xi) expresses a non-coding RNA called XIST, which is upregulated prior to 

Xi undergoing extensive epigenetic modulation, such as DNA methylation and histone 

modification, responsible for its silencing (Clemson et al., 1996; Escamilla-Del-Arenal et al., 

2011; Kohlmaier et al., 2004; Penny et al., 1996; Shahbazian et al., 2002a; Sharp et al., 

2011).

Although XCI is a random process and it is expected that Het female mice are mosaic for 

Mecp2 expression, with roughly 50% of cells expressing the wildtype allele while the other 

half express the mutated allele, the transcript level of either allele can vary widely from 40 to 

85% (Braunschweig et al., 2004; Samaco et al., 2013; Young and Zoghbi, 2004). Whilst the 

pattern of XCI is mostly skewed towards the wildtype allele in mice, it is interesting to note 

that MeCP2 protein levels in wildtype-expressing cells within the brain inversely correlates 

with the number of cells expressing the mutated Mecp2 allele (Braunschweig et al., 2004). 

Therefore, even with a favorable XCI ratio, overall MeCP2 protein level is decreased due to 

this non-cell-autonomous impact on the wildtype cells. Hence, it is problematic to base pre-

clinical research only on male mice lacking any MeCP2 expression, since these animals will 

not show the impact the mutated allele could have on wildtype cells, which could greatly 

alter phenotypic presentation.
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In mice, multiple phenotypes are influenced by the XCI ratio, with body tremor and 

stereotypic forepaw movements being highly susceptible to changes in the ratio (Young and 

Zoghbi, 2004). However, how mouse behavior is influenced by levels of MeCP2 is 

dependent on the region of the brain; protein expression in the cortex inversely correlates 

with overall phenotype severity, while MeCP2 levels in the cerebellum, hippocampus and 

spinal cord are not significantly correlated with overall phenotype severity. Specific 

behaviors, on the other hand, are correlated with MeCP2 expression levels in these regions. 

For example, open field activity increases as Het mice display higher MeCP2 expression in 

the hippocampus, but no correlation is found in the cortex, cerebellum or spinal cord. The 

same is true for anxiety-like behavior (Wither et al., 2013). This disparity is not only 

restricted to physical or behavioral phenotypes as it has been shown that neuronal 

morphology is also impacted by the ratio of cells expressing wildtype or mutant Mecp2; the 

nuclear area of cells expressing MeCP2 rises with the increase in the number of cells 

expressing the wildtype Mecp2 allele, while the nuclear area of the cells expressing the null 

allele decreases (Rietveld et al., 2015). This shows that neurons expressing the mutant 

Mecp2 allele will have a more severe phenotype when surrounded by skewed XCI favoring 

the wildtype allele (Fig. 1), perhaps indicating the inability of the null neurons to compete 

with the wildtype expressing cells. In addition, the soma size of MeCP2+ neurons is also 

reduced in mosaic brains when compared to neurons in wildtype brains, demonstrating a 

non-cell autonomous effect impacted by variable XCI (Rietveld et al., 2015; Wither et al., 

2013).

In contrast to Mecp2 mutant mouse models of the disorder, only a few cases of skewed XCI 

pattern have been documented in RTT patients, with balanced XCI predominantly found in 

the population (LaSalle, J. M., Goldstine, J., Balmer, D., Greco, 2001; Shahbazian et al., 

2002a). However, the small number of variable XCI cases seen in patients could be 

explained by undiagnosed cases in which a skewed ratio towards wildtype MECP2 
expression could be neurologically protective, preventing or lessening RTT symptoms (Amir 

et al., 2000; Knudsen et al., 2006; Young and Zoghbi, 2004; Zhang et al., 2012). The 

paternal X-chromosome is the most commonly inactivated in instances where there is 

skewed XCI in humans (Nielsen et al., 2001); because de novo mutations in MECP2 usually 

have a paternal origin (Girard et al., 2001; Trappe et al., 2001; X. Zhang et al., 2012), this 

could enhance the protective effect of skewed XCI.

In humans (and in mice), different mutations in MECP2 underpin phenotypic variability. For 

example, missense mutations are more likely to result in scoliosis while truncating mutations 

frequently cause breathing abnormalities (Amir et al., 2000). Despite this phenotypic 

variability, the major determinant of RTT phenotypes is still the XCI ratio, which will most 

likely determine if the patient will or will not meet diagnostic criteria for RTT (Amir et al., 

2000; Wan et al., 1999). This further highlights the importance of employing female mice, 

which are also subject to XCI, in RTT research.

6. MeCP2 exerts both cell autonomous and non-cell-autonomous control

The impact that skewed XCI ratios have not only on cells expressing the mutated allele of 

Mecp2, but also on the cells expressing the wildtype allele reinforces that Mecp2 mutant 
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phenotypes result from both cell-autonomous and non-cell-autonomous disruptions. For 

example, Mecp2-null neocortical projection neurons exhibit reduced dendritic arborization 

even when transplanted into the cortex of wildtype mice; the reduction is not worsened when 

Mecp2-null neurons are transplanted in Mecp2-null cortices, indicating that the loss of 

Mecp2 is the main contributor to this phenotype. In contrast, wildtype neurons transplanted 

into the Mecp2-null cortex demonstrate reduced soma area, similar to null-neurons, 

indicating a non-cell-autonomous impact on soma size (Kishi and Macklis, 2010).

6.1 MeCP2+ and MeCP2− cells in the Het brain are distinct from wildtype and null

Similar observations of both cell autonomous and non-cell-autonomous effects of Mecp2 
loss-of-function can be made when comparing wildtype (MeCP2+) with null (MeCP2−) 

layer V-VI pyramidal neurons in the motor cortex of Het female mice (Fig. 2). In addition to 

altered dendritic spine density and dendritic width in MeCP2− neurons, disruptions were 

seen between MeCP2+ cells in Het female brain and wildtype littermates. However, the 

number of dendritic spines on MeCP2+ neurons was reduced when compared to MeCP2− 

neurons, which was similar to the number of spines found in the brains of Mecp2-null male 

mice, indicating the influence of both cell autonomous and non-cell-autonomous 

mechanisms in this phenotype. In contrast, the number of dendrites with irregularities, such 

as narrowing and swelling, appears to be influenced only by cell autonomous processes, 

since MeCP2+ cells are not different from wildtype neurons, while MeCP2− and Mecp2-

null neurons show a significant increase in frequency of those dendrites when compared to 

wildtype controls (Belichenko et al., 2009). Soma and nuclear size of MeCP2+ cortical 

neurons in a Het brain are also significantly reduced relative to those in a wildtype brain, 

although they are not quite as small as MeCP2− neurons. Overall dendritic length and 

branching of MeCP2+ neurons is not different from wildtype, on the other hand, but is 

significantly reduced in MeCP2− neurons (Rietveld et al., 2015). Further, 

electrophysiological parameters of cortical neurons are under the influence of cell 

autonomous (reduction in excitatory tone) and non-cell-autonomous (increased IPSCs 

frequency) mechanisms as well (Asgarihafshejani et al., 2019). Thus, RTT neuronal 

morphology phenotypes are comprised of both cell-autonomous and non-cell-autonomous 

disruptions.

Soma size and synaptic connectivity have been shown to be influenced by cell-autonomous 

and non-cell-autonomous mechanisms in the hippocampus as well. In the absence of 

MeCP2, there is a decline in Brain-derived neurotrophic factor (BDNF) synthesis and 

release, which results in a reduction of soma area, nuclear size, and dendritic length of 

hippocampal neurons, in addition to diminished glutamatergic synaptic outputs in vitro. The 

same morphological and presynaptic defects are observed in wildtype neurons in which the 

BDNF pathway is blocked (Sampathkumar et al., 2016). Importantly, increasing the 

expression of BDNF in vitro, either by normalizing its production in the Mecp2-null neurons 

or by exogenous application to cell culture medium, rescued both the synaptic and 

morphological defects of Mecp2-null hippocampal neurons. Overexpressing BDNF in 

wildtype neurons co-cultured with Mecp2-null neurons did not rescues their phenotypes, 

however, indicating that BDNF regulates dendritic complexity in a cell-autonomous and 

autocrine manner (Sampathkumar et al., 2016). The BDNF pathway could play a similar 
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role in this phenotype within cortical neurons, which also express lower levels of BDNF 

(Chang et al., 2006).

Mecp2 loss-of-function also leads to both cell-autonomous and non-cell-autonomous 

disruptions in gene expression. In the brain of Het female mice, MeCP2− and MeCP2+ 

cortical pyramidal neurons display distinct patterns of gene expression, demonstrating cell 

autonomous disruptions in the regulation of gene expression by the loss of MeCP2 (Johnson 

et al., 2017). However, a large of number of genes are also differentially expressed in 

MeCP2+ neurons from Het female mice when compared to wildtype neurons from a control 

mouse brain. Importantly, these non-cell-autonomous disruptions in transcriptional 

regulation are more prevalent in mice carrying the R106W human mutation, which results in 

severe RTT phenotype, than in those with the T158M mutation, which has a less severe 

phenotype, suggesting that disease progression drives these secondary changes in gene 

expression. Interestingly, the non-cell-autonomous differentially expressed genes are 

predominantly associated with cell-to-cell signaling and protein phosphorylation while the 

cell-autonomous differentially expressed genes are associated with transcriptional regulation 

(Johnson et al., 2017). Another study found that the genes that are differentially expressed 

between MeCP2+ neurons in wildtype and Het mouse brains are associated with neuronal 

activity-dependent gene expression and neurotrophin signaling. In agreement with the 

previous study, the non-cell-autonomous differentially expressed genes do not seem to be 

directly regulated by MeCP2, mostly likely resulting from indirect effects of the mosaic RTT 

brain environment (Renthal et al., 2018).

6.2 MeCP2+ and MeCP2− glia alter neuronal morphology and function via non-cell-
autonomous mechanisms

Wildtype hippocampal neurons co-cultured with astrocytes derived from Mecp2-null mice or 

with astrocytic conditioned media (ACM) from Mecp2-null and wildtype astrocytes, 

mimicking Mecp2 mosaicism in heterozygous brains, fail to thrive, displaying a reduction in 

neuronal processes and neuronal density (Ballas et al., 2009). Wildtype mouse hippocampal 

neurons co-cultured with astrocytes differentiated from induced pluripotent stem cell (iPSC) 

from RTT patients carrying 3 distinct MECP2 mutations similarly show reduced neuronal 

outgrowth, when compared to wildtype neurons cultured on isogenic control iPSC-derived 

astrocytes (Williams et al., 2014). Additionally, culturing Mecp2-null hippocampal neurons 

with ACM derived from wildtype astrocytes ameliorates disrupted neuronal growth (Ballas 

et al., 2009), providing further evidence of the non-cell-autonomous influence of glia in RTT 

pathology. Loss of Mecp2 specifically in astrocytes also impairs synaptic transmission. 

Proper neuronal synaptic response to astrocyte stimulation only occurs in the presence of an 

astrocyte that expresses Mecp2; an MeCP2+ neuron within a Het brain will demonstrate 

impaired synaptic transmission if coupled with an MeCP2− astrocyte (Rakela et al., 2018).

These findings that Mecp2 loss-of-function exerts both cell-autonomous and non-cell-

autonomous effects highlights the complexity of RTT. Further, it reinforces the need to study 

the molecular underpinnings of RTT and to investigate potential therapeutics within female 

Het mice. MeCP2+ and MeCP2− neurons likely respond differently to any intervention, and 

could modify the response of neighboring cells accordingly. Although male hemizygous null 
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mice remove this variability and allow for the study of underlying mechanisms in a more 

straightforward context, they do not recapitulate the complexity of the human disorder.

7. Translation of Pre-Clinical Studies performed in mice to human RTT

Although behavioral and physical deficits of Mecp2 mutant mice are dependent on the 

allele, genetic background, and sex of the animal being studied, the most confounding aspect 

of RTT research is, perhaps, the fact that phenotypic rescue experiments in mice that show 

very promising results are not recapitulated in clinical trials. One such example is the drug 

desipramine, an antidepressant that inhibits norepinephrine reuptake, which was evaluated 

for breathing disorders in RTT patients. Preclinical experiments showed robust rescue in the 

number of apneas and tyrosine hydroxylase-expressing neurons in the brainstem, and 

increased lifespan with treatment of Mecp2-null mice with desipramine (Roux et al., 2007; 

Zanella et al., 2008). However, the clinical trial was unsuccessful, showing no improvement 

in the patients treated with desipramine when compared to the placebo group (Mancini et al., 

2018). An underlying cause of such dichotomy could be that the pre-clinical research 

focused only on male mice.

Many of the insulin-like growth factor 1 (IGF1) preclinical studies were also done in male 

mice. Recombinant human IGF1 (rhIGF1) extends Mecp2-null lifespan, and improves 

apnea, bradycardia and locomotion in these animals (Castro et al., 2014; Mellios et al., 2014; 

Tropea et al., 2009). Females were only used to study visual plasticity due to the severe 

phenotypes of male mice in adulthood; in this study, rhIGF1 treatment curbed the enhanced 

critical period of heterozygous females (Castro et al., 2014). Although, a few studies with 

human female RTT patients found IGF1 treatment to be well tolerated and to improve some 

features of the disorder (Glaze et al., 2017; Khwaja et al., 2014; Pini et al., 2012), another 

clinical trial did not see significant improvement in patients, with some parameters 

worsening (O’Leary et al., 2018).

It will be interesting to observe the outcome of other clinical trials currently underway that 

were also based on preclinical studies focused on Mecp2-null mice, and whether the 

expanding use of female Het mouse models will improve our understanding of therapeutic 

targets. Any therapeutic approach will need to consider the immense challenges posed by the 

cell-type specific transcriptional targets and functions of MeCP2 and the unique 

stoichiometry of its expression between neurons and glia, in addition to the cellular 

mosaicism of the Het brain.

8. Summary

It would be a gross understatement to say that RTT syndrome is a complex disorder. MeCP2 

has multiple functions, and the pathways that it regulates are cell-type and tissue-type 

specific. It is the combination of Mecp2 loss-of-function across these distinct cell types and 

circuits that leads to the amalgam of symptoms that characterize RTT. Teasing these apart 

and identifying the disruptions that are paramount for targeting in therapeutic intervention is 

a monumental task. In so doing, however, it is imperative to recognize the cellular 

mosaicism of the female Het brain as a critical factor in the pathophysiology of RTT. 
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Therapeutic strategies for Mecp2 re-expression, such as via adeno-associated virus (AAV) 

Mecp2 transgenes, must consider the cellular mosaicism of the female Het brain in 

designing a targeting strategy. For example, exogenously expressing Mecp2 within the 

MeCP2+ cells as well as the MeCP2− cells would be highly detrimental as MeCP2 

overexpression leads to severe neurological disruptions (Collins et al., 2004). Similarly, 

driving expression of Mecp2 at the same levels in glia as in neurons would likely lead to an 

over-expression phenotype as neurons express MeCP2 at a 10-fold higher level than other 

cell types in the brain. Further, Mecp2 loss-of-function causes both cell-autonomous and 

non-cell-autonomous disruptions in the brain. Thus, we must consider not only the 

phenotypes and molecular underpinnings of MeCP2− neurons and glia, but also the impact 

of these cells on MeCP2+ cells. MeCP2+ cells in a Het brain are distinct from MeCP2+ cells 

in a wildtype brain, and MeCP2− cells in a Het brain are distinct from MeCP2− cells in a 

male hemizygous null brain. These variations contribute to the distinct phenotypes observed 

in MeCP2 mutant female mice in comparison to male null mice, as well as their increased 

variability in phenotypic progression.
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Abbreviations

5-HT 5-hydroxytryptamine

5hmC 5-hydroxymethylcytosine

5mC 5-methylcytosine

AAV adeno-associated virus

ACM Astrocytic conditional media

BDNF Brain-derived neurotrophic factor

CREB1 Cyclic AMP-responsive element-binding protein 1

DGCR8 Di George syndrome critical region 8

Het Heterozygous

IGF1 Insulin-like growth factor 1

IPSC Inhibitory postsynaptic current

iPSC Induced pluripotent stem cell

MBD Methyl-CpG-binding domain

MECP2 Methyl CpG binding protein 2

mGlu7 Metabotropic glutamate receptor 7
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nAChR Nicotinic acetylcholine receptor

NCOR Nuclear repressor co-repressor

NID NCOR-SMRT interacting domain

NLS Nuclear localization signal

rhIGF1 Recombinant human insulin-like growth factor 1

RTT Rett syndrome

SMRT Silencing mediator of retinoic acid and thyroid hormone receptor

TRD Transcriptional repression domain

XCI X-chromosome inactivation

Xi Inactivated X-chromosome

YB-1 Y box-binding protein
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Highlights

• Rett syndrome is caused by mutations in the X-linked gene MECP2

• Male Mecp2 hemizygous null mice have been the predominantly studied 

model system

• Female heterozygotes are a mosaic of MeCP2+ and MeCP2− cells

• Mecp2 loss-of-function causes both cell-autonomous and non-cell-

autonomous disruptions

• Male and female Mecp2 mutant mice display sex-specific phenotypic 

differences
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Figure 1: Skewed X-Chromosome Inactivation alters RTT phenotypes in Mecp2 heterozygous 
female brain.
The female Het brain is a mosaic of cells expressing the wildtype allele (MeCP2+) and those 

expressing the mutant or null allele (MeCP2−). Although a 1:1 ratio of MeCP2+ and 

MeCP2− cells is the norm (top), skewed X-chromosome inactivation (XCI) can lead to an 

increase in the relative percentage of either the MeCP2+ cells (bottom left) or the MeCP2− 

cells (bottom right). This change in the overall cellular environment alters specific 

phenotypes of both MeCP2+ and MeCP2− neurons, through non-cell-autonomous 

mechanisms. For both MeCP2+ and MeCP2− neurons, the direction of phenotypic change 

(arrows) is depicted relative to the same cell type under balanced (1:1) XCI. Magenta 

indicates expression of wildtype allele and cyan indicates expression of null allele.
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Figure 2: Neurons display both cell-autonomous and cell-non-autonomous disruptions in the 
female heterozygous brain.
Mecp2-mutant neurons in the brains of both female Hets and male nulls display aberrant 

size and morphology phenotypes. MeCP2− neurons in a Het brain display distinct 

morphologies from MeCP2+ neurons; however, they are not as severely disrupted as 

MeCP2− neurons in a null brain. In addition, MeCP2+ neurons in a Het brain are distinct 

from MeCP2+ neurons in a wildtype (WT) brain, for example, displaying decreased soma 

size and dendritic spine density. Other phenotypes, such as dendritic branching and 

morphology, are dependent only on MeCP2 expression within that neuron. Thus, specific 

phenotypes respond differently to the cellular environment, indicating that they are 

controlled by distinct cell-autonomous and cell-non-autonomous mechanisms. Arrows 

denote phenotypic change relative to MeCP2+ in a WT brain, dash indicates no change.
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Table 1.

Phenotypic variation is dependent on both Mecp2 mutant allele and genetic background.

Phenotype Male Female

Allele Background Allele Background

Weight Loss Mecp2tm1.1Bird C57BL/6

Gain Mecp2tm1.1Bird 129 Mecp2tm1.1Bird FVB.129F1

Mecp2tm1.1Jae 129, C57BL/6, BALB/c 129.B6F1 (delayed)

Social behavior Increased Mecp2tm1.1Bird 129S1/SvImJ × B6/CBA Mecp2tm1.1Bird FVB.129F1 *

Mecp2tm1.1Jae C57BL/6 129.B6F1 *

Mecp2tm1Hzo C57BL/6

Decreased Mecp2tm1Hzo 129/SvEv - -

Anxiety behavior

Light/dark box Increased Mecp2tm1Hzo 129SvEv × C57BL/6J - -

Mecp2LSL 129S6SvEv × FVB

Mecp2LSL 129S6SvEvTac × FVB

Decreased - - Mecp2tm1.1Bird FVB.129F1

129.B6F1

Open field Increased Mecp2tm1Hzo 129SvEv × C57BL/6J Mecp2tm1.1Bird C57BL/6

Mecp2tm1Hzo C57BL/6

Decreased - - - -

Elevated Plus Maze Increased Mecp2tm1Hzo 129SvEv × C57BL/6J - -

Mecp2tm1Hzo C57BL/6

Decreased Mecp2LSL 129S6SvEv × FVB Mecp2LSL 129S6SvEv × FVB

Mecp2LSL 129S6SvEvTac × FVB Mecp2tm1.1Bird C57BL/6

Mecp2tm1Tam 129/C57BL6 FVB.129F1

Mecp2tm1.1Jae C57BL/6 129.B6F1

Mecp2tm1.1Jae C57BL/6

Zero Maze Increased Mecp2tm1Hzo C57BL/6 - -

Decreased Mecp2tm1.1Jae C57BL/6 Mecp2tm1.1Jae C57BL/6

*
Increased time spent with novel mouse when compared to object, but decreased time spent with novel mouse when compared to wildtype 

littermate

Dash (-) indicates absence of phenotype or phenotype not investigated

Mecp2LSL: Mecp2 gene floxed by a stop codon
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