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Abstract

BDNF is the best-characterized neurotrophin in terms of its gene structure and modulation,
secretion processing, and signaling cascades following its release. In addition to diverse features at
the genetic and molecular levels, the abundant expression in several regions of the central nervous
system has implicated BDNF as a potent modulator in many aspects of neuronal development, as
well as synaptic transmission and plasticity. Impairments in any of these critical functions likely
contribute to a wide array of neurodevelopmental, neurodegenerative, and neuropsychiatric
diseases. In this review, we focus on a prevalent neurodevelopmental disorder, Rett syndrome
(RTT), which afflicts 1:15,000 women world-wide. We describe the consequences of loss-of-
function mutations in the gene encoding the transcription factor methyl-CpG binding protein 2
(MeCP2) in RTT, and then elaborate on the current understanding of how MeCP2 controls BDNF
expression. Finally, we discuss the literature regarding alterations in BDNF levels in RTT
individuals and MeCP2-based mouse models, as well as recent progress in searching for rational
therapeutic interventions.
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1. Overview: BDNF gene, secretion, and signaling

Among the neurotrophin family of growth factors, which includes nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and
neurotrophin-4/5 (NT-4/5), BDNF is the best characterized for its gene structure and
modulation, secretion processing, and signaling cascades following its release (Cunha et al.,
2010; Greenberg et al., 2009; Reichardt, 2006).

The structure of the gene encoding BDNF in humans and rodents is quite unique in that it
consists of a cohort of untranslated 5" exons with different promoters (Aid et al., 2007; Liu
et al, 2005, 2006). In the mouse and rat Bdnf, by means of alternative splicing unto the 3’

© 2013 Elsevier Ltd. All rights reserved.

Correspondence: Lucas Pozzo-Miller, Ph.D. Department of Neurobiology, SHEL-1002 The University of Alabama at Birmingham
1825 University Blvd. Birmingham, AL 35294-2182 USA Phone: +1.205.975.4659 Fax: +1.205.934.6571 lucaspm@uab.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Li and Pozzo-Miller

Page 2

coding exon (exon 1X) each of nine promoters yields many Bdnf transcripts. The number of
transcripts can be further doubled, because exon IX contains two polyadenylation sites that
can generate a short and a long splice variant of each transcript. All of these different Bdnf
transcripts are translated into a single identical BDNF protein. Such seemingly redundant
strategy for gene expression has proved necessary, as it allows for appropriate response to
different conditions as well as fulfillment of region-specific demands. For instance, DNA
demethylation activates one group of Bdnf promoters (exons I, 1V, V, VIII, IX), whereas a
different group (exons Il VII, IX) is induced after inhibition of histone deacetylase
(HDAC) (Aid et al., 2007). Intriguingly, BDNF specifically targeted to distal dendrites to
modulate synaptic plasticity is encoded from long 3’ UTRs mRNA variants, while BDNF
retained in the cell body where it regulates neuronal survival is encoded from short 3’ UTR
MRNA variants (An et al., 2008; Lau et al., 2010; Waterhouse et al., 2012).

BDNF is synthesized in the endoplasmic reticulum (ER) as a precursor protein proBDNF,
which is then trafficked to the Golgi apparatus for proper folding of the mature domain (Lu
et al., 2005). Binding of the sorting receptor carboxypeptidase E (CPE) to a motif in the
mature domain aids to package proBDNF into large dense core vesicles, which are then
targeted to the regulated secretory pathway (Chen et al., 2005; Lou et al., 2005). The VPS10
domain protein sortilin also takes part in sorting proBDNF to this pathway with a similar
function to that of CPE, but by binding to the prodomain of proBDNF instead (Chen et al.,
2005). Finally, proBDNF is cleaved either intracellularly or in the extracellular space near
active synapses to produce the mature and active form of BDNF (Mowla et al., 2001; Pang
et al., 2004; Yang et al., 2009). However, there is an intense debate whether proBDNF exists
extracellularly in non-pathological conditions (YYang et al., 2009; but see Matsumoto et al.,
2008). One view states that proBDNF has a physiological role through the activation of the
low-affinity pan-neurotrophin p75 receptor (p75NTR) and functions as a negative regulator —
.g. promoting apoptosis, inhibiting dendritic complexity, inducing long-term depression
(LTD) (Lu et al., 2005; Roux and Barker, 2002; Woo et al., 2005) — while mature BDNF has
positive effects (e.g. neuronal survival, induction of long-term potentiation, LTP) by the
activation of tropomyosin-related kinase B (TrkB) receptors (Bramham and Messaoudi,
2005). Furthermore, activity-dependent regulation of extracellular tissue plasminogen
activator (tPA) followed by plasmin-mediated cleavage of proBDNF has been proposed to
be necessary for the modulation of LTP by mature BDNF through TrkB receptor activation,
as well as of LTD by proBDNF-p75NTR signaling (Pang et al., 2004).

TrkB receptor activation by BDNF sets in motion three major signaling transduction
pathways: the mitogen-activated protein kinase (MAPK) pathway, the phosphatidyl-inositol
3-kinase (PI13K) pathway, and the phospholipase C (PLC) pathway. Each of these pathways
confers distinctive BDNF actions, which have been comprehensively reviewed (Cunha et
al., 2010; Huang and Reichardt, 2003; Reichardt, 2006; Segal, 2003). Here, we briefly
describe the PLC signaling cascade because it is pertinent to later discussions on activation
of ion channels of the transient receptor potential canonical (TRPC) subfamily.
Autophosphorylation of TrkB subunits at Tyr’8° recruits PLCy to a specific docking site and
its activation, causing the breakdown of phosphatidylinositol 4,5 bisphosphate (PIP2) into
diacylglycerol (DAG), an activator of protein kinase C (PKC), and inositol trisphosphate
(IP3), which activates specific Ca2*-permeable receptors (IP3R) on smooth ER cisterns, thus
causing rises in the intracellular concentration of free Ca2* ions. In addition to PKC, DAG
activates Ca?*-permeable TRPC3/6/7 channels, which contribute to intracellular Ca*
elevations (Amaral et al., 2007; Li et al., 1999, 2010). Thus, BDNF-TrkB signaling leads to
Ca?* signals initiated by intracellular store mobilization further amplified by influx, and
could thus participate in any of the myriad of neuronal functions played by this ubiquitous
second messenger (e.g. gene expression, neuronal excitability, neurotransmitter release,
synaptic plasticity) (Berridge, 1998).
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All these diverse features, together with abundant expression in several regions of the
central nervous system have implicated BDNF as a potent modulator in many aspects of
neuronal development (Huang and Reichardt, 2001), as well as synaptic transmission and
plasticity (Chapleau et al., 2009; Greenberg et al., 2009; Lu, 2003; Lu et al., 2008; Poo,
2001; Tyler et al., 2002). Impairments of these critical functions in the brain are likely to be
the origin of a variety of neurodevelopmental, neurodegenerative, and neuropsychiatric
diseases (Autry and Monteggia, 2012; Zuccato and Cattaneo, 2009). In the following
sections, we will discuss the neurodevelopmental disorder Rett syndrome (RTT), which
afflicts 1:15,000 women world-wide (Chahrour and Zoghbi, 2007; Lauvick et al., 2006;
Neul et al., 2010). We will describe the consequences of loss-of-function mutations in the
gene encoding the transcription factor methyl-CpG binding protein 2 (MeCP2) in RTT
individuals, and then elaborate on the current understanding of how MeCP2 controls BDNF
gene expression. Finally, we will discuss the literature regarding alterations in BDNF levels
in RTT individuals and MeCP2-based mouse models, as well as recent progress in the
search for rational therapeutic interventions to alleviate RTT symptoms and improve the
quality of life of the afflicted individuals and their caretakers.

2. MECP2 mutations cause Rett syndrome

RTT occurs sporadically and is the leading cause of intellectual disabilities in women world-
wide (Percy and Lane, 2005). Individuals with RTT develop typically until 6-18 months
when a host of neurological hallmarks appear, which include stereotypic hand movements
with loss of purposeful hand use, impaired motor coordination, autonomic dysfunction,
seizure, and loss of language skills (Hagberg et al., 1983; Neul et al., 2010). These
behavioral traits have been traced to genetic phenotypes that, in a majority of cases, contain
mutations in MECP2 (Amir et al., 1999). The spectrum of genetic alternations has been
found to involve missense, nonsense and frame-shift mutations, as well as truncations due to
premature STOP codons, with specific mutations correlating with clinical severity
(Bebbington et al., 2008; Neul et al., 2008). MECP2 locates in chromosome Xg29 and
encodes the MeCP2 protein, which binds to methylated cytosines in CpG islands, usually
within gene promoter regions. MeCP2 function requires intact methyl-CpG binding (MBD)
and transcriptional repression domains (TRD), critical for binding to regulatory gene regions
and recruitment of cofactors, respectively.

MeCP2 levels in the brain are low during embryonic stages and increase steadily during the
first few days after birth (Balmer et al., 2003; Kishi and Macklis, 2004; Shahbazian et al.,
2002b), a postnatal period of intense synapse formation and maturation. The increase of
MeCP2 in terms of spatial expression follows a pattern that starts in the posterior structures
of the brain and spreads towards more rostral regions (Braunschweig et al., 2004; LaSalle et
al., 2001; Shahbazian et al., 2002b). Even though MeCP2 expression is significant in early
brain development, its function persists beyond this period extending to neuronal
maintenance throughout the entire lifetime. Indeed, reactivation of the endogenous Mecp2
gene to normal levels in mature symptomatic Mecp2 knockout mice reverts most RTT-like
features and extends their life span (Guy et al., 2007); consistently, Mecp2 inactivation in
mature mice quickly causes characteristic RTT-like features and death (McGraw et al.,
2011; Nguyen et al., 2012).

The availability of several mouse models of RTT based on MeCP2 dysfunction (Boggio et
al., 2010; Calfa et al., 2011b; Li and Pozzo-Miller, 2012) allowed intense searches for
MeCP2 target genes. These studies have raised two critical questions regarding this
ubiquitously distributed transcription factor: does MeCP2 activate or inhibit gene
expression? And, does MeCP2 control specific genes or does it have histone-like genome-
wide functions? Initial studies indicated that MeCP2 functions as a transcriptional repressor

Neuropharmacology. Author manuscript; available in PMC 2015 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Li and Pozzo-Miller

Page 4

by binding to methylated DNA and recruiting co-repressors and chromatin remodeling
proteins, such as HDACs (Jones et al., 1998; Nan et al., 1998). Several genes (e.g. Sgk1 and
Fkbp5, Crh) associated with specific RTT symptoms are indeed enhanced in mice with loss-
of-function of MeCP2 (Chahrour and Zoghbi, 2007; LaSalle and Yasui, 2009; Nuber et al.,
2005). However, this initial view of MeCP2 function had to be reconsidered due to the
observation that the majority of genes modulated in mice with either MeCP2 loss- or gain-
of-function are activated in MECP2 overexpressing mice and downregulated in Mecp2
knockout mice (Chahrour et al., 2008), which suggests that MeCP2 is an activator of gene
transcription. Regardless of whether MeCP2 is a repressor or an activator, these findings
brought forth the view that transcriptional deregulation takes place in a large set of genes
when MeCP2 is dysfunctional, close to 1,300 genes. However, high-throughput profiling
studies using either human postmortem tissue or whole brain tissue from Mecp2 knockout
mice revealed only a few genes with altered transcription, with modest differences to control
samples (Colantuoni et al., 2001; Tudor et al., 2002). Jordan and colleagues (2007) reasoned
that significant changes in a region highly relevant to RTT could be diluted in the whole
brain samples used for gene profiling studies. As such, they carried out microarray-based
global gene expression studies only in the cerebellum of Mecp2 knockout mice (a region
important for motor coordination and thus relevant to RTT symptoms) and found that
several hundred genes were deregulated, with twice as many being increased rather than
decreased (Jordan et al., 2007). Such widespread changes were later confirmed in the
hypothalamus, which is responsible for autonomic phenotypes present in RTT (Chahrour et
al., 2008). Nevertheless, the reality may not be this simple, as a study on transcriptional
profiling of the granule cell body layer in the dentate gyrus of Mecp2 knockout mice
revealed only a handful of genes with altered expression (Smrt et al., 2007). This scenario is
further complicated by a recent study performing chromatin immunoprecipitation followed
by sequencing (ChlP-Seq) to look for genome-wide DNA-protein associations followed by
ChIP-gPCR to define specific MeCP2-gene associations (Cohen et al., 2011). Although
MeCP2 was found to bind extensively to genes in cultured cortical neurons, its association
with specific target genes was not altered upon neuronal stimulation, suggesting that MeCP2
might not function as a classical transcription factor, but rather as a fine-tuning regulator of
gene transcription. Together with a report that suggests a compensatory role of histone H1 in
Mecp2 knockout mice (Skene et al., 2010), the modest changes of gene expression in the
study by Chahrour and colleagues (2008) may simply result from chromatin remodeling due
to the loss or gain of a histone-like protein, i.e. MeCP2. These apparent discrepancies in how
MeCP2 precisely regulates the expression of specific genes such as Bdnf (see below) call for
future investigations.

3. Mechanisms of MeCP2 modulation of BDNF expression

BDNF expression levels are low in the rodent brain during prenatal development, and rise
dramatically during the postnatal period (Kolbeck et al., 1999; Maisonpierre et al., 1990),
which coincides with the pattern of MeCP2 expression. More intriguingly, BDNF
expression remains unaffected in the early presymptomatic stage of Mecp2 knockout mice,
while it declines with the onset of RTT-like neuropathological and behavioral phenotypes
(Chang et al., 2006; Wang et al., 2006). Furthermore, conditional deletion of Bdnf in
postnatal forebrain excitatory neurons results in several phenotypes similar to those of
Mecp2 knockout mice, such as hind limb clasping, decreased brain weight, and smaller
olfactory and hippocampal neurons (Chang et al., 2006; Chen et al., 2001; Guy et al., 2001).
Further evidence indicates that MeCP2 binds to Bdnf at methylated CpG sites adjacent to A/
T runs (Klose et al., 2005). The functional and genetic relationship between BDNF and
MeCP2 has intrigued and motivated neuroscientists to define the specific mechanism/s of
MeCP2 modulation of BDNF expression. Two models were initially proposed: a repression

Neuropharmacology. Author manuscript; available in PMC 2015 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Li and Pozzo-Miller

Page 5

model, and an activation model. More recently, these two seemingly opposite views have
been integrated into a “dual operation” model (see Fig. 1a).

3.1 Repression model

Earlier studies from different labs using primary neuronal cultures concluded that MeCP2 is
a repressor of Bdnf transcription (Ballas et al., 2005; Chen et al., 2003; Martinowich et al.,
2003; Zhou et al., 2006). Two of these studies reported that in the absence of membrane
depolarization, MeCP2 is bound to Bdnf promoter IV (originally known as promoter I11) and
prevents transcription, while it is phosphorylated and released from that promoter 30 min
after KCl-induced neuronal stimulation, resulting in the activation of Bdnf transcription
(Chen et al., 2003; Ballas et al., 2005). Since BDNF secreted by neuronal activity can trigger
MeCP2 phosphorylation and its release from Bdnf promoter IV, the ensuing Bdnf
transcription was proposed to underlie the well-known positive feedback loop of BDNF-
induced BDNF synthesis (Chen et al., 2003; Zhou et al., 2006). Interestingly enough,
neuronal activity causes fast (as early as 1 min) phosphorylation of cCAMP response element-
binding protein (CREB) at Ser133, a requirement for BDNF expression, which indicates that
the later relief of MeCP2 repression by unbinding from Bdnf promoter 1V functions as a
gating mechanism for early CREB activation-mediated Bdnf transcription (Chen et al.,
2003). Such activity-dependent activation of CREB contributes significantly to BDNF
expression, because BDNF levels in wildtype neurons are just 2-fold lower than Mecp2
knockout neurons in the absence of stimulation (i.e. naive conditions), while neuronal
depolarization induces a dramatic increase in BDNF expression that reaches ~100-fold in
wildtype cells, which equalizes BDNF levels in wildtype and Mecp2 knockout neurons
(Chen et al., 2003). It was later found that MeCP2 phosphorylation at Ser#2! is critical for
transcriptional regulation of Bdnf because hippocampal neurons expressing a point mutation
in that site (Ser42! for Ala#?1, S421A) - rendering MeCP2 unable to dissociate from the
Bdnf promoter IV — expressed approximately 50% less BDNF upon neuronal depolarization
than untransfected neurons expressing wildtype MeCP2 (Zhou et al., 2006). In addition to
MeCP2 phosphorylation, neuronal depolarization decreased methylation of CpG sites within
Bdnf promoter IV (Martinowich et al., 2003). Thus, dissociation of MeCP2 and its co-
repressors (e.g. Sin3a and HDAC1) from Bdnf promoter 1V as result of such de-methylation
reflects another gating mechanism because CREB’s affinity for this Bdnf regulatory region
is correspondingly increased. Furthermore, de-acetylation of MeCP2 by SIRT1, a
nicotinamide-adenine dinucleotide (NAD™)-dependent HDAC, increased transcription of
Bdnf promoter IV (Zocchi and Sassone-Corsi, 2010, 2012). Intriguingly, SIRT1-mediated
MeCP2 de-acetylation preceded its dissociation from the Bdnf exon IV promoter, and does
not occur if MeCP2 is acetylated by p300.

The mechanisms underlying the enhancement of Bdnf transcription upon MeCP2 unbinding
are DNA de-methylation and dissociation of co-repressors, which is consistent with a large
literature on BDNF regulation prior to the discovery of MeCP2’s involvement. In
mammalian cells, DNA methylation is performed by two general classes of DNA
methyltransferases (DNMT), DNMT1 and DNMT3a/3b, which are responsible for both
maintenance methylation and de novo methylation, respectively (Jaenisch and Bird, 2003).
DNMTs, particularly DNMT1 and DNMT3a, are highly enriched in postmitotic neurons,
and participate in multiple neuronal functions including synaptic transmission and plasticity,
as well as learning and memory (Brooks et al., 1996; Feng et al., 2010; Kavalali et al.,
2011). Regarding BDNF regulation, Bdnf promoter IV mRNA levels are 3 to 4 times higher
in the brain of Dnmt1 knockout mice compared to wildtype littermates (Martinowich et al.,
2003), which agrees with the general view of the negative correlation between gene
methylation and gene activation. Consistent with this view, a pharmacological DNMT
inhibitor differentially activated Bdnf regulatory regions: exons | and Il in cultured
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Neuro2A mouse neuroblastoma cells (Aid et al., 2007), exons I, IV, and V1 in rat
hippocampus (Lubin et al., 2008), and exon I in cultured hippocampal neurons (Nelson et
al., 2008). To keep proper levels of DNA methylation, neurons also express a group of DNA
de-methylases, like growth arrest and DNA-damage-inducible beta (GADD45B), which is
required for activity-dependent adult neurogenesis (Ma et al., 2009). Interestingly, Gadd45b
knockout mice have normal levels of BDNF methylation under basal conditions, but they
completely lack the enhancement of Bdnf IX and total mRNA levels caused by
electroconvulsive treatment (ECT) in wildtype mice, which is accompanied by BDNF de-
methylation (Ma et al., 2009).

Another line of evidence that supports the repression model comes from the simultaneous
dissociation of MeCP2 and its associated repressors from Bdnf promoter regions
(Martinowich et al., 2003). One family of these repressors, HDACs have been known to
participate in gene silencing via de-acetylation of histones H3 and H4 (Jones et al., 1998;
Nan et al., 1998). After HDAC dissociation, histone acetylation becomes more evident
within Bdnf exon 1V, which facilitates its transcription (Martinowich et al., 2003).
Consistently, hyper-acetylation of histones H3 and H4 within Bdnf promoters (specially
exon 1V) accompanies enhanced BDNF expression after ECT (Tsankova et al., 2004),
cocaine exposure (Kumar et al., 2005), antidepressant treatment (Tsankova et al., 2006), and
extinction of conditioned fear memory (Bredy et al., 2007). Similar to the opposing but
interdependent roles of DNMT and GADD45B in normal neuronal function, the counterpart
of HDAC, histone acetyltransferase (HAT) is also necessary for proper brain function, like
long-term memory formation (Korzus et al., 2004). The lower levels of acetylation of
histones H3 and H4 in the aging brain (when BDNF levels decline) are associated not only
with an upregulation of HDAC, but also with lower expression of HAT (Zeng et al., 2011).
In addition to HDAC, MeCP2 also interacts with SUV39H, a histone methyltransferase that
induces dimethylation of histone H3 on lysine 9 and provides an “inactivation code” for
gene expression (Fuks et al., 2003). In the brain however, another histone methyltransferase
that adds methyl groups to histone H3 on lysine 4 in fact activates gene expression
(Bernstein et al., 2002). Consistent with these findings, neuronal activity decreases
dimethylation of H3 on lysine 9 in the Bdnf promoter region, while increasing dimethylation
on lysine 4 (Chen et al., 2003; Martinowich et al., 2003). It is worthwhile to note that, as
with lysine 9, hypermethylation of histone H3 on lysine 27 is also associated with lower
BDNF levels (Tsankova et al., 2006). Although its specific role remains to be determined,
histone methylation at this site likely increases MeCP2 association with regulatory regions
of the Bdnf gene.

3.2 Activation model

The repression model of MeCP2 control of Bdnf transcription described above (e.g. Chen et
al., 2003) is consistent with the canonical mechanisms of epigenetic regulation (Boulle et al.,
2012), but fails to explain the fact BDNF protein expression is lower in the brain of Mecp2
knockout mice (e.g. Chang et al., 2006; Li et al., 2012). This apparent discrepancy was
pointed out early on, as MeCP2 overexpression increased Bdnf transcripts in cultured
cortical neurons, while Mecp2 knockout neurons showed lower Bdnf exon 1V levels (but not
exon 1) than control cells (Klein et al., 2007). Also, BDNF levels in hypothalamus correlated
with MeCP2 levels, with lower levels in Mecp2 knockout mice and higher levels in MECP2
overexpressing mice than wildtype controls (Chahrour et al., 2008). Furthermore,
conditional Mecp2 deletion in the hypothalamus resulted in BDNF downregulation only in
that region, again suggesting that MeCP2 is an activator of Bdnf transcription (Fyffe et al.,
2008). Consistently, double point mutations (S421A and S424A) increased the association
between MeCP2 and Bdnf promoter 1V, leading to higher levels of Bdnf IV transcripts, and
overall BDNF expression in the hippocampus of Mecp25421A:5424)y mice (Li et al., 2011), as
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opposed to lower BDNF exon IV transcripts in mice carrying a single point mutation
(S421A) (Zhou et al., 2006). Similarly, the weaker association of MeCP2 carrying the RTT-
associated T158A mutation with the Bdnf locus is thought to be responsible for impaired
BDNF expression (Goffin et al., 2011). Finally, re-activation of Mecp2 expression by Cre-
encoding lentiviruses increased BDNF levels to wildtype levels in neurons derived from
Mecp2stoP embryonic stem cells (Yazdani et al., 2012). The above observations provide
strong evidence for MeCP2 to act as an activator of BDNF expression, but the specific
mechanism remains to be defined. Chahrour et al. (2008) showed that the transcriptional
activator CREBL is co-localized together with MeCP2 on multiple activated target genes.
While Bdnf was not directly tested for this interaction, it is likely to occur because CREB1 is
a well-known activator of Bdnf transcription. Moreover, the targeted genes — irrespective of
repressed or activated — showed a stronger association with MeCP2 in MECP2
overexpressing mice than in Mecp2 knockout mice (Chahrour et al., 2008). These findings
suggest that the control of Bdnf transcription by MeCP2 is unlikely to be indirect. The fact
that CpG islands within promoter regions of activated genes are less methylated than those
in repressed genes raises the question as to whether basal methylation levels dictate the fate
of genes as to be activated or repressed. However, the levels of neuronal activity may shift
the methylation levels of individual genes and their subsequent transcriptional state, as
observed by Martinowich and colleagues (2003).

In addition to a direct interaction between MeCP2 and the regulatory regions of the Bdnf
gene to regulate its expression, several observations suggest an indirect mechanism. A brain-
enriched microRNA, miR132, which represses MeCP2 translation and subsequently reduce
BDNF expression, is probably responsible for the lower BDNF levels observed in Mecp2
knockout brains (Klein et al., 2007). Intriguingly, BDNF induces miR132 expression, which
in turn downregulates MeCP2, forming a homeostatic mechanism (Vo et al., 2005). The
interaction of MeCP2 with miR212 (although not in postnatal cortical neurons) (Vo et al.,
2005), has a similar consequence on BDNF protein expression in the striatum of adult rats
(Im et al., 2010). Other than the above two microRNAs that regulate BDNF expression
indirectly, several microRNAs have been found that directly target Bdnf transcripts. For
example, Wu and colleagues (2010) identified a total of 20 miRNA-binding sites in the 3’
UTR of the Bdnf transcript, which can be targeted by 16 upregulated microRNAs (e.g.
miR30a/d, miR381, miR495) in the cerebellum of Mecp2 knockout mice, where they
regulate Bdnf mRNA translation in a negative manner.

The fact that Mecp2 knockout mice show lower BDNF levels than wildtype mice evidently
supports the activation model; however, the repression model cannot be uncompromisingly
rejected if one considers additional several factors that may influence BDNF expression
levels. The first factor to be considered is the activity state of the source neurons or brain
tissue. Since neuronal activity in wildtype neurons led to BDNF levels much higher than the
basal levels that result simply from the lack of a repressive protein (i.e. MeCP2) in Mecp2
knockout neurons (Chen et al., 2003), it follows that BDNF levels in vivo are mainly
determined by ongoing neuronal activity. Indeed, presymptomatic Mecp2 knockout mice
show normal BDNF levels (Chang et al., 2006) and neuronal activity (Kron et al., 2012).
Spontaneous neuronal activity is reduced in the cerebral cortex of Mecp2 knockout mice
(Dani et al., 2005; Chang et al., 2006; Wood et al., 2009), although neuronal networks in the
hippocampus and the nucleus tractus solitarius (nTS) in the brainstem are hyperexcitable in
MeCP2-deficient mice (Calfa et al., 2011a; Kline et al., 2010; Kron et al., 2012). Second, the
studies that found higher BDNF levels in the absence of MeCP2 were carried out in primary
cultures of embryonic or early postnatal neurons, which obviously lack the complex cellular
and molecular interactions occurring during brain development, including the lack of
miR132 regulation (Klein et al., 2007). In juvenile or adult mice, acute excision Mecp2
exons 3 and 4 by tamoxifen-induced Cre-lox recombination does not significantly decrease
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BDNF levels, at least at the time of RTT-like symptom onset (McGraw et al., 2011). In
addition, Mecp2398 mice, which express a non-functional truncated protein and an RTT-like
neurological syndrome (Shahbazian et al., 2002a), show even higher BDNF mRNA levels in
the hippocampus than wildtype littermates (De Filippis et al., 2012). Also, viral-mediated
Mecp2 deletion in the amygdala has minimal effect on BDNF levels (Adachi et al., 2009).
Furthermore, higher Bdnf IV mRNA levels, as found in early studies (Chen et al., 2003),
may not truly reflect BDNF protein levels, given that the mouse Bdnf gene has nine
promoters with a highly complex differential regulation (Aid et al., 2007). Indeed, Bdnf IV
is upregulated in Mecp2 knockout mice, but Bdnf Il is downregulated, which supports the
activation model (Abuhztzira et al., 2007). In this view, BDNF downregulation in Mecp2
knockout mice occurs because the gene repressor REST (REL1 silencing transcription factor)
is upregulated in these mice, and its binding to Bdnf promoter Il with the co-repressor
CoREST overrides the enhancement derived from activation of Bdnf promoter IV. Similar to
this dissociated regulation, Ogier and colleagues (2007) found that only Bdnf | mRNAs is
upregulated in Mecp2 knockout mice, but all other promoters remain downregulated,
resulting in overall low levels of Bdnf transcripts. Extending this concept further, even when
Bdnf IX mRNA is measured (reflecting total mMRNA), this amount of transcripts may still not
represent total levels of BDNF protein because further modulation exists during mRNA
translation, as well as during trafficking and processing of proBDNF before yielding mature
BDNF within dense-core vesicles ready for Ca?*-dependent regulated release. As discussed
above, proBDNF is thought to have negative effects on neuronal and synaptic function
through the activation of p75NTR. Whether proBDNF is upregulated or its proteolytic
cleavage is impaired in Mecp2 knockout mice remains to be clarified. Last but not least,
BDNF protein levels have been measured mostly by Western immunoblotting and ELISA,
which only assess global tissue levels and may not detect modest alterations and highly
localized deficits, which could have significant consequences in neuronal and synaptic
function.

3.3 Dual operation model

The higher levels of Bdnf transcripts detected in cultured cortical neurons from Mecp2
knockout mice (Chen et al., 2003) predict that MeCP2 overexpression will lead to lower
BDNF levels. However, both Mecp2 knockdown and MECP2 overexpression enhanced
BDNF protein levels in cultured hippocampal neurons (Larimore et al., 2009). These
findings suggest that the control of BDNF expression by MeCP2 can dynamically switch
between repression and activation. Indeed, a hypothetical “dual operation” mechanism
seems to underlie MeCP2’s modulation of the expression of early growth response factor-2
(EGR2): MeCP2 represses EGR2 transcription in control SH-SY5Y neuroblastoma cells,
while it activates EGR2 expression after cell differentiation with the phorbol ester 12-
myristate 13-acetate (PMA). Intriguingly, prolonged exposure to PMA switches MeCP2
function back to repression of EGR2 expression. This dual operation is controlled by
phosphorylation of Ser8% in MeCP2. A similar mechanism underlies MeCP2 regulation of
the receptor tyrosine kinase gene RET, but involving phosphorylation at Ser?2® (Gonzales et
al., 2012). Surprisingly, all these different actions of MeCP2 occur without changes in the
association of phosphorylated MeCP2 to the genes under regulation, which contrasts to the
current model of MeCP2 control of gene transcription by reversible binding to specific
promoter sites. Similarly, phosphorylation at Ser8% does not change MeCP2 association with
target genes in cultured cortical neurons (Tao et al., 2009). Gonzales and colleagues (2012)
proposed that, even though MeCP2 remains bound to target genes, its phosphorylation
recruits different regulatory complexes to activate or repress gene expression. Indeed,
phospho-Ser8® MeCP2 is known to associate with Sin3a and the RNA binding protein YB-1,
while phospho-Ser?2% MeCP2 with Sin3a, HP1 (heterochromatin protein 1) and SMC3, a
component of the cohesin complex; however, the function of these associations is not clear
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yet. The above findings support a novel “dual operation” model of MeCP2 control of gene
expression and warrant further research, especially with regards to MeCP2’s modulation of
Bdnf transcription, which has significant implications for novel therapies for RTT
individuals. Aside from phosphorylation of MeCP2, epigenetic modification of DNA may
participate in a dual mechanism of transcriptional control of specific genes. Even though
direct experimental evidence of this dual operation model is limited, it provides an
intriguing new model of MeCP2 transcriptional regulation for future mechanistic
investigations.

4. Altered BDNF expression, transport, and secretion in RTT patients and
MeCP2- based mouse models

Much evidence has indicated a reduction in BDNF levels in MeCP2-based mouse models of
RTT, which becomes significant with the appearance of RTT-like features. In the first 3-4
postnatal weeks, BDNF levels in most brain regions of male Mecp2 knockout mice are
comparable to those in wildtype littermates (Chang et al., 2006; Wang et al., 2006). When
behavioral impairments gradually start to manifest around 5-6 weeks, BDNF levels are
lower in caudal parts of the brain, such as the brainstem and cerebellum (Kline et al., 2010;
Ogier et al., 2007; Wang et al., 2006), without detectable changes in the cerebral cortex
(Deogracias et al., 2012; Roux et al., 2012; Schaevitz et al., 2010; Want et al., 2006). By 7
weeks, BDNF levels are lower in male Mecp2 knockout mice throughout the entire brain
(Chang et a., 2006; Li et al., 2012; Lonetti et al., 2010). Similar to male Mecp2 knockout
mice, symptomatic female Mecp2 heterozygous mice express lower BDNF levels
throughout the brain (Schmid et al., 2012). Due to technical limitations to measure its levels
in humans, especially in brain, whether BDNF expression is impaired in RTT individuals is,
so far, controversial. Two reports from the same group found that BDNF protein levels in
cerebrospinal fluid and blood serum of RTT patients are comparable to unaffected
individuals, as measured by ELISA (Vanhala et al., 1998; Riikonen, 2003). However,
another two studies described lower Bdnf mRNA levels in autopsy brain samples from RTT
individuals (Abuhatzira et al., 2007; Deng et al., 2007), which is reminiscent of the situation
in Mecp2 mutant mice. Certainly, more studies are needed to resolve this apparent
discrepancy, which will provide rational support for the development of clinic trials aimed
to recover BDNF levels or boost its signaling through TrkB receptors in RTT individuals.

Whether all RTT individuals will benefit equally from increasing BDNF expression is still
an open question, especially if one considers a single nucleotide polymorphism (SNP) in the
human BDNF gene that affects its intracellular processing. The function of BDNF in
neuronal development and synaptic plasticity relies on its proper trafficking to axons and
dendrites, as well as its targeting to the regulated secretory pathway, which allows activity-
dependent release (Fig. 1b). The substitution of valine for methionine at codon 66
(Val66Met) in a common BDNF SNP impairs intracellular trafficking and regulated
secretion of the resulting mature BDNF protein (Egan et at., 2003), and has been involved in
cognitive dysfunction in a wide range of neuropsychiatric disorders (Dincheva et al., 2012).
However, studies on RTT individuals carrying the Met66 allele have been scarce to date.
One report describes that RTT individuals carrying the Val66Met polymorphism showed
delays in the onset of their seizures (Nectoux et al., 2008), while a later study indicated that
Val66Met RTT patients tended to show more severe clinical symptoms, including the risk of
seizures (Zeev et al., 2009). Additional studies involving more RTT individuals are needed
to determine the distribution of the BDNF SNP in the RTT population and whether it is
different than in typically developing women, as well as to characterize its impact on clinical
progression of neurological symptoms depending on specific MECP2 mutations.
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To reach its site for activity-dependent release, secretory granules containing BDNF are
transported along axons and dendrites by microtubule-based motor systems (Fig. 1c)
(Greenberg et al., 2009). Axonal transport of BDNF granules is slower in cultured cortical
neurons from Mecp2 knockout mice, which results in lower cortical BDNF levels due to
impaired transport by cortico-striatal axonal projections (Roux et al., 2012). This deficit in
BDNF transport in Mecp2 mutant neurons can be reversed by Mecp2 re-expression, and is
due to deregulation of Huntingtin (Htt) and Huntingtin-associated protein 1 (Hap1), known
to be required for the anterograde transport of BDNF (Caviston and Holzbaur, 2009).
Whether impaired BDNF trafficking in Mecp2 mutant neurons is due to deregulation of a
direct MeCP2 control of the Htt and Hapl genes requires further investigation.

Despite the low levels of BDNF expression and impaired BDNF transport in Mecp2
knockout neurons, some cells may express a compensatory mechanism to mobilize the most
available BDNF releasable pool upon neuronal depolarization. For example, the total levels
of BDNF protein is lower in cultured neurons of the nodose ganglion of presymptomatic
Mecp2 mice than in those from wildtype mice, but the amount of BDNF released to the
extracellular media upon depolarization is comparable in both genotypes (Wang et al.,
2006). However, activity-dependent BDNF release from presynaptic mossy fibers onto CA3
pyramidal neurons is impaired in hippocampal slices from symptomatic Mecp2 knockout
mice, evidenced by smaller membrane currents and Ca2* signals initiated by TrkB activation
and mediated by TRPC3 channels (Fig. 1d) (Li et al., 2012). Quite relevant to the fact that
GABAergic interneurons require BDNF for their maturation (Abidin et al., 2008; Kohara et
al., 2007; Marty et al., 2000), BDNF-evoked TRPC3 currents and CaZ* signals are also
smaller in CA3 interneurons of symptomatic Mecp2 knockout mice (WL, LP-M,
unpublished data). Further research is needed to clarify the consequences of impaired BDNF
release on GABAergic neuron and synapse development in Mecp2 knockout mice.

5. BDNF-related therapies in RTT mouse models

Improving BDNF expression and/or signaling has received much attention for the treatment
of a variety of neurological disorders (Nagahara and Tuszynski, 2011; Zuccato and
Cattaneo, 2009), and a great deal of progress has been achieved by the RTT research
community (Table 1) (Gadalla et al., 2011; Katz et al., 2012). The proof-of-principle that
restoring BDNF levels is beneficial to Mecp2-deficient mice comes from breeding female
Mecp2 knockout mice expressing Cre recombinase under Camkl | control (Mecp2*/~ ;Cre93)
with male mice that express a BDNF transgene under control of the synthetic CAGGS
promoter preceded by a Cre-removable STOP cassette flanked by loxP sites. BDNF
overexpression in postnatal excitatory forebrain neurons (i.e. those expressing Camki |-
driven Cre) of Mecp2 knockout mice significantly extended their lifespan, improved
locomotor function, increased brain weight, and reversed dampened spontaneous firing of
cortical pyramidal neurons (Chang et al., 2006). In addition, BDNF overexpression in
cultured hippocampal neurons reversed the impaired dendritic and axonal complexity caused
by either shRNA-mediated Mecp2 knockdown or expression of RTT-associated MECP2
mutations (Larimore et al., 2009).

Pharmacological manipulations that involve delivery of recombinant mature BDNF, or
enhancing endogenous BDNF expression or its downstream signaling pathways are more
amenable alternatives for application in humans than gene therapy. For example, the
respiratory dysfunction in Mecp2 knockout mice that phenocopies the irregular breathing
suffered by RTT individuals is significantly improved by pharmacological manipulations of
BDNF signaling due to its well-known role in the development and maintenance of synaptic
and neuronal function within brainstem respiratory nuclei. Acute exposure to BDNF
reverses neuronal hyperexcitability in brainstem slices containing the nTS, which is

Neuropharmacology. Author manuscript; available in PMC 2015 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Li and Pozzo-Miller

Page 11

conveyed to central autonomic pathways and causes cardiorespiratory instability (Kline et
al., 2010). While treatment with recombinant BDNF is theoretically the best option, its low
blood-brain barrier penetration imposes severe limitations for systemic administration.
AMPAKines, a family of nootropic agents that increase BDNF expression by preventing
desensitization of AMPA-type glutamate receptors (Lynch and Gall, 2006), represent an
exciting alternative to boost BDNF signaling in neurological disorders. Indeed, chronic
treatment with the AMPAkine CX546 restored normal breathing frequency and minute
volume/weight in Mecp2 knockout mice (Ogier et al., 2007). Another promising compound
is the BDNF mimetic LM22A-4, which selectively activates TrkB but not other Trk family
members (Massa et al., 2010). LM22A-4 administration to female Mecp2 heterozygous mice
improved the levels of phosphorylated TrkB receptors and downstream Akt and ERK, as
well as restored normal respiratory frequency by increasing expiratory time and total breath
duration (Schmid et al., 2012).

In addition to specific reversal of cardiorespiratory deficits in Mecp2 knockout mice, other
BDNF-related compounds have been examined for the amelioration of RTT-like
neurological symptoms. Fingolimod, a compound with sufficient blood-barrier barrier
permeability being used for the treatment of multiple sclerosis, stimulates the ERK signaling
pathway and leads to enhanced BDNF expression, ultimately resulting in the improvement
of RTT-like features in Mecp2 knockout mice (Deogracias et al., 2012). Likewise, oral
treatment with cysteamine was found to extend the lifespan and improve locomotor activity
in Mecp2 knockout mice (Roux et al., 2012), which may result from improved BDNF
transport and secretion (Borrell-Pages et al., 2006). The TrkB receptor activator 7,8-
dihydroxyflavone (7,8-DHF; Jang et al., 2010) was also reported to lengthen the lifespan
and improve locomotor activity in Mecp2 knockout mice, as well as prevent weight loss and
breathing pattern irregularities (Johnson et al., 2012). Finally, a clinical trial is currently
underway testing insulin-like growth factor-1 (IGF-1) in RTT individuals based on the
beneficial effects of the active tri-peptide in Mecp2 knockout mice (Tropea et al., 2009),
thought to act by its similitude to the TrkB signaling pathway (Tropea et al., 2006).

Physical exercise and cognitive stimulation are also known to increase BDNF expression in
rodents (Zuccato and Cattaneo, 2009). For example, environmental enrichment (EE) at
presymptomatic stages (postnatal day 28) caused a slight improvement of motor
coordination in female Mecp2 heterozygous mice, but not in male Mecp2 knockouts.
Interestingly, brain BDNF levels correlated with the improvement of motor performance,
with EE having an effect only in female Mecp2 heterozygous mice (Kondo et al., 2008).
However, when EE was provided at pre-weaning age (postnatal day 10), male Mecp2
knockout mice showed significant improvements in motor coordination, motor learning, and
anxiety as well as spatial learning. Furthermore, these behavioral reversals paralleled
increased levels of BDNF in brain and restored LTP at cortical synapses (Lonetti et al.,
2010).

Our present exploration for the treatment of RTT is still in its infancy, but with the growing
knowledge of BDNF deregulation in Mecp2 deficient mice, the coming years are likely to
see substantial advances in new therapeutic strategies tailored to target specific gene regions
susceptible to detriment and aimed at the precise brain regions affected in RTT.

6. Conclusions and future directions

Ample evidence from mouse models indicates that the role of MeCP2 in brain development
and function is different across various brain regions, suggesting that dysfunction in specific
neuronal populations due to differential distribution of mutant MeCP2 contributes to
phenotypic variability. The realization that MeCP2 acts as both a repressor and activator of
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potentially thousands of genes has increased the complexity of this once thought simple
monogenetic disorder. Also, none of the experimental treatments tested in Mecp2 deficient
mice fully reversed their RTT-like phenotypes, suggesting additional molecular and cellular
deficits. In spite of these seemingly overwhelming limitations in our state of knowledge, we
should remind ourselves that we have learned more in the last decade since the discovery
that MeCP2 mutations cause RTT than in the preceding 30 years from the first description
by Andreas Rett. Following this trajectory, it is likely that rational therapies grounded on
basic scientific knowledge will be available for RTT individuals within the next decade.
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Figure 1.

BDNF deregulation in multiple regions of a neuron. a, Three models depict how MeCP2
regulate Bdnf transcription. For abbreviations and detailed description, see the text. b, BDNF
is synthesized in the endoplasmic reticulum (ER) and transferred to the Golgi apparatus for
proper folding. With the assistance of several proteins in the Golgi, BDNF is packaged into
large dense core vesicles and targeted to the regulated secretory pathway. The VVal66Met
polymorphism with a valine substitution for methionine, results in the failure of proper
BDNF maturation through this pathway. ¢, Huntingtin (Htt) and Huntingtin-associated
protein 1 (Hap1l) are involved in anterograde axonal transport of BDNF. Lack of these two
proteins in Mecp2 knockout mice prevents BDNF from being targeted to synaptic terminals.
d, BDNF released from presynaptic terminals binds to postsynaptic TrkB (tropomyosin-
related kinase B) receptors and triggers their autophosphorylation. PLC is recruited to a
docking site and breaks down phosphatidylinositol 4,5 bisphosphate (PIP2) into
diacylglycerol (DAG) and inositol trisphosphate (IP3). DAG triggers activation of canonical
transient receptor potential (TRPC) channels, resulting in membrane depolarization and
Ca?* influx. The amplitude of these postsynaptic membrane currents and Ca?* signals are
indirect estimators of the amount of BDNF released from presynaptic terminals.
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Table 1

Strategies for improving BDNF signaling in Mecp2 knockout mice
For detailed description, see the text. Abbreviations: TrkB, tropomyosin-related kinase B; nTS, nucleus tractus
solitarius; mEPSC, miniature excitatory postsynaptic current; mIPSC, minature inhibitory postsynaptic

current; PSD, postsynaptic density; LTP, long-term potentiation.
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Approach

Effect

Evaluation

References

Mecp2*/~;Cre93;
CAGGS-BDNFstop

Genetics

BDNF overexpression in
postmitotic forebrain neurons

1 lifespan; 1 locomotor activity

1 brain weight

1 spontaneous firing (recorded in Lay V
of

somatosensory cortex)

Chang et al., 2006

Bdnf overexpression

BDNF overexpresison in
neurons transfected with
MECP2 shRNA or MECP2
R106W/TI58M

1 dentritic length; < dendritic branch
points

Larimore et al., 2009

BDNF application

Increasing BDNF content

J exaggerated EPSCs in nTS

Kline et al., 2010

Increasing endogenous

1 episodes of high breathing frequency
but not |

AMPKines BDNE higher frequency variability Ogier et al.,2007

J minute volume/weight but not | tidal
volume/weight

LM22A-4 Activating TrkB receptor 1 expiratory time; 1 total breath duration ~ Schmid et al., 2012
1 locomotor activity; T motor
coordination

M Increasing endogenous 7T straitum size -

Fingolimod BDNF 1 frequency and amplitude of mEPSC; | Deogracias et al., 2012

frequency
Phar macology and amplitude of mIPSC
Cysteamine Increasing BDNF transport 71 lifespan; 1 locomotor activity Roux et al, 2012

and secretion

7,8-dihydroxyflavone

Activating TrkB receptor

1 lifespan; 1" locomotor activity
1 tidal volume; |.. irregular respiratory

Johnson et al., 2012

(7,8-DHF) rhythms
1 neuronal nuclei size
1 lifespan; 1 locomotor activity
-~ J cardiorespiratory irregularities
Activating the same PR p L
IGF-1 downstream signaling as 1 brain size; T spine density; 1 PSD Tropea et al., 2009

BDNF

intensity
1 synaptic transmission; < cortical
plasticity

Environmental

Physiclogy enrichment (EE)

Increasing endogenous
BDNF

71 slightly in lifespan; T motor
coordination;
1 motor learning; 1 spatial learning; |
anxiety
1 excitatory but no inhibitory synaptic
densities in

primary somatosensory cortex; 1 both
excitatory

and inhibitory synaptic densities in
cerebellum
TLTP

Lonetti et al., 2009
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