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Abstract: Rett syndrome (RTT), an X-linked neurodevelopment disorder, occurs in approxi-
mately one out of 10,000 females. Individuals afflicted by RTT display a constellation of
signs and symptoms, affecting nearly every organ system. Most striking are the neurological
manifestations, including regression of language and motor skills, increased seizure activity,
autonomic dysfunction, and aberrant regulation of breathing patterns. The majority of girls
with RTT have mutations in the gene encoding for methyl-CpG binding protein 2 (MeCP2).
Since the discovery of this genetic cause of RTT in 1999, there has been an accelerated pace
of research seeking to understand the role of MeCP2 in the brain in the hope of developing a
disease-modifying therapy for RTT. In this study, we review the clinical features of RTT and
then explore the latest mechanistic studies in order to explain how a mutation in MeCP2 leads
to these unique features. We cover in detail studies examining the role of MeCP2 in neuronal
physiology, as well as recent evidence that implicates a key role for glia in the pathogenesis
of RTT. In the past 20 years, these basic and clinical studies have yielded an extraordinary
understanding of RTT; as such, we end this narrative review considering the translation of these
studies into clinical trials for the treatment of RTT.

Keywords: MeCP2, epigenetic regulation, Rett syndrome, neurons, glia, astrocyte, oligodendrocyte,

microglia

Mutations in MeCP2 can cause Rett syndrome

MeCP2, a ~76 kb gene found on chromosome Xq28, encodes for methyl-CpG binding
protein 2. MeCP2 is a transcriptional regulator that binds to methylated DNA to
repress gene transcription. However, MeCP2 was recently demonstrated to bind lowly
methylated promoter regions of highly transcribed genes, suggesting a role in gene
activation.! In the CNS, specifically, MeCP2 regulates expression of a variety of genes,
including those involved in the neuronal differentiation and plasticity, cell adhesion,
and the mitochondrial respiratory chain.?

Interest in MeCP2 greatly increased in 1999 when it was discovered that Rett
Syndrome (RTT) was caused by mutations in this gene.? Currently, MeCP2 mutations
are detected in 96% of individuals diagnosed with typical RTT in the US Natural History
Study (NHS), representing more than 200 unique sequence changes.*’ In the NHS,
eight point mutations representing four missense and four nonsense changes (~60%)
and deletions and insertions (~20%) make up ~80% of all affected individuals. The
remainder represents mutations that are found individually or in only a small number
of individuals. Among the most common mutations, significant differences in clinical
severity suggest phenotype—genotype correlations.** Utilizing the Clinical Severity
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Score data for individuals enrolled in the NHS as a group of
those with R133C, R294X, R306C, and 3’-truncations are
associated with significantly less severity than the five other
common point mutations and individuals with deletions
of whole exons. However, on an individual basis, those
with identical mutations may have widely differing clinical
difficulties. Differences in X-chromosome inactivation (XCI)
and overall genetic background may play an important role.
One factor that has escaped recent attention is the clonal
distribution of normal and mutant X chromosomes in the
brain, where significant differences in expression patterns
may lead to markedly different clinical phenotypes.® In
addition, environmental background may be critically impor-
tant. Attempts at identifying variations in XCI in blood have
indicated impressive skewing in more than one-third of the
population, and highly skewed XCI has been noted in more
than 10% of'the population (unpublished data from the NHS).
In a group of 150 girls, virtually equal skewing was noted in
favor of the mutant or normal chromosome.

It is important to understand that a MeCP2 mutation is not
synonymous with the clinical diagnosis of RTT. Individuals
with MeCP2 mutations do not always demonstrate features
of RTT, while up to 4% fulfill the obligate clinical criteria
for RTT but do not have a MeCP2 mutation.

As an X-linked dominant disorder, RTT appears to arise
spontaneously, a de-novo mutation, in rapidly dividing
germinal sperm cells. In a small number, much less than 1%
of the total, the mutation is transmitted by a female carrying
a specific mutation, either being completely unaffected or
having mild learning disability or cognitive impairment due
to favorable XCL."® In such families, affected females may
display features of classic or typical RTT, whereas boys may
have much more significant involvement resulting in infantile
encephalopathy and a very much shortened life expectancy
due to failure to maintain normal respiratory function.’ If
the mutation is in the 3’ region, clinical involvement may
include progressive dystonia.® However, in families without
an affected female, such features in a male may be difficult to
associate with a MeCP2 mutation and thus go undetected.

In only a handful of instances, males with typical RTT have
been reported under two different scenarios. The concurrence of
Klinefelter syndrome (46 XXY) in an individual with a MeCP2
mutation or somatic mosaicism'® can result in the parallel
existence of two populations, one with a normal and one with
amutant X chromosome. Additionally, shortly after the identi-
fication of MeCP2 mutations as causative in RTT, duplication
of MeCP2 was identified in males producing a distinct but
significantly difficult neurodevelopmental disorder.!'!?

Approximately at the same time, overexpression of MeCP2
in a mouse model confirmed the existence of an abnormal
phenotype.!* Subsequently, more than 100 males with MeCP2
duplications, differing in overall size, have been identified.'>'¢
Interestingly, the same duplication has been identified in many
of the mothers of affected males. Yet, they seem to have been
spared the major deleterious effects of the duplication due to
favorable XCI. Close inspection of these mothers has revealed
increased levels of depression and obsessive-compulsive
behaviors.''® As with males expressing MeCP2 mutations,
the recognition of MeCP2 duplication requires a high index of
suspicion, resulting in likely underdiagnosis of this problem.
Finally, mutations in other genes, including CDKLS5 or
FOXG1, have been associated with atypical RTT. CDKLS
encodes for the cyclin-dependent kinase-like 5 protein, which
promotes brain development. When mutated, CDKL5 can
produce a phenotype that overlaps with RTT, but it also
includes a propensity for the development of epilepsy early in
life."”® FOXG1 may also play a role in neural development,
and when mutated, it causes a congenital variant of RTT."
The recognition of other genes associated with similar
neurodevelopmental difficulties seems likely.

Clinical features of RTT

RTT was first described by Andreas Rett, a developmental
pediatrician in Vienna, in 1966.%° However, the initial reports
that appeared in a medical newsletter in Vienna were in
German and were not widely distributed. Although Bengt
Hagberg, a child neurologist in Goéteborg, Sweden, noted
similar clinical features at approximately the same time,
it was not until 1983 that he and his colleagues in France
and Portugal produced the first widely read publication.”!
General awareness of this unique and puzzling disorder
rapidly expanded, spurred enormously by two efforts: 1) a
series of symposia organized by Rett in Vienna, and 2) the
organization of patient advocacy efforts through the Interna-
tional Rett Syndrome Association, leading to active clinical
research worldwide. The result was the elaboration of widely
employed clinical diagnostic criteria first in 1984, and subse-
quently it was continuously updated as clinical and genetic
understanding of RTT progressed.??* The current guidelines
for diagnosis of RTT are outlined in Figure 1. The next step
in progress involved a series of neuropathological studies
underscoring the clinical finding of reduced brain growth
and identifying specific cellular abnormalities including
reduced neuronal size and simplified dendritic arborization.
The absence of any suggestion of progressive neuropathologi-
cal changes provided strong support for considering RTT as
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TABLE: Revised Diagnostic Criteria for Rett
Syndrome (RTT) (2010)

A. Because MECP2 mutations are now identified insome.
prioeto any clear evid freg: the

Consider

of head growth observed.

f“possible’” RTT should be giventothose
Individuals under 3years old who have not lost any skills
h ¢

Required for typical or classic RTT but {inkal features sugg
1. A period of regs followed by Y These y6-12
stabilization months f g If reg
2.Al andall he diag; should then be changed to

3. Supportive criteria are notrequired, although
often presentin typical RTT
Required for atypical or variant RTT

1. A period of regt ¥ Y
stabilizationa

2. Atleast 2 of the 4 maincriteria

3.5 out of 11 supportive criteria

Main criteria

1. Partial or loss of acq

hand skills.

2. Partial or complete loss of acquired spoken
language

3. Gait abnormalities: Impaired (dyspraxic) or
absence of abllity.

a. suchashand

definiteRTT. However, if the child does not show any
f by S years, th fRTT

should be questioned.
B. Loss of acquired language is based on best acquired
spoken language skill, not strictly on the acquisition of
distinct words or higher language skills. Thus, an
individual who had learned to babblebut then loses this
abllity Is considered to have a loss of acquired language.
€. There should be clear evidence (neurological or

inat /CT) thatthe
¥ in 8!

dysfunction.
D. Grossly abnormal to the point that normal milestones
(acquiring head control, swallowing, developing social
smile) are not met. Mild generalized hypotonia or other
16

wringing/squeezing, clapping/tapping,

and washing/rubbing automatisms.

Exclusion criteria for typical RTT

1. Brain injury secondary to trauma (peri- or
). disease, or severe

infection that causes neurological problemsc

Pt yreported

duringthe first 6 months of life Iscommon InRTT and do
notconstitute an exclusionary criterion.

E. If an individual has or ever had a clinical feature listed
itis counted as a supportive criterion. Many of these
features have an age dependency, manifestingand

2. Grossly
infirst6 months of life

Supportive criteria for atypica |RTT
1. Breathing disturbances when awake
2. Bruxismwhen awake

3. Impaired sleep pattern

4. Abnormal muscle tone

5. Peripheral vasomotor disturbances
6. Scoliosis/kyphosis

7. Growth retardation

the diagnosisof atypical RTT may be easier forolder
individuals than for younger. In the case of a younger
derSy ho has a period of
regressionand _2 maincriteria but doesnot fulfilithe
of5/11 , the diags f
“probably atypical RTT" may be given. Individuals who
fallintoth as

BOrY
they age and the diagnosis revised accordingly.

8. Small cold hands and feet

9. P ghing/ g spells
10. Diminished responseto pain
11. Intense eye communication - ““eye pointing”

Figure | Clinical criteria for the diagnosis of RTT.

Notes: As determined by the RettSearch Consortium in 2010, these are the clinical
criteria required for the diagnosis of typical RTT or atypical RTT. Printed with
permission from Neul JL, Kaufmann WE, Glaze DG, et al. Rett syndrome: revised
diagnostic criteria and nomenclature. Ann Neurol. 2010;68:944-950.* Copyright
©2010 John Wiley and Sons.

Abbreviation: RTT, Rett syndrome.

aneurodevelopmental disorder and conversely, opposing the
notion of a neurodegenerative condition.?>2¢

RTT affects ~1:10,000 female births*” with a broad array
of quite remarkable systemic problems. RTT first appears in
young females after a period of apparently normal postnatal
development. Concerted study of the acquisition of early
developmental skills has established that these skills are not
acquired within a typical timeline.?** However, delayed or
arrested development may be quite subtle such that it is often
during the frank regression of these skills in the second year
of life when concerns first emerge. In some girls, autistic-like
social avoidance is noted and specific diagnosis is further
delayed. The abnormal deceleration of head circumference
seen as early as a few months of life,**! generalized reduction
in muscle tone, and an overall appearance of being too quiet or
good may provide important early clues to proper diagnosis.
During or simultaneously with regression, periods of inap-
propriate screaming spells, and the appearance of stereotypic
movements during wakefulness, most prominent in the hands
but also seen in the oro-motor regions and the feet, also should
trigger consideration of RTT. Following regression, a period
of stabilization appears as early as 30 months of age marked
by improved eye contact and socialization that appears to

continue throughout life (NHS). This is contrasted with a
gradual decline in motor performance, which accompanies
an increase in muscle tone, first to normal tone and ultimately
to increased tone or rigidity. This period often begins in the
teenage years and can be associated with dystonic postures,
particularly in the ankles and wrists (NHS). Ambulation is
achieved initially in up to 80% of the population, but it is
typically broad-based and nonpurposeful, often accompanied
by retropulsion (first steps are backwards), and may include
prominent toe-walking. Approximately, one-third of this group
will stop walking such that overall ~50% maintain indepen-
dent gait and another 20% are able to ambulate with some
level of assistance. Numerous clinical issues arise including
epilepsy, which may begin by the third year of life,*? occa-
sionally being seen earlier; periodic breathing consisting of
breath-holding or hyperventilation or both;**- and multiple,
often-difficult to discern, gastrointestinal issues from top
to bottom representing abnormal chewing and swallowing
and abnormal and problematic motility concerns including
gastro-esophageal reflux, delayed stomach emptying, and
constipation.*® The very common and often significant decline
in growth parameters involves height, weight, hands, and
feet*3! and may be crucial for maintaining the body mass
index (BMI) in the normal range. Scoliosis is present in most
girls by age 16 years, 13% requiring surgical rod placement to
correct the severe spinal deformity and concomitant truncal
rotation.”” Prior to major surgery of this type, close attention
is paid to a normal BMI. Finally, heat intolerance during
the summer months and cool hands and feet despite normal
ambient temperature are nearly universal.

MeCP2 regulates neuronal function
In the hopes of modifying these signs and symptoms of
RTT, it is first necessary to understand how mutation in
MeCP2 mechanistically causes this disease. The severity of
neurological deficits has drawn most research attention to
the role of MeCP2 in the nervous system. As detailed later,
MeCP2 plays a critical role in the development of mature
neurons and the maintenance of balance between excitation
and inhibition across multiple brain regions. Through
the understanding of this pathophysiology, several novel
molecular targets have been identified, hopefully paving the
way for more effective therapeutic management.

The role of MeCP2 in neuronal

differentiation and synaptic maturation
The age of onset of symptoms in girls with RTT and
commonly used animal models suggest that MeCP2 is not
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required for neuronal cell division, neuronal migration,
or early neuronal maturation. However, several structural
abnormalities have been noted in neurons from girls with
RTT. Cortex labels approximately one-third less than control
with synaptophysin, indicating impairment in postnatal
synaptic maturation.’® Additionally, dendrites extending
from pyramidal neurons in multiple cortical layers are
significantly shorter than control.*® MeCP2 also plays an
integral role in the formation of mature synapses. Fewer
mature glutamatergic synapses are found in the hippocampus
of MeCP2-deficient animals in two-week-old animals, but by
adulthood, the synapse number normalizes, presumably due
to some undefined compensatory mechanism.*

In the cortex of adult mice lacking MeCP2, pyramidal
neurons are smaller, less complex with decreased spine
density, PSD95, and spontaneous excitatory post synaptic
current (EPSC) amplitude as compared with wild-type ani-
mals.** The decrease in EPSC amplitude can be partially
explained by a decrease in mature N-methyl-D-aspartate
(NMDA) receptors containing GluN1 and GluN2A* and/or
decreased quantal size and excitatory synaptic connectivity.*
This is associated with reduced brain weight and lifespan, as
well as respiratory and cardiac dysfunction.

The absolute requirement for MeCP2 to maintain mature
neuronal networks and normal neuronal and non-neuronal
cell morphology, as well as the prevention of RTT-like symp-
toms, was demonstrated by ablating MeCP2 during different
postnatal developmental stages.** Tamoxifen-induced
excision of MeCP2 in healthy mice at both 5 weeks (juvenile)
and 10 weeks (adult) resulted in overall brain shrinkage,
increased neuronal density, a decrease in the complexity
and number of dendritic arbors and spine density, and a
significant decrease in astrocyte process complexity.*’” In male
mice, there was 100% lethality ~20 weeks post-tamoxifen
injection at both time points tested.*’” A separate study using
a similar paradigm demonstrated abnormal gate, reduced
activity, motor abnormalities, and poor nest building follow-
ing tamoxifen treatment.*® Again, median time to premature
death was ~3 months post-tamoxifen treatment.* These data
reiterate the requirement for MeCP2 in maintenance of CNS
functioning.

It is important to note that deficits in synaptic maturation
can be reversed with a peptide fragment of insulin-like growth
factor 1 (IGF-1).*! Intraperitoneal injection of a fragment
of IGF-1 increased lifespan by ~50% and improved PSD95
density, brain weight, spine density, and EPSC amplitude.*!
Recombinant human IGF-1 also increased lifespan, motor
abilities, synaptic transmission, and spine density in a mouse

model of RTT.*® However, a study utilizing PEG-IGF-1
demonstrated a narrow therapeutic window for its use —
low dose (0.1 mg/kg) increased lifespan, while high dose
(1.0 mg/kg) resulted in a reduction in lifespan compared with
the vehicle. Contrary to previous studies utilizing IGF-1-related
compounds, PEG-IGF-1 offered no improvement of breathing
or motor tasks compared with vehicle, as well as aggravated
an underlying metabolic syndrome in MeCP2 mutant mice.*
It may be that the addition of PEG precipitated the negative
result. Therefore, despite concerns, several clinical trials using
IGF in girls with RTT were initiated.

The role of MeCP2 in neuronal plasticity
Disruption of MeCP2 functions seems to have deleterious
effects on both short- and long-term plasticity. In CA1 of
the hippocampus, basal synaptic transmission was enhanced
with impairment in long-term potentiation (LTP) in early
symptomatic mice with truncated MeCP2 (MeCP2**®mice).
This decrement in LTP has been verified in several other
models of RTT in male and female mice**>? and is associated
with deficits in social behavior, fear, and spatial memory.
However in symptomatic MeCP2-deficient mice, while there
was a deficit in short-term potentiation and LTP, basal syn-
aptic transmission was unaltered.” These data demonstrating
deficits in hippocampal synaptic plasticity are in line with in
vivo electroencephalographic (EEG) recordings, which show
slower theta wave activity in the hippocampus of mutant
male and female mice.> In contrast to the hippocampus,
long-term plasticity appears to be intact in the cortex. LTP
is normal in L5 pyramidal neurons from MeCP2-deficient
animals.®

Brain-derived neurotropic factor (BDNF) is an essential
growth factor released largely by neurons to promote
neuronal and glial survival, growth, and differentiation.
BDNEF signaling plays an important role in synaptogenesis,
synaptic stability, and dendrite development, while low
levels of BDNF signaling are associated with several
neuropathological processes. BDNF is a direct molecular
target of MeCP2,>* and reduced BDNF protein levels (~50%—
70% of wild type, depending on brain region) were found in
adult MeCP2 KO animals.> Importantly, reduced levels of
BDNF protein was also found in human postmortem RTT
tissue relative to age-matched controls.>® Early researches
utilizing in vitro techniques demonstrate that upon neuronal
depolarization, BDNF expression is normally increased
through at least two MeCP2-dependent mechanisms:
1) decreased CpG methylation of Bdnf, decreasing its
interaction with the MeCP2-histone deacetylase-mSin3A
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repression complex and increasing Bdnftranscription,®” and
2) Ca*-dependent phosphorylation of MeCP2, decreasing
its repression of Bdnf expression.** These studies indicate
that Bdnf expression is controlled by MeCP2; therefore,
some of the deficits observed in RTT may be due to loss of
BDNEF. Neurons from MeCP2-mutant hippocampus release
decreased levels of BDNF after neuronal stimulation.® As
predicted, overexpression of BDNF in MeCP2-deficient
mice can reverse some electrophysiological abnormalities
in cortical neurons, correlating with increased lifespan and
improved gait.>

MeCP2 loss causes an imbalance

in excitation and inhibition

Clinically, girls with RTT experience seizures, sugges-
tive of hyperexcitable cerebral physiology. In the labora-
tory, however, the data are less straightforward. Mouse
models of RTT suggest features of 1) increased excitation,
2) decreased excitation, and 3) decreased inhibition, all
depending on the age of the animal used and the region of
the brain being studied. Studies in murine cortex suggest
features of decreased spontaneous firing at the cellular
level and also increased excitability at the network level
as measured by EEG. Both mutant hippocampus and
brainstem also demonstrate features of greater excitation
than inhibition. Thus, murine models of RTT demonstrate
that the imbalance in excitation and inhibition is not
homogeneous across brain regions and time points and
requires continued specialized study to understand this
complex disease.

Changes in excitation and inhibition in the cortex

The intrinsic excitability of neurons in the cortex does not
seem to be altered in early symptomatic MeCP2-deficient
animals. When GABAergic and glutamatergic synaptic
activity is blocked, L5 wild-type and mutant neurons fire a
similar number of action potentials in response to current
injection and have a similar threshold to spike and input
resistance.*® However, when spontaneous firing is recorded,
MeCP2-mutant L5 neurons fired less frequently.>>* This was
hypothesized to be secondary to impaired glutamatergic input
and increased GABAergic input on L5 mutant neurons.®
Similarly, in L2/3, MeCP2 deficiency leads to a decrease in
excitatory drive.®! In the visual cortex, voltage-sensitive dyes
reveal increased inhibitory signaling in L2/3, causing deficits
in visual acuity in MeCP2-deficient mice.*? In contrast, EEG
recordings of the cortex are suggestive of greater excitation
than inhibition in MeCP2-deficient mice. Traces from the

cortex of older female mice revealed rhythmic discharges/
seizure-like events, occurring spontaneously at 6-9 Hz.536
This abnormal electrographic activity does not occur in
wild-type mice.*

There is also evidence for deficiencies in GABAergic
signaling in the cortex. Using a promoter for vesicu-
lar inhibitory amino acid transporter to reduce MeCP2
expression specifically in GABAergic neurons recapitulates
several deficits associated with RTT, including repetitive
behaviors, gait disturbance, breathing abnormalities, and
shortened lifespan.® This impairment is associated with a
reduction in total GABA, GABA quantal size in L2/3, and
expression of Gadl and Gad? that encode for glutamic
acid decarboxylase 67 and 65, respectively, manifesting
as frequent epileptiform discharges on EEG.% However,
recordings from cortical L5 pyramidal neurons in mice with
global MeCP2-deficiency demonstrate no change in GABA
quantal size.*

Hippocampus from MeCP2-deficient

mice is prone to hyperexcitability
Hippocampus from MeCP2-null mice is susceptible to
hyperexcitability. While the intrinsic excitability of individual
cells is unaltered, at the network level, upon 1) high-frequency
stimulation, 2) exposure to GABA, receptor antagonist,
3) incubation in kainic acid, or 4) blocking of K* channels,
the hippocampus demonstrates a decreased threshold to exci-
tation.®>%¢ This also correlated with decreased frequency of
IPSP-based basal inhibitory rhythm.® Unexpectedly, EPSC-
like events were decreased in CA3 pyramidal neurons in
MeCP2-null mice,* possibly indicating that while there is
decreased excitatory and inhibitory drive, the net effect is
increased excitation in the hippocampus. This hypothesis
is supported by voltage-sensitive dye imaging, which reveals
that the CA3 and CA1l regions of symptomatic mice are
hyperexcitable.®’

Increased excitation is characteristic of brainstem
from MeCP2-deficient mice

Excessive excitation has been repeatedly reported in the
brainstem of MeCP2-deficient mice. The nucleus tractus
solitarius contains neurons with elevated excitatory input,
leading to greater firing frequencies upon stimulation.®
This excessive excitation was reversed with exogenous in
situ application of BDNF.®® Thus, BDNF plays an important
role not only in the survival and differentiation of neurons
but also in the balance between excitation and inhibition
in the brainstem. Also in brainstem, the locus ceruleus is
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hyperexcitable in MeCP2-null mice.® The locus ceruleus
is an important source for norepinephrine and facilitates
attention and arousal. While these neurons are more
excitable, there is decreased formation of norepinephrine,
potentially contributing to some of the deficits seen in RTT.®
As detailed later, treatment of animals with a blocker of
norepinephrine reuptake can reverse symptoms, including
breathing abnormalities.”®!

Deficiencies in inhibitory signaling are also evident in
the brainstem of MeCP2-deficient animals. When MeCP2
is absent, animals as young as 7 days have decreased
GABAergic signaling in the ventrolateral medulla,
presumably secondary to decreased GABA release and
postsynaptic GABA, receptors.”” When MeCP2-null animals
were given NO-711, a blocker of GABA reuptake leading to
increase concentrations of GABA in the extracellular space,
breathing abnormalities were mitigated.” Using NO-711 in
conjunction with a serotonin 1a agonist completely reversed
several breathing abnormalities. These results indicate that
MeCP2-null animals have a deficiency in inhibition in the
respiratory centers of the brainstem, manifesting as breathing
abnormalities.

Changes in ionic gradients?

MeCP2 deficiency may also alter the balance between
excitation and inhibition by altering ionic gradients. FXYD
domain-containing transport regulator 1 (FXYDI) encodes
phospholemman, a protein that inhibits Na*/K* ATPase
activity, and is significantly upregulated in the brains of
girls with RTT and in the frontal cortex of mice deficient
in MeCP2.” This upregulation of phospholemman, in
turn, leads to decreased ouabain-sensitive Na*/K* ATPase
activity in MeCP2-deficient neurons.’’ Although not
specifically measured, an impairment in Na*/K* ATPase
activity may increase the extracellular concentration of
K* ([K*],) and decrease the extracellular concentration
of Na* ([Na'] ), leading to neuronal depolarization and
hyperexcitability. Of course, ~60%—85% of girls with
RTT will experience at least one seizure during her
lifetime.>7+7

Restoration of global and neuronal
MeCP2 function in murine models
reverses deficits associated with RTT
Perhaps one of the most exciting findings in the field of
RTT is the demonstration that postnatal restoration of
MeCP2 function to ameliorate deficits associated with RTT.
This was elegantly demonstrated by Adrian Bird’s labora-
tory in 2007.>' Here a floxed stop cassette was inserted

between the promoter and coding sequence of MeCP2 to
prevent gene transcription, essentially creating a MeCP2
null animal. Following tamoxifen treatment, the stop cas-
sette was excised. In this way, MeCP2 expression could be
turned on at any time during the development (Figure 2).
These experiments demonstrated a robust activation of
MeCP2 expression following tamoxifen treatment. This
prevented the appearance of Rett-like symptoms in ~50
of pre-symptomatic animals. (The abrupt re-expression
of MeCP2 in some animals led to neurological symptoms
and death. Tamoxifen dosing schedule was adjusted to

A Birth Symptom onset
‘ f \ Death
~ N
Weeks: 0 1 2 3 4 5 6 7 8 9 10111213 14 1516 17
[ —_——
TM-1 T™-2
B
:\; ] Q) p———— .-
"] <4 Seeeeeneeeee
© 80 Stop/Cre + TM
E 60« (n=6)
© 20 Stop/Cre
g’ (n=10)
2 20+
5
7] 0w v v v v v N
5 10 15 20 25 30
Weeks
c Birth Symptom onset
| s ~
Weeks: 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 607
T™-3
D

Score

0 5 10 15
Weeks from first injection

Figure 2 Global restoration of MeCP2 reverses deficits associated with RTT.
Notes: (A) Time course of MeCP2%°? mice. TM indicates timing of tamoxifen injection
to restore MeCP2 expression (B) Improved survival of TM-treated MeCP2%?" mice,
which have restoration of MeCP2 expression, as compared with the control of
MeCP2%P" mice. (C) Time course of MeCP2%?* mice. (D) Late-onset neurological
symptoms can be reversed in of MeCP25* mice after TM injection. From Guy |,
Gan J, Selfridge J, Cobb S, Bird A. Reversal of neurological defects in a mouse model
of Rett syndrome. Science. 2007;315:1143—1147.5' Copyright © 2007. Reprinted with
permission from The American Association for the Advancement of Science.
Abbreviations: RTT, Rett syndrome; TM, tamoxifen; Stop/Cre, stop cassette/cre
recombination.
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circumvent this problem). Excitingly, disease progression
was prevented and symptoms were reversed by activating
MeCP2 expression in mature animals. It was concluded
from this study that the developmental absence of MeCP2
and its consequences can be reversed, that RTT is not just
a developmental disorder, and that the MeCP2 expression
is required to maintain mature neurons. This study was
quickly followed by others who asked the question, Is
MeCP2 re-expression in neuronal populations sufficient
to rescue disease phenotype? Re-expression of MeCP2 in
post-mitotic neurons under control of the 7au promoter
normalized brain and body weight, as well as locomotor
activity.” It should be noted here that 7au expression at the
mRNA level has been detected in other cell types including
glia.”””7® Postnatal restoration of MeCP2 in neurons using
the CaMKII promoter partially rescued the Rett phenotype.
Although levels and patterns of MeCP2 expression did
not recapitulate wild-type animals’ neuronal levels, these
animals displayed enhanced survival times and a delay in
the onset of RTT-like symptoms.”®! These results are sig-
nificant from a therapeutic perspective, because it suggests
the possibility that restoration of MeCP2 function in girls
could modify disease progression. Indeed, a recent study
demonstrated that rescue of MeCP2 expression in female
MeCP2-deficient mice using systemically administered
viral gene therapy was able to reverse motor deficits and
improve survival.®

Glial MeCP2 plays an integral role
in the pathophysiology of RTT

As mentioned earlier, the majority of research examining
the role of MeCP2 in RTT has focused on neuronal, cell-
autonomous mechanisms of dysfunction. And while a RTT
phenotype can be induced solely by depleting MeCP2 from
neurons,®® reversal of several key features of RTT cannot
be achieved with postnatal restoration of MeCP2 in neurons
alone.* Early observations indicated that MeCP2 expression
was restricted to neurons in the CNS;* however, more recent
studies demonstrate a broader expression profile of MeCP2 in
the CNS, including astrocytes, microglia, and oligodendro-
cytes.o 888 Perhaps most surprising, postnatal re-expression
of MeCP2 specifically in glia using a human GFAP promoter
under a tamoxifen-inducible CreLoxP system resulted in
longer survival rates for MeCP2-deficient mice and rescue of
several key RTT phenotypes including breathing, locomotion,
and neuronal structure® (Figure 3). Such studies reveal once
unappreciated non-cell autonomous mechanisms of dysfunc-
tion that alter neuronal function and survival and open the
possibility for new therapeutic targets.
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Figure 3 Restoration of MeCP2 in astrocytes reverses deficits associated with RTT.
Notes: (A) Timeline of symptoms, including respiratory symptoms (R) and
tamoxifen (TAM)-induced recombination. (B—E) Restoration of MeCP2 expression
to astrocytes improves locomotion, anxiety, breathing irregularities, and neuronal
arborization. In each plot, *P<<0.05; **P<<0.0l; **P<<0.00l. Reprinted with per-
mission from Macmillan Publishers Ltd: Lioy DT, Garg SK, Monaghan CE, et al.
A role for glia in the progression of Rett’s syndrome. Nature. 201 1;475:497-500.7
Copyright © 201 1.

Abbreviations: RTT, Rett syndrome; TAM, tamoxifen.
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Astrocytes play an important

role in RTT pathophysiology

MeCP2 is highly expressed in neurons relative to other CNS
cell types. The high neuronal MeCP2 expression essentially
masked the expression in other cell types. The creation of a
MeCP2 promoter-driven enhanced green fluorescent protein
reporter mouse in 2007 enabled visualization of MeCP2
developmental, brain region and cell-type-specific MeCP2
expression.” In this study, amplification of the enhanced
green fluorescent protein signal revealed MeCP2 was
indeed expressed in low levels in astrocytes. Following this
study, Western blot analysis revealed MeCP2 is expressed
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in cultured astrocytes (881). Ballas et al confirmed MeCP2
immunoreactivity in astrocytes in culture and in situ, as
well as oligodendrocytes, and MeCP2 expression of their
precursor cells.®! This and other studies utilizing neuronal
and astrocytic coculture systems demonstrate the inability
of MeCP2-deficient astrocytes to support normal neuronal
growth compared with wild-type astrocytes.®'*°! Soluble
factors released by astrocytes or the lack of uptake of ions/
molecules are probable candidates in mediating abnormal
neuronal growth, as neurons exposed to conditioned media
from MeCP2-deficient astrocytes demonstrated a decrease
in fine processes, shorter neurite outgrowth, and altered
staining of MAP2.9' Conversely, culturing MeCP2-deficient
neurons in conditioned media from wild-type astrocytes
were sufficient to support normal neuronal growth.®! Com-
parable results were observed using conditioned media from
astrocytes differentiated from various isogenic induced
pluripotent stem cells of a patient with RTT.”! Maezawa
et al also demonstrated a decrease in dendritic growth and
number of branch points in primary neurons when cultured
with MeCP2-deficient astrocytes.* Interestingly, blockade of
gap junctions prevented this time-dependent loss of MeCP2
in culture, suggesting gap junctions are able to mediate and
spread deleterious effects from single MeCP2-deficient
astrocytes to an entire culture.®® Confirming the importance
of astrocytes in RTT pathogenesis, postnatal re-expression
of MeCP2 in astrocytes results in the improvement of
locomotion, a decrease in apneas and irregular breathing
patterns, as well as the restoration of normal dendritic mor-
phology in MeCP2 mutant animals® (Figure 3). To re-express
MeCP2 in astrocytes, the authors use the GFAP promoter,
which although predominantly expressed in astrocytes is
also expressed by neural precursor cells (NPCs). However,
the authors minimize the possible effects of re-expression
of MeCP2 in NPCs by turning on the GFAP promoter well
into postnatal development when the number of NPCs is
dramatically reduced. This indicates that the amelioration
of deficits associated with RTT is predominantly due to re-
expression of MeCP2 in astrocytes. In contrast, when MeCP2
was deleted from astrocytes, a significantly milder phenotype
was observed. These mice had reduced body weight, hindlimb
clasping, and irregular breathing. Several studies have
demonstrated alterations in astrocytic gene expression,®*
perhaps contributing to astrocyte dysfunction. Given many
of these studies were performed using a simplified culture
system composed solely of astrocytes, these data suggest
that alterations in gene expression are autonomous to the
astrocyte.

However, these findings are interesting when put into
the larger context of both rescue and deletion experiments
for other cell types. For instance, deletion of MeCP2 from
GABAergic neurons recapitulated most RTT-like features,
including breathing abnormalities, repetitive behaviors,
hindlimb clasping, motor dysfunction, and premature death
(50% at 26 weeks).* It must be noted that disease course
was significantly protracted compared with a global MeCP2
knock out. Taken at face value, these data suggest that
MeCP2 expression is important to both neurons and glia.
Furthermore, loss of MeCP2 from neuronal populations
and subsequent neuronal dysfunction will inevitably impact
other CNS cell types and vice versa. Future studies aimed at
examining cell-specific gene expression patterns in disease
models of RTT may help to parse out the role of different
cell types to disease pathogenesis.

Mutant microglia release aberrant

levels of glutamate

Several lines of evidence demonstrate a key role for
microglia, the resident immune cells of the CNS, in RTT
pathophysiology. Similar to astrocytes, conditioned media
from MeCP2-deficient microglia resulted in abnormal
neuronal structure and dendritic outgrowth.®” Specifically,
a reduction of postsynaptic elements, including PSD95
and glutamate receptor units, was observed in hippocam-
pal neurons cultured in conditioned media from MeCP2-
deficient microglia compared with wild-type microglia.
Excessive glutamate release from MeCP2-deficient microglia
was identified as the mediator of this aberrant dendritic
morphology as blockade of neuronal glutamate receptors
via MK-801 and NBQX prevented toxic effects of MeCP2-
deficient microglia conditioned media.’” Interestingly,
blockade of Cx32 hemichannels was able to mitigate the
toxic effects of conditioned media from MeCP2-deficient
microglia on hippocampal neurons, once again suggesting
that gap junctions are capable of spreading deleterious effects
from one MeCP2-deficient cell to an entire culture.’” Whether
alterations in glutamate uptake are altered in MeCP2-deficient
astrocytes are yet to be examined.

Dysregulation of mitochondrial metabolism secondary
to altered gene expression in MeCP2-deficient mice likely
plays a central role in the overproduction of glutamate in
MeCP2-deficient microglia. Jin et al demonstrated that
MeCP2 functions as a transcriptional repressor of SNAT,
a glutamine transporter, which is elevated in MeCP2-deficient
mice.” Upregulation of the transporter was sufficient to
increase glutamine uptake and glutamate production and
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induce toxicity in microglia secondary to the elevated glu-
tamine levels. Microglia from MeCP2-deficient mice also
demonstrated significantly elevated numbers of mitochondria
and uncoupling of mitochondrial metabolism, possibly as
a direct consequence of increased SNAT1 expression and
glutamine levels.”?

While these studies point to aberrations in mitochondrial
bioenergetics as a mechanism for microglial toxicity in
MeCP2-deficient mice, there has been a suggestion that
altered microglial phagocytic activity may also play a
role. Using transplantation of wild-type bone marrow into
irradiated MeCP2Y" at postnatal day 28, Derecki et al was able
to demonstrate arrest of the MeCP2 phenotype.®* However,
arecent follow-up study published jointly by four prominent
laboratories found that neither wild-type bone marrow
transplantation nor transgenic re-expression of MeCP2 in
microglia was sufficient to reverse these RTT-associated defi-
cits.” These preclinical data demonstrate that bone marrow
transplantation may not be a promising therapeutic strategy
for the treatment of RTT.

Oligodendrocytes also express MeCP2

As described earlier, MeCP2 is expressed in both oligoden-
drocytes and their precursor cells (OPCs).®'#® Studies that
focus on the role of MeCP2 in oligodendrocyte lineage cells
demonstrate that depletion of MeCP2 specifically in these
cells results in a mild phenotype, with a predominance of
hindlimb motor symptoms.* Targeted restoration of MeCP2
in oligodendrocytes lineage cells was sufficient to provide
subtle but significant increases in the lifespan of animals and
improvement of motor symptoms. While MeCP2 null animals
displayed alterations in myelin-associated proteins including
proteolipid protein and myelin basic protein, re-expression
of MeCP2 in oligodendrocytes resulted only in an increase
in myelin basic protein expression, while proteolipid protein
remained aberrantly high compared with wild-type animals.®
Further studies aimed at detailing the role of oligodendrocyte
lineage cells, which are needed to fully understand if this cell
type possesses a critical role in the pathophysiology of RTT.

Ongoing clinical trials

The therapies most likely to make a substantial impact on the
clinical management of RTT in the near future are currently
undergoing clinical trials. We accessed all ongoing and
recently completed trials posted on ClinicalTrials.gov using
the search term “Rett Syndrome” and found 28 clinical studies.
Half of the studies are observational in nature, attempting to
increase our knowledge of clinical, behavioral, and metabolic

A Active clinical trials in girls with Rett
syndrome

B  Completed/terminated clinical trials in
girls with Rett syndrome

Phase 3
6%

Phase1
0%

Figure 4 All clinical trials for the treatment of RTT, as listed on ClinicalTrials.gov in
May 2015. Avaliable from https://clinicaltrials.gov/.

Notes: (A) All active clinical trials in girls with RTT. (B) All completed or terminated
clinical trials in girls with RTT.

Abbreviation: RTT, Rett syndrome.

characteristics of disease progression. The majority of trials
in which an intervention was occurring were in Phase I/II
(12/28=43%), and only two trials have reached Phase III
(Figure 4). Later, we highlight completed and ongoing clinical
trials that will hopefully lead to improvements in our clinical
management of RTT in the near future.

IGF-1

As previously alluded to, the cortex of MeCP2-deficient animals
is characterized by a deficiency of mature glutamatergic syn-
apses, which is also associated with decreased brain mass and
longevity. Excitingly, treatment of mutant mice with a por-
tion of IGF-1 can improve synaptic connections, brain mass,
and longevity.* As is the case for most drugs developed in
animal models, demonstrating efficacy in humans is a major
challenge. In a preliminary pilot study, six girls with RTT
were given subcutaneous IGF-1 injections, twice daily, for
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6 months.”> No major adverse effects were noted, paving the
road for future studies to determine efficacy.

There are currently at least three trials in the USA
testing the efficacy of IGF-1 for the treatment of RTT.
Glycyl-L-2-Methylpropyl-L-Glutamic Acid (NNZ-2566)
is a synthetic analog of the N-terminal of IGF-1 being
developed by Neuren Pharmaceuticals (Camberwell, Aus-
tralia). NNZ-2566 has completed a randomized, double-
blind Phase II trial with primary outcomes being change
in EEG activity, change in behavior, physiological changes
(including autonomic, breathing, and heart function), and
change in clinical severity score (ClinicalTrials.gov Identifier:
NCTO01703533). Recombinant Human IGF-1 is also being
currently tested in a randomized, double-blind Phase II trial,
and outcome measures include measurement of breathing and
evaluation of cortical function using visual evoked potentials
(ClinicalTrials.gov Identifier: NCT01777542).

Glatiramer acetate and fingolimod

increase cortical BDNF expression
Glatiramer acetate (trade name: Copaxone) is typically used as
an immunomodulatory drug approved by the Food and Drug
Administration for the treatment of multiple sclerosis. Its puta-
tive mechanism of action is to act as a decoy polymer, as its
amino acid sequence is similar to that of myelin basic protein,
thereby diverting the immune response away from myelin.
Alternatively, it may also induce the infiltration of T-cell helper
type 2 cells into the brain and thereby increase the expression
of anti-inflammatory cytokines and growth factors, including
BDNE*7 Indeed, in a mouse model of multiple sclerosis,
subcutaneous injections of glatiramer acetate led to a sustained
elevation of BDNF levels, similar to that of control mice.”’
As detailed earlier, BDNF plays a critical role in neuronal
survival and synaptic maturation. Given the disturbances in
BDNF expression also seen in RTT, a Phase II trial has been
initiated (Clinical Trials.gov Identifier: NCT02153723) to test
the efficacy of glatiramer acetate on gait, respiratory function,
visual attention, EEG activity, and quality of life in girls with
RTT. Preliminary data from preclinical models support the use
of glatiramer acetate in MeCP2-deficient animals.*®

Similar to glatiramer acetate, fingolimod (trade name:
Gilenya) is an immunomodulatory drug used for the treatment
of multiple sclerosis that also increases cortical BDNF levels.
Fingolimod is a sphingosine-1 phosphate receptor modulator
that increases the retention of lymphocytes to lymph nodes,
decreasing autoimmune reactions. Intraperitoneal injection
of fingolimod into MeCP2-mutant mice increased BDNF
expression in cortical neurons, corresponding with an

improvement in locomotion and survival.” These results led
to the initiation of a Phase I/II trial for the treatment of girls
with RTT with oral fingolimod (Clinical Trials.gov Identifier:
NCT02061137). Primary outcome measures include BDNF
levels as measured by blood and cerebrospinal fluid samples
before and during treatment.

Use of a tricyclic antidepressant

to improve respiratory function

Breathing abnormalities are a source of considerable distress
for both girls who have RTT and their families. Excitingly,
pre-clinical models demonstrate that treatment of MeCP2-
deficient mice with desipramine (trade name: Norpramin),
atricyclic antidepressant that inhibits the reuptake of norepi-
nephrine (and serotonin to a lesser degree), can alleviate many
breathing anomalies associated with RTT. Oral treatment of
MeCP2-deficient mice with desipramine improved respira-
tory function and lengthened lifespan.” Similarly, intrap-
eritoneal injection of desipramine improved breathing and
lifespan, which has been hypothesized to occur because of
an increase in tyrosine hydroxylase-expressing neurons in
the brainstem.”' Indeed, respiratory dysfunction appears to
be secondary to a disturbed central respiratory rhythm in
MeCP2-deficient mice.!® This was corrected by exogenous
application of norepinephrine to in situ medullary slices.'®
Based on these studies, a Phase II clinical trial has been
initiated to determine if girls with RTT can benefit from
desipramine (ClinicalTrials.gov Identifier: NCT00990691).

Dextromethorphan to decrease
glutamatergic signaling for treatment

of neurocognitive deficits

Dextromethorphan, most commonly used as an antitussive
medication, is also a low-affinity NMDA-receptor antagonist.'"!
Therefore, dextromethorphan has been evaluated in preclinical
studies to protect against glutamate-induced neurotoxicity,
including in models of ischemia, seizure, and trauma.'” Given
the preponderance of seizure and abnormal electrographic
activity in girls with RTT, a placebo-controlled Phase II
clinical trial is underway to determine if dextromethorphan
can reverse some of the neurocognitive deficits associated with
RTT (ClinicalTrials.gov Identifier: NCT01520363).

EPI-743 improves head growth
in girls with RTT

EPI-743 (trade name: Vincerinone), marketed by Edison
Pharmaceuticals Inc., Mountain View, CA, USA, is a small
molecule capable of reducing oxidative stress and modulating
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energy metabolism in the cortex. A randomized, double-
blind Phase II trial demonstrated that EPI-743 significantly
increased head circumference as compared with placebo in
nine out of twelve girls who received the drug (ClinicalTri-
als.gov Identifier: NCT01822249). However, patients did not
experience a significant decrease in overall disease severity.
Additionally, EPI-743 was well tolerated with no major
adverse side effects.

Creatine supplementation to increase
DNA methylation

In humans, most of the labile methyl groups generated are
used for the synthesis of creatine. Therefore, supplementation
of creatine may allow for a shift toward methylation of other
substrates, including DNA. This may be valuable in RTT
because an increase in methylated DNA could increase
MeCP2 activity. To test this hypothesis, the diets of 18 girls
with RTT were supplemented with creatine, resulting in a
significant increase in global methylation'® (Clinical Trials.
gov Identifier: NCT01147575). However, there was no sig-
nificant improvement in behavioral or motor outcomes, which
could be attributable to the small sample size. Thus, further
testing in greater cohorts is warranted.

Challenges and future directions
in the treatment of RTT

The design of effective clinical trials requires the elaboration of
measurable endpoints. The multiple neurological and systemic
features of RTT provide several accessible clinical endpoints
for which suitable outcome measures exist or are under
development. These include communication, epilepsy, motor
function, growth, GI dysfunction, and periodic breathing,
either breath-holding or hyperventilation. Eye-tracking
technology coupled with evoked response potentials present
excellent potential measures of communication skills.
Video-EEG acquisition provides both spectral analysis
of the critical waveforms and time-locked assessments of
epileptiform features that can be coupled with ECG and
plethysmographic recordings to assess cardiac variability
and periodic breathing. Gait analysis paradigms allow
the acquisition of objective evidence regarding improve-
ment in motor performance, which would be relevant for
individuals who are ambulatory or whose ambulation skills
demonstrate improvement. In addition, improvements in
muscle tone or dystonia can also be assessed objectively, and
actigraphic recordings provide both purposeful and stereo-
typic movement measures. Determination of GI function is
more challenging due to the multiple levels of dysfunction.

However, assessment of chewing and swallowing, gastric
emptying, and level of constipation could be important areas
of measurements.

One major deficiency is the absence of a relevant
laboratory biomarker. As part of the recently refunded NHS,
a metabolomics pilot study will be conducted. Even so,
results are not anticipated before 2016. Clinical outcome
measures are also critical to the conduct of future trials.
Improvement of acute responsiveness of clinical severity
measures, communication assessment, and neurophysi-
ologic parameters are likely to be achieved within the near
future. What is lacking is an appropriate behavioral measure,
and while efforts are ongoing to provide this missing tool,
nothing is currently available. Quality of life using stan-
dardized instruments not specific to RTT has been achieved
in both those with RTT'™ and their caregivers (analysis in
progress). For individuals with RTT, it has been demonstrated
that greater clinical severity is linked to more severe motor
impairment, whereas lower clinical severity is associated with
fewer motor impairments. On the contrary, individuals with
greater clinical severity have better behavioral function, and
individuals with lower clinical severity have worse behavioral
function. These results suggest that a modest improvement
in motor function could have an adverse effect on behavior,
which would be an important aspect in the conduct of a trial.
Assessment of quality of life data in the primary caregiver,
generally the mother, is currently undergoing analysis. With
specific attention to RTT, a specific caregiver inventory is
currently being gathered to provide a standardized measure
in families managing an individual with RTT. These results
should be available within the next 6 months.

Conclusion

Since the initial description by Andreas Rett in 1966, we have
made tremendous progress in our understanding of both the
clinical and mechanistic characteristics of RTT. Federally
funded programs such as the NHS continue to reveal the
natural course of disease progression, paving the way for bet-
ter diagnosis (Figure 1) and treatment of RTT. Additionally,
the discovery that RTT is caused by a mutation in MeCP2 not
only led to the demonstration of strong genotype—phenotype
correlations, but also spurred the development of robust
murine models of RTT. These models in turn have allowed
us to better appreciate the complex pathophysiology of RTT,
which not only involves deficits in neuronal maturation and
signaling, but also glial dysfunction. Excitingly, several
studies have now demonstrated that postnatal restoration of
MeCP2 function in neurons or astrocytes can reverse deficits
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in mouse models of RTT (Figures 2 and 3). Whether or not we
will be able to capitalize on these findings to provide better
clinical care remains to be seen. Indeed several promising
clinical trials approaching RTT from different angles are
currently underway, with results for several trials expected
in the near future.
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