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INTRODUCTION  

  
Neurotrophic factors are secreted proteins that support survival and 
differentiation of several neuron populations in the central and peripheral 
nervous system. Brain-derived neurotrophic factor (BDNF), a member of the 
neurotrophin family of neurotrophic factors, is highly expressed in the central 
nervous system. In addition to its classical neurotrophic roles as a survival and 
differentiation promoting factor, BDNF is involved in regulation of synaptic 
function in the adult nervous system. Importantly, BDNF appears to have a 
critical role in long term synaptic potentiation, which is believed to represent 
the cellular basis of learning and memory. Owing to its multitude of functions 
in the developing and adult nervous system, it is not surprising that altered 
expression or function of BDNF has been associated with a number of nervous 
system disorders, including major depression, bipolar disorder and other 
psychiatric illnesses, neurodegenerative disorders such as Alzheimer's and 
Parkinson's disease, epilepsy and neuropathic pain. Currently, several BDNF-
related therapeutic strategies are being developed for treatment of nervous 
system disorders. The most straightforward of these is either systemic or 
topical administration of BDNF protein as a drug, although this approach 
suffers from the major disadvantage of poor pharmacokinetic properties of 
BDNF. Other strategies include conjugation of BDNF protein with different 
nanotechnological formulations to improve pharmacokinetics, gene therapy and 
modulation of endogenous BDNF production by treatments that regulate 
BDNF expression. The appeal of the latter approach is the possibility to use 
small molecules with favourable pharmacological properties and to regulate 
BDNF levels in cells that already produce BDNF. For such strategies to 
succeed, it is evident that mechanisms regulating BDNF expression have to be 
well understood. In this thesis, I have used two approaches to study BDNF 
regulation. First, BAC transgenic mice carrying large fragments of rat or 
human BDNF loci were used to study BDNF gene regulation in vivo. Second, I 
have investigated the ability of chromatin modifying drugs to modulate BDNF 
expression.  
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1. REVIEW OF THE LITERATURE 
  

1.1 Introduction 
 
 
Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin 
family of mammalian growth factors that regulate several aspects of neuronal 
survival, differentiation and function in the peripheral and central nervous 
system. Nerve growth factor (NGF), the founding member of the neurotrophin 
family, was discovered in the 1950s by Rita Levi-Montalcini and Stanley 
Cohen as an agent stimulating neurite outgrowth from chick sensory ganglia 
(Levi-Montalcini, 1987). It took about three decades before the neurotrophin 
family expanded with the discovery of BDNF (Barde et al., 1982), followed by 
discoveries of neurotrophin 3 (Ernfors et al., 1990a; Maisonpierre et al., 1990b) 
and neurotrophin 4/5 (Berkemeier et al., 1991; Hallböök et al., 1991). In 
addition, two more neurotrophins (NT-6 and NT-7) have been found in bony 
fish (Hallböök, 1999). Recently, a functional neurotrophin was discovered in 
the sea mollusk Aplysia, showing that neurotrophin signaling is also employed 
by invertebrates (Kassabov et al., 2013). Neurotrophins activate two kinds of 
receptors - each of them binds to one or more Trk (tropomyosin receptor 
kinase) receptors and all of them bind to the p75 neurotrophin receptor 
(Reichardt, 2006). 

 BDNF was discovered as a non-NGF neurotrophic activity present in 
conditioned medium of C-6 glioma cells (Barde et al., 1978). Soon thereafter, it 
was shown that rat brain extracts contained a similar neurotrophic activity 
(Barde et al., 1980), which was later identified as a 12 kDa protein to be known 
as BDNF (Barde et al., 1982). Ever since, a wealth of information has 
accumulated suggesting important roles for BDNF in several aspects of 
neuronal function from neurogenesis and cell survival to synaptic function 
(Bibel and Barde, 2000; Park and Poo, 2013). 

 

1.2 Functions of BDNF 
 

1.2.1 BDNF as a survival factor - the original role 

 
BDNF was identified as a survival factor for cultured spinal sensory neurons 
from chick embryos (Barde et al., 1982). In the work that followed, BDNF was 
found to promote survival and stimulate neurite outgrowth in sensory neurons 
form many different sensory ganglia (Davies et al., 1986; Lindsay et al., 1985). 
In addition, BDNF was found to promote survival of cultured mesencephalic 
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dopaminergic neurons (Hyman et al., 1991), cerebellar granule neurons (Segal 
et al., 1992) and retinal ganglion cells (Rodriguez-Tébar et al., 1989); promote 
survival and induce differentiation of septal cholinergic neurons (Alderson et 
al., 1990). Moreover, BDNF prevented death of spinal cord motoneurons in 
newborn rats following axotomy (Sendtner et al., 1992).  

In order to investigate the role of BDNF in survival and differentiation of 
neurons in vivo, BDNF  knockout mice were generated (Ernfors et al., 1994; 
Jones et al., 1994). These mice were smaller than littermates, displayed severe 
movement defects and died within 2-3 weeks of postnatal development. In 
agreement with previous findings in cultured neurons, mice lacking BDNF had 
substantially reduced number of neurons in several sensory ganglions such as 
trigeminal, nodose-petrosal and vestibular ganglia. Despite profound deficits in 
motor function, defects in motoneuron survival were not observed in BDNF -/- 

mice in either study. Moreover, no change in numbers of dopaminergic or other 
central neurons previously associated with BDNF-dependent survival was 
observed. Surprisingly, no gross abnormalities in the brain architecture were 
detected. (Ernfors et al., 1994; Jones et al., 1994). The discrepancies between in 
vitro and in vivo results regarding neuron types other than sensory neurons 
were reconciled with the possibility of redundant effects with other 
neurotrophins such as NT4/5 that shares the TrkB receptor with BDNF. 
However, degeneration of motoneurons were not observed even in NT4-/- 
BDNF -/- double  knockout mice (Liu et al., 1995). To date, these discrepancies 
have not been fully resolved. Recently, it was shown that TrkA and TrkC, but 
not TrkB, act as dependence receptors, signaling neuronal death in ligand-
unbound state (Nikoletopoulou et al., 2010). In addition, a study investigating 
the mechanisms determining the correct number of cortical interneurons in 
development showed that apoptosis of these neurons is triggered by an 
intrinsic, TrkB-independent mechanism. The detailed workings of these 
mechanisms remain to be uncovered (Southwell et al., 2012). In conclusion, 
current knowledge suggests that BDNF and other neurotrophins act as target 
derived trophic factors for the peripheral nervous system (the "classical" 
neurotrophic theory), whereas survival of central nervous system neurons is 
governed by other, largely unknown mechanisms (Dekkers and Barde, 2013). 

 

1.2.2 Neurite growth and arborization 

 
Early studies on NGF showed that in addition to promoting neuronal survival it 
also possessed neurite growth stimulating properties (Levi-Montalcini, 1987). 
Later, several aspects of neurite growth and arborization were shown to be 
regulated by neurotrophins, first in peripheral and then in central neurons. 
BDNF induced extensive lamellipodia formation and growth cone turning 
towards applied BDNF microgradient in cultured Xenopus spinal neurons 
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(Ming et al., 1997; Song et al., 1997). Tucker and co-workers showed that any 
one of neurotrophins NGF, BDNF, NT-3 or NT4/5 stimulated growth of 
sensory, but not motor neurons in mouse embryonic limb buds (Tucker et al., 
2001).  

In the central nervous system, the effect of BDNF on neurite growth was 
first demonstrated in Xenopus tadpoles: injection of BDNF into their optic 
tectum increased branching of ganglionic axon terminals, while injecting a 
BDNF blocking antibody had an opposite effect (Cohen-Cory and Fraser, 
1995). Dendritic growth and arborization was shown to be stimulated by 
BDNF in organotypic slices of ferret visual cortex. Intriguingly, BDNF and 
NT4/5, the other TrkB ligand, produced different patterns of dendrite 
elaboration (McAllister et al., 1995).  

Strong evidence supporting the role of BDNF in regulation of dendrite 
growth was provided from several studies using targeted deletion of BDNF in 
mice. In BDNF null mutants, retarded growth of cerebellar Purkinje neuron 
dendrites was observed, together with defects in layering of cerebellar neurons 
(Schwartz et al., 1997). Conditional deletion of BDNF in forebrain neurons 
during embryogenesis lead to development of a thinner neocortex, associated 
with smaller neuronal size and defects in maintenance of dendritic structures 
(Gorski et al., 2003). In addition, reduced striatal volume, shrunken somas and 
thinner dendrites of striatal medium spiny neurons were detected in mice with 
forebrain BDNF deletion (Baquet et al., 2004). Very similar striatal phenotypes 
were observed in mice lacking BDNF in the whole central nervous system 
(Rauskolb et al., 2010). 

 

1.2.3 Synaptic activity 

  
In addition to their roles in neuronal survival and growth, neurotrophins have 
rapid effects on synaptic activity. This was first demonstrated in a study 
showing that NT-3 and BDNF (but not NGF) potentiated synaptic activity at 
neuromuscular synapses in cultured cells (Lohof et al., 1993). Later, in studies 
with cultured rat hippocampal neurons, hippocampal slices and rat hippocampi 
in vivo, it was shown that BDNF can potentiate neurotransmission in central 
neurons (Kang and Schuman, 1995; Lessmann et al., 1994; Levine et al., 1995; 
Messaoudi et al., 1998). BDNF can elicit neuronal depolarization on a 
timescale comparable to the neurotransmitter glutamate (in the order of 
milliseconds), mediated by opening of a TrkB-associated sodium channel 
Nav1.9 (Blum et al., 2002; Kafitz et al., 1999). Significantly reduced long term 
potentiation (LTP) of hippocampal Schaffer collateral-CA1 synapses was 
detected in BDNF  knockout mice, indicating that BDNF may have a critical 
role in synaptic plasticity in adult CNS neurons (Korte et al., 1995). Complete 
reversal of the LTP deficits by viral-mediated rescue of BDNF expression 
provided conclusive evidence that lack of BDNF in these mice had acute 
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effects on synaptic activity (Korte et al., 1996; Patterson et al., 1996). Over the 
past decades, the role and mechanisms of BDNF action in synaptic activity and 
particularly LTP have been intensively studied (Bramham and Messaoudi, 
2005; Panja and Bramham, 2013; Poo, 2001).  

Apart from LTP, BDNF has been implicated in other forms of synaptic 
plasticity. For example, BDNF has been shown to regulate long term synaptic 
depression (LTD) in rat visual cortex slices (Akaneya et al., 1996; Huber et al., 
1998), short-term synaptic plasticity at medial perforant path-dentate granule 
cell synapses in the hippocampus (Asztely et al., 2000) and homeostatic 
plasticity (compensatory adaptations to changes in synaptic function) in 
cultured hippocampal neurons (Jakawich et al., 2010). An overwhelming 
majority of studies, however, have addressed the roles of BDNF in LTP.  

Evidence for the roles of BDNF in LTP has been accumulated from a large 
number of studies using different approaches to manipulate BDNF function 
such as using BDNF or TrkB germline or conditional knockout or knock-in 
mice, blocking BDNF-TrkB signaling with antibodies or TrkB-IgG scavengers 
of BDNF, or applying exogenous BDNF to the synapses where LTP is 
recorded (Bramham and Messaoudi, 2005). These studies have established that 
BDNF contributes to LTP formation in several ways. First, it participates in 
conditioning the synapses before LTP initiation by regulating neurotransmitter 
release, termed the permissive role of BDNF in LTP (Figurov et al., 1996; 
Pozzo-Miller et al., 1999). Second, it has become clear that BDNF-TrkB 
signaling contributes to the formation and maintenance of LTP - the instructive 
role (Bramham and Messaoudi, 2005). This was revealed by studies where 
prior to LTP induction hippocampal slices were treated with TrkB-IgG BDNF 
scavengers (Figurov et al., 1996), anti-TrkB antibodies (Kang et al., 1997) or 
photoactivatable anti-BDNF antibodies (Kossel et al., 2001) - all leading to 
decreased LTP. Maintenance of LTP is divided into two phases - early phase 
that is independent of new protein synthesis and the protein synthesis-
dependent late phase (L-LTP). As L-LTP is being regarded as a cellular proxy 
for long-term memory (Mayford et al., 2012), the roles of BDNF in L-LTP are 
of particular interest. Indeed, BDNF has been implicated in the processes of 
learning, memory formation and extinction (Bekinschtein et al., 2013; Lu et al., 
2008).  

Although BDNF has been associated with several aspects of LTP induction 
and maintenance, the molecular mechanisms mediating these functions are only 
beginning to be elucidated. Currently, candidate mechanisms for BDNF action 
in LTP focus mainly on synaptic remodeling by regulation of local synaptic 
translation and cytoskeletal dynamics (Bramham and Panja, 2013). The 
hypothesis of translational control of BDNF action in LTP relies on the 
following findings: first, late LTP in general and BDNF-induced late LTP in 
particular is dependent on new protein synthesis (Abraham and Williams, 
2008; Kang and Schuman, 1996). Second, BDNF stimulates translation of a 
subset of neuronal mRNAs (Schratt et al., 2004) via regulation of initiation and 
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elongation steps (Inamura et al., 2005; Leal et al., 2013; Takei et al., 2001). It is 
generally not well understood how altered translation of these mRNAs 
mediates increase in synaptic strength. In addition, it remains to be determined 
whether endogenous BDNF-TrkB signaling can regulate synthesis of these 
proteins. Relatively much, however, is known about the involvement of one 
BDNF-regulated synaptic protein - Arc - in synaptic plasticity. Arc is an actin-
associated protein that plays a critical role in LTD and LTP via regulating 
AMPA receptor endocytosis and synaptic actin dynamics, respectively 
(Bramham et al., 2010; Shepherd and Bear, 2011). BDNF (among several other 
stimuli) robustly induces Arc transcription (Messaoudi et al., 2002; Ying et al., 
2002), translocation of Arc mRNA to dendrites (Ying et al., 2002) and local 
translation at synapses (Yin et al., 2002), where it plays a critical role in LTP 
maintenance via regulating actin network expansion (Messaoudi et al., 2007).  

  

1.3 Overview of BDNF molecular biology  

 
Expression. BDNF is widely expressed in the mammalian peripheral and 
central nervous system. In the brain, BDNF has widespread expression, 
predominantly in neurons (Conner et al., 1997; Ernfors et al., 1990b; Hofer et 
al., 1990; Katoh-Semba et al., 1997; Maisonpierre et al., 1991, 1990a; 
Timmusk et al., 1994a). Expression levels of BDNF are relatively low during 
embryogenesis, rise in late embryonic development and peak during first 
postnatal weeks (Maisonpierre et al., 1990a; Timmusk et al., 1994a). Apart 
from the nervous system, BDNF expression has been detected in several non-
neuronal tissues such as heart, lung, skeletal muscle, liver, kidney, thymus and 
spleen; highest expression levels have been consistently detected in heart and 
lung (Aid et al., 2007; Katoh-Semba et al., 1997; Maisonpierre et al., 1991, 
1990a; Pruunsild et al., 2007; Yamamoto et al., 1996). The best known non-
neuronal cell types that display high levels of BDNF expression are 
thrombocytes (Yamamoto and Gurney, 1990), vascular smooth muscle cells 
(Donovan et al., 1995) and endothelial cells (Donovan et al., 2000; Nakahashi 
et al., 2000).  

 
Gene structure. Considering the multiple roles for BDNF in neuronal 

maintenance and function, its expression is expected to be tightly regulated (for 
details see next chapter). Indeed, even at the level of transcription BDNF 
expression is regulated by the use of a number of differentially regulated 
promoters. Each of these promoters precedes an untranslated 5' exon, joined 
with a common protein coding 3' exon by alternative splicing in a mutually 
exclusive manner - see Figure 1; (Aid et al., 2007; Pruunsild et al., 2007; 
Timmusk et al., 1993). Each transcript with an alternative 5' exon can contain 
3'UTRs of two alternative lengths due to use of alternative polyadenylation 
sites (Timmusk et al., 1993). An additional layer of regulation can be exerted 
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by the antiBDNF gene located on the opposite strand relative to BDNF (Liu et 
al., 2005; Modarresi et al., 2012; Pruunsild et al., 2007). AntiBDNF transcripts 
have a complementary region with BDNF exon IX that is common to all BDNF 
transcripts (Liu et al., 2005; Modarresi et al., 2012; Pruunsild et al., 2007) and 
knockdown of antiBDNF mRNA leads to upregulation of BDNF expression in 
vitro and in the brain (Modarresi et al., 2012). 
 
 

 

Figure 1. Structure of the rodent BDNF gene. A) Rat BDNF gene structure as described by 
Timmusk et al. (1993). Exons are shown as boxes and introns are shown as lines. B) Up-to-date 
rodent gene structure (Aid et al., 2007). The upper diagram shows the arrangement of exons and 
introns of mouse and rat BDNF genes, BDNF transcripts generated by alternative splicing are 
shown below. Protein coding regions are shown as solid boxes and untranslated regions are 
shown as open boxes. Alternative polyadenylation sites are indicated with arrows. For exon II, 
three different transcript variants, IIA, IIB, and IIC, are generated as a result of using alternative 
splice-donor sites in exon II. Figure is reproduced from Aid et al., 2007, with permission from 
John Wiley & Sons, Inc. 
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Subcellular localization of BDNF transcripts. BDNF mRNA and protein 
have been shown to localize to the cell soma and proximal dendrites in rat 
hippocampal neurons (Tongiorgi et al., 1997). The dendritic localization is 
enhanced by KCl depolarization (Tongiorgi et al., 1997) and bath application 
of BDNF (Righi et al., 2000). In the rat hippocampus, dendritic localization of 
BDNF mRNA and protein was observed after pilocarpine-induced epileptic 
seizures, whereas BDNF was essentially absent from the dendritic fields under 
basal conditions (Tongiorgi et al., 2004). After pilocarpine treatment, 
alternative BDNF transcripts showed differential localization - only exon II and 
exon VI containing transcripts were translocated to dendrites, whereas exon I 
and IV containing transcripts were retained in the cell soma (Chiaruttini et al., 
2008). Dendritic localization of BDNF was shown to be also dependent on the 
longer variant of its 3'UTR. Mice with truncated BDNF 3'UTR displayed 
impaired dendritic localization of BDNF mRNA, defects in dendrite 
morphogenesis and LTP (An et al., 2008). Finally, transport of BDNF mRNA 
to dendrites was found to be dependent on its interaction with translin, an RNA 
trafficking protein, via a cis-element in the protein coding region (Chiaruttini et 
al., 2009). Considering the roles of BDNF in dendrite growth and synaptic 
plasticity, it is compelling to see mechanisms regulating dendritic transport and 
local translation of BDNF mRNA as important mediators of these outcomes. 
However, the notion of dendritic BDNF localization is not universally 
accepted. In a recent study, Dieni and co-workers showed localization of 
BDNF protein in presynaptic terminals and complete absence of BDNF in 
postsynaptic structures (Dieni et al., 2012). It is possible that dendrites contain 
low, but biologically relevant levels of BDNF, and perhaps detectable levels of 
BDNF can be found in different dendritic structures than analyzed by Dieni and 
co-workers. However, there is currently no data available showing endogenous 
BDNF protein in postsynaptic structures. 

 
BDNF protein synthesis and processing. BDNF is synthesized as a 

preproprotein into the endoplasmic reticulum. Translation of BDNF protein 
from alternatively spliced mRNAs eventually generates mature protein with 
identical primary sequence (differences in posttranslational modifications, 
though, cannot be ruled out). The sequences of BDNF preproprotein, too, are 
identical with the possible exception of protein translated from exon I 
containing transcripts, which have an in-frame start codon in the end of exon I 
(Aid et al., 2007; Pruunsild et al., 2007; Timmusk et al., 1993). In addition, 
human, but not rodent BDNF gene has potential start codons in exon VII and a 
rarely used exon VIII (Pruunsild et al., 2007). Use of these start codons would 
generate protein isoforms with alternative signaling peptides that may 
potentially affect the function of mature protein through differential 
intracellular targeting, secretion or posttranslational modifications (Hegde and 
Bernstein, 2006). The pre-region constitutes an ER signal sequence that is 
cleaved co-translationally and the resulting proBDNF undergoes 
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posttranslational processing and sorting to secretory vesicles (Lessmann et al., 
2003). It is known that proBDNF undergoes N-terminal glycosylation in the 
pro-domain (Mowla et al., 2001) and is converted to mature BDNF by an 
intracellular endopeptidase - either by furin in the trans-Golgi network or by 
proprotein convertases PC1/2 in secretory granules (Lessmann et al., 2003). In 
addition, it has been suggested that proBDNF can be secreted and processed in 
the extracellular space by plasmin or even stay unprocessed and function 
independently from mature BDNF (Pang et al., 2004; Teng et al., 2005). 
According to this model, proBDNF binds to the p75 receptor with a higher 
affinity than mature BDNF and signals apoptosis, while the mature form 
preferentially binds the TrkB receptor and signals cell survival (Teng et al., 
2005). Whereas mature BDNF is currently regarded as an important mediator 
(or modulator) of synaptic long term potentiation (Bramham and Messaoudi, 
2005), proBDNF was shown to facilitate long term depression (decrease in 
synaptic efficiency)(Woo et al., 2005). This way BDNF (and other 
neurotrophins) could be regulated at the level of secretion and precursor 
processing to convey exactly opposite signals (Lu et al., 2005). It must be 
noted, though, that currently consensus is lacking in this matter (Barker, 2009). 
The heart of the matter is the question of whether the amounts of proBDNF in 
the extracellular space are big enough to exert physiologically relevant effects. 
Two studies focusing on the amounts of endogenously produced proBDNF in 
cultured neurons and brain tissue arrived at contradicting results (Matsumoto et 
al., 2008; Yang et al., 2009) and the source of this contradiction has not yet 
been resolved.  

 

BDNF secretion. Proteins are secreted from cells via constitutive (non-
regulated) or regulated (responsive to specific stimuli) pathways. Both 
pathways are used for release of neurotrophins, but individual neurotrophins 
have different propensities for using one or the other (Lessmann et al., 2003). 
NGF, for example, is more efficiently targeted to the constitutive pathway than 
BDNF, which is predominantly released in a regulated manner (Brigadski et 
al., 2005; Mowla et al., 1999). Secretion of BDNF from cultured neurons has 
been demonstrated following application of several stimuli such as KCl 
depolarization (Balkowiec and Katz, 2000; Goodman et al., 1996), electrical 
stimulation (Balkowiec and Katz, 2000; Hartmann et al., 2001), glutamate 
(Canossa et al., 2001, 1997), spontaneous synaptic activity (Kuczewski et al., 
2008) and even neurotrophins themselves (Canossa et al., 1997; Krüttgen et al., 
1998). Activation of AMPA and metabotropic glutamate receptors, but not 
NMDA receptors, triggered BDNF release from cultured hippocampal neurons 
(Canossa et al., 2001). Regulated secretion of BDNF depends on Ca2+ release 
from intracellular stores (Balkowiec and Katz, 2002; Canossa et al., 1997; 
Griesbeck et al., 1999; Kolarow et al., 2007) and most probably also on 
extracellular Ca2+ influx (Balkowiec and Katz, 2002; Goodman et al., 1996; 
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Kolarow et al., 2007), although the latter has been challenged (Griesbeck et al., 
1999). Activation of calmodulin-dependent protein kinase II (CaMKII) and 
cAMP/protein kinase (PKA) have a critical role in KCl depolarization-induced 
BDNF secretion and neurotrophin or glutamate-induced BDNF release depends 
on activation of the phospholipase C gamma (PLC-γ) pathway (Canossa et al., 
2001). Sorting of BDNF to the regulated secretion pathway has been shown to 
involve interaction of the BDNF pro-domain with a sorting receptor sortilin 
(Chen et al., 2005) and interaction of carboxypeptidase E (CPE) with a 
sequence in mature BDNF (Lou et al., 2005). A human polymorphism in 
proBDNF (Val66Met), associated with poorer episodic memory and 
abnormalities in hippocampal fMRI readings, impairs interaction of BDNF 
with sortilin and results in defective activity-dependent BDNF secretion in 
cultured neurons, underscoring the importance of BDNF function in the adult 
nervous system (Egan et al., 2003).  

 

1.4 Regulation of BDNF expression 

 
Since the cloning of the BDNF gene (Leibrock et al., 1989) and 
characterization of the multi-promoter containing gene structure (Timmusk et 
al., 1993), mechanisms of BDNF transcription regulation and, more recently, 
epigenetic regulation have received the biggest share of researchers' attention. 
Post-transcriptional regulation mechanisms such as subcellular targeting 
(Tongiorgi, 2008), regulation by miRNAs (Caputo et al., 2011; Lee et al., 
2012; Mellios et al., 2008; Miura et al., 2012; Muiños-Gimeno et al., 2011) and 
natural antisense transcripts (Modarresi et al., 2012; Pruunsild et al., 2007) and 
regulation of BDNF translation (Autry et al., 2011; Lau et al., 2010; Timmusk 
et al., 1994b; Verpelli et al., 2010) have been studied much less intensively. In 
the overview below, I will give an overview of transcriptional regulation of the 
BDNF gene and cover epigenetic regulation of BDNF in more detail.  

 
1.4.1 Transcriptional regulation of BDNF expression  
 

Research on BDNF transcription started with a study showing that BDNF 
mRNA levels in cultured hippocampal neurons were induced by depolarizing 
concentration of K+ in culture medium and this effect was dependent on the 
presence of Ca2+ ions in the medium (Zafra et al., 1990). In addition, a variety 
of neurotransmitters were tested for their ability to increase BDNF mRNA 
levels, of which kainic acid (a glutamate receptor subtype agonist) and, to a 
lesser extent, histamine and carbachol (an acetylcholine receptor agonist) 
significantly elevated BDNF levels in cultured neurons. Intraperitoneal 
injections of kainic acid to rats robustly increased BDNF mRNA levels in the 
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brain (Zafra et al., 1990). Subsequent studies, investigating BDNF regulation 
by neurotransmitters and growth factors in detail, showed that BDNF 
expression in the hippocampus is controlled by the balance between 
glutamatergic and GABAergic neurotransmission (Zafra et al., 1991), that 
BDNF expression in neurons is insensitive to regulation by several growth 
factors (neurotrophins themselves were not tested) (Zafra et al., 1992) and that 
pilocarpine (a muscarinic receptor agonist) effectively increased BDNF mRNA 
levels in the brain (da Penha Berzaghi et al., 1993). In cultured astrocytes, 
BDNF was shown to be regulated by dopamine and norepinephrine and not 
regulated by glutamate and several growth factors (Zafra et al., 1992).   

Regulation of BDNF transcription by neuronal activity was demonstrated 
further in studies where epileptic activity was induced in the rat brain using 
either electrical stimulation (kindling) (Ernfors et al., 1991) or hippocampal 
lesions (Isackson et al., 1991). LTP induction by electrical high frequency 
stimulation increased BDNF mRNA levels in hippocampal slices (Patterson et 
al., 1992) and in freely moving rats (Castrén et al., 1993). BDNF mRNA levels 
in the visual cortex could be manipulated by light conditions, showing the 
possibility of detecting BDNF regulation by mild physiological stimuli 
(Castrén et al., 1992). In the past two decades, a large number of studies have 
reported changes in BDNF expression in relation to a variety of 
pharmacological, behavioural or other stimuli (at the time of writing this, query 
"BDNF expression" returned 6161 hits in Pubmed). Together with a few other 
genes such as c-fos and Arc, BDNF has become a classical model gene for 
studying the molecular mechanisms of neuronal activity-dependent 
transcription (Greer and Greenberg, 2008; Lyons et al., 2012). 

Characterization of the BDNF gene revealed that four 5' untranslated exons 
were alternatively spliced with a common protein-coding exon and each of 
these 5' exons was linked with a promoter enabling separate regulation for 
transcription of different mRNA species. The latter was demonstrated by 
differential expression of alternative BDNF transcripts in tissues and variable 
induction of these transcripts in the rat hippocampus by kainic acid treatment 
(Timmusk et al., 1993). Elucidation of the BDNF gene structure lead to studies 
addressing molecular mechanisms of BDNF transcriptional regulation at 
different promoters. BDNF promoter IV has been the best studied of these 
promoters, owing to high expression levels of exon IV-containing transcripts in 
neurons and the fact that promoter IV is highly inducible by neuronal activity 
(Lyons et al., 2012). Three calcium response elements (CaREs) were 
discovered in the proximal 170 bp of the principal transcriptional start site in 
promoter IV, which work in concert to govern calcium-induced transcription 
from this promoter (Chen et al., 2003b; Shieh et al., 1998; Tao et al., 2002, 
1998). Different calcium-regulated transcription factors bind to these cis-
elements: - Ca2+ response factor (CaRF) binds to CaRE1 (Tao et al., 2002), 
upstream stimulatory factors 1/2 (USF1/2) bind to CaRE2 (Chen et al., 2003b) 
and cAMP/Ca2+-response factor (CREB) binds to CaRE3, (also known as CRE, 
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the cAMP/Ca2+-response element) (Shieh et al., 1998; Tao et al., 1998). The 
CRE element has been shown to be critically important for neuronal activity-
dependent induction of BDNF promoter IV (Hong et al., 2008), but 
coordinated action of different cis elements and trans acting factors is needed 
for full control over the activity of this promoter. In addition to the CaRE-
binding proteins, calcium-dependent induction of promoter IV has been shown 
to be regulated by MEF2 (Hong et al., 2008; Lyons et al., 2012), NPAS4 (Lin 
et al., 2008; Pruunsild et al., 2011), MeCP2 (Chen et al., 2003a; Martinowich et 
al., 2003), BHLHB2 (Jiang et al., 2008) and NFκB (Lipsky et al., 2001). BDNF 
promoter I is also highly induced by neuronal activity (Metsis et al., 1993; 
Timmusk et al., 1993) and to a large extent uses common regulation 
mechanisms with promoter IV (Flavell et al., 2008; Pruunsild et al., 2011; 
Tabuchi et al., 2002). In addition, BDNF promoters I and II are regulated by a 
repressor protein called the neuron-restrictive silencing factor (NRSF), binding 
to the neuron-restrictive silencing element (NRSE) in promoter II (Timmusk et 
al., 1999). Little is known about regulation of other BDNF promoters.  

Transcription factors recruit additional proteins to BDNF promoters to form 
regulatory complexes, including several chromatin-modifying proteins such as 
histone acetyltransferases (HAT) and deacetylases (HDAC), histone 
methyltransferases (HMT) and demethylases (HDM). Importantly, neuronal 
activity leads to remodeling of these complexes, resulting in activated 
epigenetic state at promoters and a net increase in BDNF transcription (Greer 
and Greenberg, 2008). In the absence of neuronal activity, chromatin at BDNF 
promoter IV is maintained at a repressed state, partly mediated by association 
of promoter-bound MeCP2 with mSin3A/HDAC1 corepressor complex (Chen 
et al., 2003a; Martinowich et al., 2003). In addition, MEF2 that binds to 
promoter IV (Hong et al., 2008; Lyons et al., 2012) can recruit class II HDACs 
(Miska et al., 1999; Wang et al., 1999). Synaptic activity-induced calcium 
influx triggers phosphorylation of CREB (Sheng et al., 1990), phosphorylation 
of MeCP2 (Zhou et al., 2006) and dephosphorylation of MEF2 (Flavell et al., 
2006), collectively leading to restructuring of repressive transcriptional 
complexes into activating ones, such as the complex of CREB phosphorylated 
at serine 133 and a histone acetyltransferase CBP (CREB-binding protein) 
(Chrivia et al., 1993). Dissociation of HDACs from chromatin is mediated 
probably by modifications of their transcription factor binding partners (Flavell 
et al., 2006; Zhou et al., 2006) as well as translocation of HDACs from the 
nucleus to the cytoplasm by neuronal activity (Chawla et al., 2003). BDNF 
regulation by individual HDACs - a protein family with 11 members 
(Haberland et al., 2009) - has not been thoroughly studied. Only HDAC2 has 
been shown to associate directly with BDNF promoters I, II and IV (Gräff et 
al., 2012; Guan et al., 2009). In addition, indirect evidence implies regulation 
of BDNF expression by HDAC4 (Li et al., 2012) and HDAC5 (Tsankova et al., 
2006), but direct association between these proteins and BDNF promoters has 
not been shown.  
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1.4.2 Epigenetic regulation of BDNF expression 
 

1.4.2.1 Regulation of BDNF expression by histone modifications 

 

Histones can be covalently modified in a number of ways to affect chromatin 
function in transcription, replication, DNA repair and chromatin condensation. 
Known histone modifications include acetylation, methylation, ubiquitination 
and sumoylation on lysines, methylation and deimination on arginines, 
phosphorylation on serine, threonine and tyrosine residues, ADP-ribosylation 
on glutamates and arginines, proline isomerization and proteolytic trimming of 
histone tails. With the exception of histone tail clipping, probably all histone 
modifications are reversible. Histone acetylation, phosphorylation, 
ubiquitination and sumoylation induce structural changes in chromatin, 
whereas the small and chargeless methylation mark functions rather as an 
adapter handle for attachment of chromatin modifying complexes. Acetylation 
marks have been almost exclusively associated with euchromatin and 
facilitation of transcription. Methylation, in contrast, can signal activation or 
repression dependently on the position of the lysine residue in histones and 
even on the position of modified histones in chromatin (e.g. promoter vs gene 
body). Relatively little is known about the role of other modifications. 
(Bannister and Kouzarides, 2011; Kouzarides, 2007).  

Regulation of BDNF expression was first associated with histone 
modifications in a study showing that pilocarpine induced status epilepticus 
induced histone 4 (H4) acetylation at BDNF promoter II and repressed H4 
acetylation at promoter VI (then designated as promoter IV) (Huang et al., 
2002). Ever since, changes in histone modifications at BDNF promoters have 
been shown in several studies addressing molecular mechanisms involved in 
memory formation, stress, addiction, epilepsy and action of several 
pharmacological agents (Boulle et al., 2012; Karpova, 2013; Lubin, 2011). 
First, such changes were reported in studies investigating epigenetic regulation 
of BDNF by neuronal activity. In a study by Nestler and co-workers, 
electroconvulsive therapy (ECT) induced H3 and H4 acetylation at BDNF 
promoters II and IV (designated II and III at the time of publishing) in rat 
hippocampi (Tsankova et al., 2004). Induction of BDNF promoter I-driven 
transcription by NMDA application to cultured hippocampal neurons was 
shown to be accompanied by increased levels of activating H3K4 methylation 
marks and decreased levels of repressive H3K9 methylation marks (Tian et al., 
2009). Light deprivation decreased BDNF expression in the visual cortex, 
which was associated with increases in repressive H3K27 trimethylation at 
BDNF promoters in both visual cortex and hippocampus (Karpova et al., 
2010). Increased histone acetylation at different BDNF promoters (including 
promoter IV in all studies) was observed after rats were subjected to 
environmental enrichment (Kuzumaki et al., 2011), communal rearing (Branchi 
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et al., 2011) or physical exercise (Gomez-Pinilla et al., 2011; Intlekofer et al., 
2013). Stress has been shown to induce changes in BDNF epigenetic regulation 
in the hippocampus. This was first demonstrated in a study showing that 
chronic defeat stress decreased BDNF expression in the hippocampus, which 
was accompanied by robust increases in repressive H3K27 dimethylation at 
promoters III and IV (Tsankova et al., 2006). Acute immobilization stress 
decreased H3 acetylation at promoters I, IV and VI, suggesting that repressive 
epigenetic changes are induced at BDNF promoters in other stress paradigms 
as well (Fuchikami et al., 2009). 

 
Learning and memory. Epigenetic BDNF regulation has been implicated in 

memory formation and extinction (Lubin, 2011). In the pioneering study, Barad 
and co-workers showed that in the fear learning paradigm, conditioning and 
extinction of the fear memory differentially altered histone 3 and histone 4 
acetylation at BDNF promoters I and IV in the mouse prefrontal cortex (Bredy 
et al., 2007). Differential effects on H3 and H4 acetylation at BDNF promoters 
in the hippocampal CA1 region by fear memory consolidation was 
demonstrated in a following study (Lubin et al., 2008). Increased H3K4 
trimethylation (activating modification) levels at BDNF promoter I, but not at 
promoter IV were observed after fear conditioning in the CA1 region (Gupta et 
al., 2010) and robust decreases in H3K9 dimethylation (repressing 
modification) were reported in the entorhinal cortex of rats after fear 
conditioning (Gupta-Agarwal et al., 2012).  

 
Addiction. The first indication that BDNF epigenetic regulation is 

associated with drug addiction was provided in as study showing that chronic 
cocaine administration increased histone 3 (H3) acetylation at BDNF promoter 
IV in rat striatum, a central brain region in the reward circuitry implicated in 
addiction (Kumar et al., 2005). Recent studies have shed light on how cocaine 
exposure affects epigenetic BDNF regulation in other addiction-related brain 
regions. First, chronic cocaine administration increased H3 acetylation at 
BDNF promoters II and III in the shell of nucleus accumbens, a central region 
in the mesolimbic reward pathway (Wang et al., 2010). Induction of BDNF 
expression in the nucleus accumbens by cocaine has an important role in 
mediating the rewarding effects of cocaine (Graham et al., 2007) and the 
sensitization of rats to stress by cocaine (Covington et al., 2011). Second, 
forced cocaine abstinence in the ventral tegmental area (part of the reward 
pathway that projects to the nucleus accumbens) increased H3 acetylation at 
BDNF promoter I and expression of BDNF exon I containing transcripts 
(Schmidt et al., 2012). Third, chronic cocaine increased BDNF exon IV 
containing transcripts, histone 3 acetylation and CREB binding at BDNF 
promoter IV in the prefrontal cortex (PFC), another part of the mesolimbic 
pathway. In addition, this study found that BDNF levels in the prefrontal cortex 
correlated negatively with cocaine intake, suggesting that cocaine-induced 
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BDNF increase in this brain area may act as a compensatory adaptation (Sadri-
Vakili et al., 2010). Interestingly, reduced cocaine intake, increased BDNF 
expression and BDNF promoter acetylation in the PFC were passed on to male, 
but not female offspring of cocaine-treated rats (Vassoler et al., 2013).  

 
Antidepressants and histone deacetylase inhibitors. Antidepressants induce 

structural plasticity in the brain, as has been convincingly shown with 
experiments on the visual cortex of the rat (Castrén and Hen, 2013; Maya 
Vetencourt et al., 2008). The mechanisms of antidepressant-induced plasticity 
were addressed in a recent study showing that serotonin infusion into the visual 
cortex recapitulated the plasticity-inducing effects of fluoxetine and these 
effects were dependent on BDNF-TrkB signaling. Long-term fluoxetine 
treatment induced BDNF expression in the visual cortex, which was 
accompanied by increased acetylation at its promoters (Maya Vetencourt et al., 
2011). Similar increases in BDNF promoter acetylation have been observed in 
the hippocampus after treatment of mice with fluoxetine (Onishchenko et al., 
2008) or imipramine, another antidepressant (Tsankova et al., 2006). Changes 
in promoter acetylation, however, were seen only after antidepressant 
treatments were applied after pretreatments leading to decreased BDNF 
expression (Onishchenko et al., 2008; Tsankova et al., 2006). Regulation of 
BDNF expression by HDAC inhibitors has been explored in a number of 
studies (see references in publication III). In cultured neurons, different HDAC 
inhibitors show the ability to robustly induce BDNF expression (e.g. Aid et al., 
2007; Fukuchi et al., 2009; Yasuda et al., 2009). Induction of BDNF expression 
and acetylation at BDNF promoters by HDAC inhibitors has also been shown 
in vivo, but it appears that these effects are best seen from the baseline of 
previously decreased BDNF expression (Mielcarek et al., 2011; Zeng et al., 
2011). In other words, the most simplistic scenario may be that HDAC 
inhibitors restore BDNF expression levels by normalizing the status of histone 
modifications at BDNF promoters that have previously been altered by 
pathological processes (for comparison with similar effects with fluoxetine, see 
Onishchenko et al., 2008 and Tsankova et al., 2006).  

 

1.4.2.2 Regulation of BDNF expression by DNA methylation 
 

Methylation of cytosine at the 5th position of the base (5mC) is the 
predominant covalent modification of DNA (Deaton and Bird, 2011). Other 
known DNA modifications include sequential oxidation products of the 5mC 
methyl group and may represent transient intermediates of DNA demethylation 
(perhaps some of these may be stable and execute unknown functions) (He et 
al., 2011; Ito et al., 2011; Kriaucionis and Heintz, 2009; Tahiliani et al., 2009). 
Cytosines are methylated almost exclusively in CpG dinucleotides, 
overwhelming majority of which are in the methylated state in the genome. A 
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fraction of CpG dinucleotides found in CG rich sequences called CpG islands, 
however, are predominantly unmethylated and frequently colocalize with 
transcription start sites. CpG island methylation can be dynamic in 
development, hypermethylation unequivocally indicating promoter silencing. 
As a rule, DNA hypermethylation in promoters occurs only after the first stage 
of transcriptional silencing has been carried out by restrictive histone 
modifications (such as H3K27me3) and probably consolidates silencing in a 
more stable repressed state (Deaton and Bird, 2011). However, recent studies 
showing relatively rapid activity-dependent DNA methylation changes in 
postmitotic neurons suggests that this modification can also be used in a more 
dynamic fashion (Zovkic et al., 2013). 

DNA methylation has been shown to contribute to long term memory 
formation (Zovkic et al., 2013). In seminal studies, Sweatt and colleagues 
showed that inhibition of DNA methyltransferases blocked induction of LTP in 
hippocampal slices (Levenson et al., 2006) and formation of a conditioned fear 
memory (Miller and Sweatt, 2007). In a following study, contextual fear 
learning was shown to increase BDNF expression in the rat hippocampus. This 
induction was accompanied by methylation changes at BDNF promoters 
(Lubin et al., 2008). Inhibition of the activity of endogenous DNA 
methyltransferases (DNMT) interfered with memory formation, decreased 
methylation at BDNF promoters I, II, IV and VI and increased expression of 
BDNF transcripts I, IV, VI and IX. Interestingly, DNMT inhibitor 
administration, while increasing expression of exon IV-containing BDNF 
transcripts, increased methylation levels at this promoter, indicating a complex 
regulation of BDNF expression and memory by promoter methylation. 
Interplay between DNA methylation and histone modifications could account 
for these findings as it was shown that DNMT inhibitors blocked the learning-
induced increases in histone 3 acetylation at BDNF promoter IV (Lubin et al., 
2008). Next, it was shown that childhood stress lead to decreased BDNF 
expression in the prefrontal cortex, accompanied by increased promoter 
methylation that persisted well into the adult age and even passed on to the next 
generation; this maltreatment-induced decrease in BDNF expression was 
reversed by treatment with a DNMT inhibitor (Roth et al., 2009). In a rat model 
of post-traumatic stress disorder, using exposure of rats to a cat as the traumatic 
experience, stress induced BDNF promoter IV hypermethylation in the 
hippocampus, but not in prefrontal cortex or amygdala, another two brain 
regions important for fear memory consolidation (Roth et al., 2011). 
Collectively, these results show that there is a strong basis to speculate that 
DNA methylation at BDNF promoters is important for acquisition of memory, 
or at least certain types of memory.  

DNA methylation in cells, including post-mitotic cells such as neurons, can 
undergo plastic changes as a response to different stimuli. For that, enzymatic 
activities for both establishing and erasing methylation are needed. The 
mechanisms of generating cytosine methylation are well understood: one DNA 
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methyltransferase (DNMT1) is responsible for maintenance of DNA 
methylation, i.e. copying the methylation pattern from the parent DNA strand 
to the nascent strand after replication, and two proteins - DNMT3a and 
DNMT3b - function as de novo DNA methyltransferases laying down new 
CpG methylation marks (Klose and Bird, 2006). In contrast, definite 
understanding of how DNA demethylation works and the identity of protein(s) 
mediating this activity is still lacking. This question has been the subject of 
active scientific inquiry for at least three decades, during which several new 
candidate mechanisms and enzymes have been proposed and later refuted by 
other groups (Ooi and Bestor, 2008). The most recent addition to the family of 
candidate DNA demethylases are the TET proteins that have been reported to 
catalyze 5-methylcytosine conversion to 5-hydroxymethylcytosine, 5-
formylcytosine and 5-carboxylcytosine (He et al., 2011; Ito et al., 2011). The 
following conversion of 5-carboxylcytosine to cytosine may proceed via 
decarboxylation (Ito et al., 2011) or via base excision repair carried out by 
thymine-DNA glycosylase (He et al., 2011). However, other mechanisms are 
under discussion as well (Wu and Zhang, 2010). 

While the mechanisms of demethylation are still uncertain, it is beyond 
doubt that activity-dependent demethylation takes place in neurons. In the 
context of BDNF, it has been shown that KCl depolarization of cultured 
cortical neurons leads to demethylation at promoter IV (Chen et al., 2003a; 
Martinowich et al., 2003). In addition, NMDA receptor activation has been 
shown to be important for activity-dependent BDNF promoter IV 
demethylation in cultured hippocampal neurons (Nelson et al., 2008) and in 
vivo (Lubin et al., 2008). Finally, it has been shown that electroconvulsive 
treatment decreases methylation at BDNF promoter IX in the adult rat 
hippocampal dentate gyrus and this decrease is abolished in Gadd45b  
knockout mice (Ma et al., 2009). 

Recently, several studies have investigated methylation at BDNF promoters 
in postmortem tissue or blood samples of subjects with psychiatric and 
neurodegenerative disorders (Ikegame et al., 2013). Increases in BDNF 
promoter methylation were found in postmortem brain samples of suicide 
victims (Keller et al., 2010), Alzheimer's disease and bipolar disorder patients 
(Rao et al., 2012). In the blood, increased BDNF promoter methylation has 
been detected in patients with major depressive disorder (D’Addario et al., 
2013), bipolar disorder (D’Addario et al., 2012) and borderline personality 
disorder (Perroud et al., 2013). In addition to reporting increased BDNF 
promoter methylation, one study showed decreased binding of Gadd45b to 
BDNF promoter IX in cortical samples of psychotic patients, supporting the 
mechanistic link between Gadd45b and BDNF promoter methylation (Gavin et 
al., 2012).  

Methylated cytosines are recognized by proteins containing the methyl-CpG 
binding domain that act as adaptor molecules for assembly of transcription 
regulation complexes (Hendrich and Tweedie, 2003). MeCP2, a member of this 
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family, binds to a specific methyl-CpG in BDNF promoter IV and functions as 
a transcriptional repressor which is released from the promoter by membrane 
depolarization (Chen et al., 2003a; Martinowich et al., 2003). Loss-of-function 
mutations in the MeCP2 gene cause a neurodevelopmental disorder called the 
Rett syndrome (Amir et al., 1999). Rett syndrome patients have severe mental 
retardation and show dendritic abnormalities in the hippocampus (Chapleau et 
al., 2009). Owing to its functions in regulating dendritic arborization and 
synaptic plasticity, BDNF is considered an important candidate for mediating 
the downstream effects of MeCP2 mutation in Rett syndrome (Autry and 
Monteggia, 2012). The functional interaction between MeCP2 and BDNF was 
supported by a study showing similar neuroanatomical and behavioural 
phenotypes in MeCP2 mice and mice with conditional deletion of BDNF in the 
postnatal brain; in addition, MeCP2 and BDNF co-deletion caused an earlier 
onset of Rett-like symptoms, while BDNF overexpression in MeCP2 knockout 
mice delayed the onset. (Chang et al., 2006).  
 
 
1.5 Transgenic mice for studying BDNF regulation 
 

Transgenic mice provide a valuable tool for studying gene regulation in vivo.  
Knock-in mice have been generated to dissect the function of distinct elements 
in the BDNF gene, such as regulatory elements in BDNF promoter IV (Hong et 
al., 2008) or promoter IV-driven BDNF transcription as a whole (Sakata et al., 
2009). Mice carrying a polymorphism for Val66Met substitution in the pro-
region of BDNF (Chen et al., 2006) have been useful for studying the 
molecular mechanisms underlying reduced hippocampal volume and memory 
impairments associated with this substitution in humans (Egan et al., 2003). 
Transgenic mice carrying the CAT reporter gene under the control of relatively 
short fragments of the BDNF locus have been used to analyze the role of 
different BDNF regulatory regions in vivo (Timmusk et al., 1995). Using these 
mice, it was shown that about 9 kb rat genomic fragments containing promoters 
I+II or IV+VI were sufficient to drive transgene expression in a pattern that 
largely recapitulated endogenous BDNF expression in many, but not all, brain 
regions and peripheral tissues. Deviations from endogenous BDNF expression 
can be explained with the inherent problems with plasmid-based transgenes - 
exclusion of distal regulatory elements and possible position effects from 
neighboring genomic sequences. The bacterial artificial chromosome (BAC) 
technology enables to generate transgenes with large genomic fragments up to 
hundreds of kilobases, with the possibility to insert whole mammalian genes 
(on average < 50kb) with large 5' and 3' flanking sequences (Heintz, 2001). 
Similarly to small plasmid-based vectors, BACs are easy to modify and 
propagate in Escherichia coli. An additional advantage of the BAC technology 
for generating transgenic mice is that BACs have been used for genome 
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sequencing, providing an abundance of available clones. Other high capacity 
vector systems can be used for transgenesis such as yeast artificial 
chromosomes (YAC) that can carry up to several megabases of DNA (Fabb 
and Ragoussis, 1995). The latter technology was used in a study where 
transgenic mice were generated carrying 145 kb of the human BDNF locus. In 
these mice, the transgene did not fully recapitulate endogenous BDNF 
expression, indicating the existence of distal sequence elements for BDNF 
regulation (Guillemot et al., 2007). Therefore, comparison of BAC/YAC 
BDNF transgenes carrying different lengths of sequences upstream and 
downstream of the BDNF gene can be useful for locating such elements.  
 

1.6 BDNF and disorders of the nervous system 

  
Disturbances in BDNF expression and function have been associated with a 
number of central nervous system diseases including neurodegenerative 
disorders (Nagahara and Tuszynski, 2011; Zuccato and Cattaneo, 2009), 
depression, drug addiction and other psychiatric disorders (Autry and 
Monteggia, 2012; Russo et al., 2009), epilepsy (Binder et al., 2001) and 
neuropathic pain (Vanelderen et al., 2010). In addition, there is strong evidence 
that BDNF may have an important role in central regulation of energy intake 
and thus be involved in pathogenesis of obesity (Rios, 2013). In most of these 
conditions, causal relationship between BDNF dysregulation and disease 
pathogenesis has not been firmly established, but the role of BDNF in some 
aspects of the disease is well understood. For example, despite much effort, it 
is not well understood how BDNF contributes to the pathogenesis of 
depression, but it seems clear that BDNF is essential for antidepressants to 
work (Autry and Monteggia, 2012; Castrén and Rantamäki, 2010). 

 
Neurodegenerative disorders. Reduced expression of BDNF mRNA or 

protein has been detected in post mortem brain tissue of patients suffering from 
Alzheimer's (Connor et al., 1997; Hock et al., 2000; Phillips et al., 1991), 
Parkinson's (Howells et al., 2000; Mogi et al., 1999; Parain et al., 1999) and 
Huntington's (Ferrer et al., 2000; Gauthier et al., 2004) diseases. In addition, 
animal models have provided additional evidence for the role of BDNF in 
neurodegenerative disorders. In rodent and primate models of Alzheimer's 
disease BDNF administration showed neuroprotective effects, improved 
learning and memory and restored perturbations in gene expression (Nagahara 
et al., 2009). Depletion of BDNF in the substantia nigra by a midbrain-
hindbrain specific conditional BDNF deletion (Baquet et al., 2005) or infusion 
of anti-BDNF oligonucleotides (Porritt et al., 2005) resulted in loss of tyrosine 
hydroxylase positive dopaminergic neurons in the substantia nigra and 
parkinsonian-like motor deficits (Baquet et al., 2005; Porritt et al., 2005). In 
rodent models of amyotrophic lateral sclerosis (ALS), administration of BDNF 



 

27 

prevented degeneration of corticospinal motor neurons (Giehl and Tetzlaff, 
1996) and slowed disease progression (Mitsumoto et al., 1994). Huntington's 
disease is caused by expansion of polyglutamine repeats in the huntingtin 
protein (Ross and Tabrizi, 2011). Two mechanistic links between huntingtin 
mutation and BDNF dysregulation have been proposed based on cellular and 
animal models of Huntington's disease: first, mutant huntingtin causes 
repression of BDNF transcription at promoter II (Zuccato et al., 2003, 2001); 
second, it has been shown that mutant huntingtin impairs axonal transport of 
BDNF from the cortex to the striatum (Gauthier et al., 2004).  

  
Psychiatric disorders. Major depressive disorder. The connection between 

BDNF and mood disorders has been established on the basis of different lines 
of evidence. First, BDNF conditional knockout mouse lines generated for 
studying BDNF function in the adult brain have displayed marked depressive 
or anxiety-like behaviour (Chan et al., 2006; Monteggia et al., 2007; Rauskolb 
et al., 2010; Rios et al., 2001). Second, decreased expression of BDNF and its 
receptor TrkB in the prefrontal cortex and hippocampus (Dwivedi et al., 2003; 
Karege et al., 2005; Pandey et al., 2008) and increased expression in the 
nucleus accumbens (Krishnan et al., 2007) has been observed in post mortem 
tissues of suicide victims. In addition, patients suffering from major depressive 
disorder were reported to have decreased BDNF levels in blood serum (Sen et 
al., 2008). Antidepressant treatment has been shown to increase BDNF levels 
in the brains of suicide victims (Chen et al., 2001; Karege et al., 2005) and in 
the serum of depressed subjects (Sen et al., 2008). Collectively, these 
observations suggest that BDNF may have a role in the pathophysiology of 
depression. A large body of research has been conducted in rodent models to 
investigate the contribution of BDNF dysregulation in mood disorders (Autry 
and Monteggia, 2012; Duman and Monteggia, 2006). It can be concluded from 
these studies that stress - which is considered to be a precipitating 
environmental factor for depression - decreases BDNF expression in the 
hippocampus and prefrontal cortical areas of the brain, and treatments such as 
medication with antidepressants or electroconvulsive therapy restore the stress-
induced decreases in these brain regions (Autry and Monteggia, 2012; Duman 
and Monteggia, 2006). However, it is not clear how BDNF mediates 
vulnerability to stress and whether BDNF is a central molecular player in the 
process of depression pathogenesis at all. The critical role of BDNF in 
antidepressant action, though, appears to be unambiguously determined (Autry 
and Monteggia, 2012; Castrén and Rantamäki, 2010).  

 
Bipolar disorder and schizophrenia. In contrast to depression, studies 

investigating levels of BDNF and TrkB in post mortem brain tissues of 
schizophrenia patients have found both increases and decreases of both in 
several brain regions without arriving at a clear conclusion. Moreover, 
differently from the effect of antidepressants, antipsychotic medications have 
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not been found to produce consistent changes in BDNF expression (for review 
see Autry and Monteggia, 2012). In contrast, decreased levels of BDNF protein 
in the serum and in post mortem hippocampal tissue have been reported in 
patients with bipolar disease (Cunha et al., 2006; Knable et al., 2004; 
Monteleone et al., 2008). Finally, Val66Met polymorphism in BDNF, known 
to impair activity-dependent secretion of BDNF (Egan et al., 2003), correlates 
with susceptibility to bipolar disorder (Lohoff et al., 2005; Neves-Pereira et al., 
2002). Correlation of this polymorphism with depression and schizophrenia has 
also been investigated, so far without conclusive results (Autry and Monteggia, 
2012).  

 
Drug addiction. Adaptations in the brain's reward circuitry are believed to 

cause the behavioural outcomes associated with drug addiction (Nestler, 2005) 
and BDNF, being a regulator of neural circuit plasticity, may participate in the 
plastic changes accompanying drug addiction (Russo et al., 2009). Decreased 
BDNF levels have been reported in blood serum of heroin addicts (Angelucci 
et al., 2007) and blood plasma of alcoholics (Joe et al., 2007), whereas 
increased blood plasma BDNF levels have been reported in chronic 
methamphetamine users (Kim et al., 2005). Cocaine self-administration of rats 
induced BDNF expression and signaling in the nucleus accumbens, one of the 
brain regions central to the reward circuitry, and localized knockdown of 
BDNF in the nucleus accumbens decreased self-administration of cocaine 
(Graham et al., 2007). Cocaine's rewarding effects were reduced in BDNF 
heterozygous knockout mice (Hall et al., 2003) and BDNF infusions into the 
nucleus accumbens or ventral tegmental area (VTA - another part of the reward 
circuitry) potentiated the rewarding effects of cocaine (Horger et al., 1999). 
Intriguingly, BDNF infusion into the VTA abolished and localized BDNF 
knockdown in the VTA potentiated the rewarding effects of morphine, 
indicating that neuroplastic adaptations in addiction to stimulants and opiates 
rely on BDNF signaling in a completely different manner (Koo et al., 2012).  

 
Obesity. First indications that BDNF is involved in regulation of energy 

intake and body weight came from studies showing decreased appetite and 
weight loss in rats after intracerebroventricular infusion of BDNF (Lapchak 
and Hefti, 1992; Pelleymounter et al., 1995). Following studies with BDNF 
haploinsufficient and TrkB hypomorphic mice, knock-in mice with the 
Val66Met substitution or mice with conditional deletion of BDNF in the brain 
clearly indicated that BDNF-TrkB signaling negatively regulates food intake 
(Rios, 2013). Hypothalamus has been identified as the critical site of action for 
BDNF in food intake regulation as BDNF knockdown in the hypothalamus was 
sufficient for induction of hyperphagia and obesity in mice (Unger et al., 2007). 
Moreover, it has been shown that regulation of food intake by the BDNF-TrkB 
signaling also involves the mesolimbic reward circuit (Cordeira et al., 2010), 
widely studied in relation to its role in drug addiction (Nestler, 2005). The 
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BDNF-obesity connection has also been well established in human genetic 
studies. A deletion in chromosome 11 encompassing the BDNF gene correlated 
strongly with obesity in patients with the WAGR syndrome (Han et al., 2008). 
In addition, large genome-wide studies have linked the BDNF locus to obesity 
(Speliotes et al., 2010; Thorleifsson et al., 2009). Finally, BDNF 66Met allele 
(polymorphism leading to a valine-methionine substitution in the BDNF 
protein) has been associated with a higher body mass index than 66Val allele 
(Beckers et al., 2008). This association, however, remains to be verified in 
larger studies.  

 

1.7 BDNF-based therapeutic strategies 

 
BDNF has shown striking therapeutic efficacy in animal models of several 
neurodegenerative disorders (reviewed in Lu et al., 2013; Nagahara and 
Tuszynski, 2011). However, advances in neurotrophic factor based therapies 
have been hampered by delivery issues. After subcutaneously administered 
BDNF showed clinical benefit in an early phase I/II ALS trial for amyotrophic 
lateral sclerosis (ALS) (Bradley et al., 1995), a phase II/III trial was quickly 
initiated (The BDNF Study Group (Phase III), 1999). Disappointingly, the 
latter trial, followed by later phase I/II and II/III trials testing intrathecal BDNF 
for ALS (Beck et al., 2005; Kalra et al., 2003; Ochs et al., 2000 and an 
unpublished phase II/III trial) failed to show any clinical benefit. In addition, 
no beneficial effects were observed in a trial of subcutaneous BDNF for 
diabetic neuropathy (Wellmer et al., 2001). These failures had a cooling effect 
on development of BDNF-related therapies, but the idea of testing BDNF for 
ALS has not been conclusively discarded - today, there is a consensus that 
delivery and target engagement issues had been poorly addressed in the past 
trials (Henriques et al., 2010; Lu et al., 2013).  

With systemic administration of neurotrophic factors largely ruled out as an 
impractical method of delivery, an array of alternative treatment strategies are 
now being pursued such as intraventricular or intraparenchymal infusions of 
recombinant proteins, intranasal administration, prolonged release from 
polymer carriers, gene/cell therapy, "Trojan horse" based transcytosis, peptide 
and non-peptide low molecular weight mimetics of neurotrophic factors, Trk-
activating antibodies, transactivators of neurotrophic factor signaling pathways 
and inducers of neurotrophic factor expression (Géral et al., 2013; Longo and 
Massa, 2013; Lu et al., 2013; Nagahara and Tuszynski, 2011).  

Although direct delivery of recombinant proteins to target tissue via 
intraparenchymal, intracerebroventricular and intrathecal routes has shown 
some encouraging results in preclinical studies and clinical trials (Géral et al., 
2013), the invasiveness and complexity of these procedures render them 
infeasible for large-scale use, especially for chronic diseases requiring repeated 
dosing. Intranasal delivery is a promising strategy that has the benefits of 
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simplicity of administration, minimal systemic exposure and non-invasiveness. 
Intranasal administration resulted in effective delivery of BDNF to brain 
parenchyma, accompanied by increased Akt phosphorylation in the cortex 
(Alcala-Barraza et al., 2010) and reduced immobility time in the forced 
swimming test, a behavioural test used to assess antidepressant-like activity 
(Vaka et al., 2012).  

Gene and cell therapy applications using virus vectors for local expression 
of BDNF in brain tissue or transplantation of BDNF expressing cells are being 
developed for treatment of several neurodegenerative disorders, as well as 
spinal cord injury and epilepsy (Géral et al., 2013). The advantages of these 
systems are long-lasting expression and the ability to achieve high 
concentrations of therapeutic proteins in specific brain regions. On the other 
hand, sustained expression that is not controllable after surgery carries the 
disadvantage of not being able to switch off the possible side affects associated 
with therapy. Therefore, it is desirable to design systems with regulated gene 
expression as has been demonstrated with a doxycycline-regulated promoter 
system for lentiviral delivery of NGF (Blesch et al., 2005). An elegant miRNA-
based BDNF autoregulatory system has been demonstrated, allowing control of 
food intake by fine-tuned expression of BDNF in the hypothalamus. In this 
system, the viral BDNF gene transfer cassette includes a BDNF-targeting 
miRNA which is expressed under the control of a promoter activated by 
excessive weight loss (Cao et al., 2009). Disadvantages of gene and cell 
therapy include potential problems with toxicity, risk of tumor development 
and inflammatory responses (Géral et al., 2013). Nevertheless, gene therapy 
holds great promise for growth factor based treatments. Several clinical trials 
have been performed already, testing gene delivery applications for 
neurodegenerative disorders (Nagahara and Tuszynski, 2011).  

The Trojan horse technology makes use of carrier mediated transport 
(CMT) to carry large molecular weight therapeutic cargo through the blood 
brain barrier. A Trojan horse agent is a fusion protein consisting of an antibody 
targeting a CMT receptor (e.g. transferrin or insulin receptor) and therapeutic 
protein of interest. Upon sequestering the Trojan horse from the blood, the 
CMT receptors expressed by endothelial cells are endocytosed and release their 
cargo to the opposite (brain) side of the endothelium (Gabathuler, 2010). 
Therapeutic BDNF concentrations in the rat brain have been achieved using 
BDNF conjugated with a human insulin receptor binding antibody (Boado et 
al., 2007). Limitations to this technology include poor tissue specificity and 
possible toxicity from blocking endogenous functions of these receptors 
(Gabathuler, 2010). 

In addition to using the full-length BDNF protein, TrkB signaling can be 
targeted using low molecular weight (LMW) compounds such as peptide 
mimetics of BDNF, other LMW TrkB agonists, activators of BDNF 
intracellular signaling and agents modulating BDNF expression. BDNF 
peptidomimetics have been shown to enhance survival of cultured embryonic 
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chick dorsal root ganglion sensory neurons (Fletcher and Hughes, 2006; 
O’Leary and Hughes, 2003). However, the ability of these compounds to 
activate TrkB receptor has not been shown. In contrast, several non-peptide 
LMW TrkB agonists with TrkB activating and neurotrophic properties have 
been reported (Jang et al., 2010a, 2010b, 2010c, 2009; Massa et al., 2010), but 
it remains unknown whether these compounds act as TrkB agonists docking to 
the BDNF site at the receptor or rather as trans-activators binding elsewhere 
(Lu et al., 2013).  

Finally, it is possible to enhance BDNF-TrkB signaling through stimulation 
of endogenous BDNF synthesis. This strategy, using BDNF activators benefits 
from target specificity - BDNF function is reinforced in cells where it is 
expressed already. The caveats of this approach, on the other hand, are non-
specific activation of BDNF expression, e.g. in non-neuronal tissues, and side 
effects from off-target reactivity. A major advantage of this approach is that a 
variety of different chemical entities can be considered as drug candidates, 
sometimes compounds that are already in clinical use and therefore tested for 
safety. Since the characterization of BDNF regulation by glutamatergic, 
GABAergic and cholinergic neurotransmission in a series of seminal studies 
(da Penha Berzaghi et al., 1993; Zafra et al., 1990, 1991), a large number of 
pharmacological agents have been reported that alter BDNF expression levels 
in vitro or in vivo. Among these, antidepressants have received particular 
interest as a substantial body of evidence indicates that these compounds not 
only increase BDNF expression in vivo, but BDNF has a clear and critical role 
in antidepressant action (Castrén and Rantamäki, 2010). AMPA receptor 
modulators or ampakines are another class of perspective BDNF activators. 
Ampakines robustly increased BDNF expression in hippocampal slices 
(Lauterborn et al., 2000) and in adult hippocampi (Rex et al., 2006); ampakine 
treatment also rescued functional deficits in mouse models of Huntington's 
disease (Simmons et al., 2009) and Rett syndrome (Ogier et al., 2007). 
Recently, it was discovered that a mechanism of BDNF translational 
derepression plays a critical role in mediating rapid antidepressant effects of 
ketamine and other NMDA receptor antagonists (Autry et al., 2011). As rapid 
antidepressant effects of ketamine have been reported in several clinical studies 
(Berman et al., 2000; Price et al., 2009; Zarate et al., 2006), NMDA receptor 
targeted antidepressant strategies are the subject of growing research attention. 
If the translational regulatory mechanism proposed by Autry and colleagues 
can be confirmed in future studies, this discovery may suggest novel molecular 
targets for antidepressant development.  

Mood stabilizers lithium and valproate have been shown to increase BDNF 
expression in cultured cortical and dopaminergic neurons (Chen et al., 2006; 
Fukuchi et al., 2009; Hashimoto et al., 2002; Yasuda et al., 2009) and also in 
the rat brain (Calabrese et al., 2012; Einat et al., 2003; Fukumoto et al., 2001). 
Valproate is an inhibitor of histone deacetylases (Göttlicher et al., 2001; Phiel 
et al., 2001). Several other histone deacetylase (HDAC) inhibitors of different 
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structure classes have been shown to induce BDNF expression in cultured 
neurons or in the brain (Chen et al., 2006; Fukuchi et al., 2009; Lin et al., 2012; 
Mielcarek et al., 2011; Sui et al., 2012; Zeng et al., 2011; Tian et al., 2009). In 
addition to HDACs, inhibition of other chromatin modifying enzymes such as 
DNA methyltransferases (DNMT) has been shown to regulate BDNF 
expression in cultured neurons (Nelson et al., 2008) and in vivo (Lubin et al., 
2008; Roth et al., 2009). HDAC inhibitors are now being considered a 
perspective class of drugs in developing therapeutics for neurodegenerative and 
psychiatric disorders, although better understanding of the biological roles of 
individual HDAC proteins (totaling 11) and improved isoform selectivity of 
HDAC inhibitors is needed (Fischer et al., 2011; Kazantsev and Thompson, 
2008). DNMT inhibitors may also hold potential for treatment of neurological 
and psychiatric disorders through normalization of altered methylation changes 
at gene promoters (Day and Sweatt, 2012).  
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2. AIMS OF THE STUDY 

 

The aims of this study were as follows: 

 

1) to generate and characterize BAC transgenic mouse lines that carry human 
and rat BDNF loci as tools for studying BDNF gene regulation 

 
2) to study regulation of the BDNF gene by drugs that target chromatin 

modifying enzymes 
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3. MATERIALS AND METHODS 

 

Following methods were used in this study: 

o semiquantitative RT-PCR analysis (publications I and II) 
o PCR genotyping (publications I and II) 
o in situ hybridization (publications I and II) 
o quantitative real-time RT-PCR analysis (publication III) 
o molecular cloning and mutagenesis (publication III) 
o cell culture (rat primary neurons and heart endothelial cells, HEK cells) 

and transfections (publication III and unpublished - see Appendix 2)  
o Western blot (publication III) 
o luciferase reporter assays (publication III) 
o chromatin immunoprecipitation (publication III) 
o DNA methylation analysis by bisulfite sequencing (unpublished -       

see Appendix 2)  
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4. RESULTS AND DISCUSSION 
 

4.1 BAC transgenic mice for studying BDNF gene regulation 
(publications I and II) 

 

The purpose of generating BDNF-BAC transgenic mice was twofold. First, we 
asked a fundamental biological question - are large fragments of the BDNF 
locus containing the full BDNF gene and long 3' and 5' flanking sequences (13-
144 kb) sufficient to drive BDNF expression similarly to endogenous BDNF, 
i.e. in the same cells and in an activity-dependent manner. Second, reporter 
genes were introduced as a BDNF-reporter fusion (publication I) or 
substitution of BDNF coding sequence (publication II) to facilitate analysis of 
transgene expression. In principle, provided that the transgene recapitulates 
expression of the gene of interest and reporter proteins are expressed at 
sufficient levels, such transgenic mice could be used for screening compounds 
that modulate BDNF expression.  

We generated transgenic mouse lines using two modified BAC constructs: 
1) BAC carrying the human BDNF (hBDNF) gene with 84 kb 5' and 17 kb 3' 
flanking sequences, where the BDNF coding sequence was substituted with 
BDNF-EGFP fusion protein sequence (publication I); 2) BAC carrying the rat 
BDNF gene with 13 kb 5' and 144 kb 3' flanking sequences, where the BDNF 
coding sequence was substituted with the LacZ reporter (publication II). 
Among three human BDNF-BAC mouse lines obtained, transgenic human 
BDNF-EGFP expression in one line (C3) largely recapitulated endogenous 
mouse BDNF (mBDNF) expression in different brain regions and peripheral 
tissues. All 9 analyzed alternative BDNF transcripts expressed in the human 
hippocampus were expressed in the C3 mouse line. In C3 mice, hBDNF 
transcripts were induced by kainic acid injections in a similar pattern to 
endogenous mBDNF transcripts, indicating that elements for activity-
dependent BDNF regulation were included in the transgenic construct. 
Importantly, this was the first study to show regulation of the human BDNF 
gene by neuronal activity. However, hBDNF expression was not detected from 
some brain regions expressing endogenous BDNF, e.g. dentate granule cells of 
the hippocampus. In addition, none of the hBDNF-BAC mouse lines expressed 
the transgene in the heart, where BDNF is highly expressed (Aid et al., 2007; 
Pruunsild et al., 2007; Timmusk et al., 1993). The only rat BDNF-LacZ 
transgenic mouse line that was obtained recapitulated BDNF expression in the 
heart, lung and largely in the brain; activity-dependent induction of BDNF 
alternative transcripts was also recapitulated. Notably, transgenic rat BDNF-
BAC mRNA was not expressed in dentate granule cells of the hippocampus 
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and ectopic expression was observed in the striatum where endogenous rat 
BDNF is not expressed (Timmusk et al., 1994b).  

Transgenic mice carrying reporter genes under the control of BDNF 
regulatory regions have been generated previously. In a study by Timmusk et 
al. (1995), transgenic mice carrying the CAT reporter gene under the control of 
2-9 kb of the rat BDNF promoter recapitulated BDNF expression in several 
brain regions and peripheral tissues. However, in these mice absent or very low 
transgene expression was detected in hippocampal dentate granule cells and in 
the heart. In addition, ectopic expression was detected in the striatum 
(Timmusk et al., 1995). In another study, BDNF-YAC mice were generated 
carrying the whole human BDNF gene (with part of the coding sequence 
replaced with EGFP), 45kb of 5' and 33 kb of 3' flanking sequences. These 
mice showed transgenic BDNF expression in a number of brain regions and 
peripheral tissues. Importantly, in these mice transgenic BDNF mRNA was 
detected in the heart, where transgene expression was absent in human BDNF-
BAC mice (publication I) and rat BDNF-CAT mice (Timmusk et al., 1995). 
Collectively, on the basis of  the four available BDNF transgene studies 
(publications I &II; Guillemot et al., 2007; Timmusk et al., 1995) it can be 
predicted that the distal regulatory element needed for BDNF expression in the 
heart lies 3' of the BDNF gene, within 17-33 kb for the human gene. It is more 
difficult to predict the localization of dentate granule cell-specific regulatory 
elements. Impaired transgenic BDNF mRNA expression in these cells were 
observed in BDNF-CAT mice (Timmusk et al., 1995) and transgene expression 
was completely undetectable in the rat BDNF-BAC mice in the present study, 
even if expression was stimulated by kainic acid (publication II). In the human 
BDNF-BAC transgenic mice of the present study, transgene expression in 
dentate granule cells was detected only after kainic acid treatments (publication 
I). In contrast, EGFP fluorescence was readily detected in scattered dentate 
granule cells in human BDNF-YAC mice (Guillemot et al., 2007). Comparing 
the genomic sequences used in these transgenes does not allow any clear 
conclusion to be drawn about the putative localization of the dentate granule 
cell specific enhancer. It is possible that such an enhancer was included in 
some transgenes where expression was not detected, but its activity was 
occluded by the activity of neighbouring mouse genomic sequences. Further 
transgenic studies are needed to settle this question.   

Unfortunately, reporter proteins were not expressed in any of the four lines 
at detectable levels, measured either by reporter activity - EGFP-fluorescence 
or LacZ enzymatic activity - or by direct quantification of the reporter proteins 
by Western blot. A possible explanation for this is that the transgenes were 
expressed at levels that escaped detection. Transgene mRNA expression levels 
in the human BDNF-BAC mouse line C3, showing highest levels of transgene 
mRNA expression among three hBDNF mouse lines, were directly compared 
with endogenous BDNF mRNA levels and found to be about tenfold lower. 
Considering that endogenous BDNF is expressed at relatively low levels in the 
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brain, it is plausible that low expression accounted for the failure to detect the 
EGFP reporter in these mice. It is possible that the LacZ reporter was not 
detected for the same reasons, although we have not analyzed BDNF-LacZ 
mRNA expression levels in comparison with endogenous BDNF mRNA.  

In conclusion, these BDNF-BAC transgenic mice carrying rat and human 
BDNF loci recapitulate endogenous BDNF expression to a large extent and can 
be used as valuable tools for studying BDNF regulation in vivo.  

 
 

4.2 Chromatin modifying drugs as modulators of BDNF expression 
(publication III and unpublished results) 

 

Chromatin modifying enzymes are currently being regarded as promising drug 
targets for combating neurodegenerative and psychiatric disorders (Fischer et 
al., 2010; Kazantsev and Thompson, 2008). A number of studies have indicated 
that BDNF may be a mediator of the beneficial effects of chromatin modifying 
drugs (Chen et al., 2006; Chiu et al., 2011; Zeng et al., 2011; Yasuda et al., 
2009). We aimed to systematically analyze the effects of chromatin modifying 
drugs of different classes on BDNF expression. First, we performed a small-
scale screening in rat primary cortical neurons analyzing the effect of 
chromatin-modifying drugs on BDNF mRNA levels by quantitative RT-PCR. 
Cortical neurons isolated from prenatal rats (embryonic day 21) were treated 
with different concentrations of chromatin modifying compounds at 6 days in 
vitro – a widely used experimental system for studying BDNF transcriptional 
regulation (Pruunsild et al., 2011; Tao et al., 1998). Inhibitors of the following 
enzyme classes were tested: histone deacetylases (HDAC), histone 
acetyltransferases (HAT), DNA methyltransferases (DNMT), and one inhibitor 
of histone demethylase (HDM) LSD1 - tranylcypromine hydrochloride. In 
these experiments, drugs dissolved in DMSO were applied to neuronal cultures 
for 12h in concentrations spanning 3-4 orders of magnitude, centering on 
effective concentrations reported in the literature. Examples of collected data 
are shown in Figure 2, see Appendix 1 for a detailed dose response analysis for 
other tested compounds.  

Our analysis showed that among the compounds tested, HDAC inhibitors 
proved to be most effective in stimulating BDNF expression in cultured 
neurons (Figure 2 and Appendix 1). Short chain fatty acid HDAC inhibitors 
(sodium butyrate, sodium valproate, and sodium 4-phenylbutyrate) were 
effective in increasing BDNF mRNA in low millimolar concentration range 
(Figure 2A), which is in agreement with previously published data (Fukuchi et 
al., 2009). Several HDAC inhibitors of the hydroxamic acid structure class 
(TSA, SAHA, HA-7) and other structure classes (MS-275, apicidin, 
psammaplin A, depudecin) effectively increased BDNF mRNA levels in 
nanomolar (Figure 2B) or low micromolar concentrations (Appendix 1). A few 
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tested hydroxamic acid compounds, however, were ineffective in increasing 
BDNF mRNA in all tested concentrations (scriptaid, CAY10433) or effective 
only at a 100 µM concentration (HDAC8-selective inhibitor PCI-34051) 
(Appendix 1). Splitomicin and EX527, inhibitors of sirtuins (unrelated lysine 
deacetylases sometimes called class III HDACs), were not effective in inducing 
BDNF expression at three lower concentrations tested and showed effects in 
opposing directions at highest tested concentrations, indicating possible off-
target mechanisms (Appendix 1).  

Figure 2. Example dose response curves for the effects of chromatin modifying drugs on BDNF 
mRNA levels. Rat primary cortical neurons were treated at 6 days in vitro with indicated 
compounds or 0,1% DMSO (concentration 0) and BDNF mRNA was analyzed by qRT-PCR 
(n=1, these data represent means of qPCR triplicates; normalized to RNA amount used for cDNA 
synthesis). A) inhibitor of class I histone deacetylases: sodium 4-phenylbutyrate; B) inhibitor of 
class I/IIb histone deacetylases: trichostatin A; C) DNA methyltransferase inhibitor zebularine; 
D) inhibitor of histone acetyltransferase p300: anacardic acid  

 
DNA methyltransferase (DNMT) inhibitors have previously been shown to 

increase BDNF mRNA expression in the brain (Lubin et al., 2008; Roth et al., 
2009) and in primary mouse hippocampal neurons (Nelson et al., 2008). 
However, in primary rat cortical neurons used in this study, three different 
DNMT inhibitors proved ineffective in inducting BDNF expression at all tested 
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concentrations, except for 100 µM of 5-azacytidine (Figure 2C and Appendix 
1), which is markedly higher than the effective concentration (2.5 µM) 
previously reported for this compound (Nelson et al., 2008). It is possible that 
this discrepancy may be caused by different DNA methylation status of BDNF 
promoters in different neuronal culture preparations. For example, low basal 
methylation levels may prevent DNMT inhibitors from having effect on BDNF 
expression. Indeed, in the neuronal cultures used in this study, BDNF promoter 
IV was essentially unmethylated at all examined positions except for CpG at 
position -148 (Figure 3). As a reference, BDNF promoter IV was substantially 
more highly methylated in mouse primary cortical neurons in a previous study 
(Martinowich et al., 2003). Moreover, different growth conditions have been 
shown to affect BDNF promoter IV methylation status (Chen et al., 2003a). 

Two inhibitors of histone acetyltransferases - butyrolactone 3, an inhibitor 
of Gcn5 (Biel et al., 2004), and anacardic acid, an inhibitor of PCAF 
(Balasubramanyam et al., 2003) were tested. Butyrolactone was ineffective in 
changing BDNF mRNA levels, while anacardic acid decreased BDNF mRNA 
about twofold at 100 µM (Figure 2D and Appendix 1). This is in accordance 
with the findings that HDAC inhibitors, which have an opposite effect on gene 
expression, induced BDNF expression in the same experimental system. In 
addition, phosphorylated CREB binding to BDNF promoters I and IV is known 
to recruit p300/CBP cofactors that have histone acetyltransferase activity 
(Lyons and West, 2011). Finally, induction of BDNF expression in vivo by 
systemic administration of a p300/CBP activator has been reported (Chatterjee 
et al., 2013).  

 
Figure 3.  A) BDNF promoter IV methylation in rat primary cortical neurons used in this study, 
at 6 days in vitro. B) BDNF promoter IV methylation  in mouse cortical neurons at 3 days in 
vitro (from Martinowich et al., 2003, reprinted with permission from AAAS). Numbers indicate 
CpG positions 5’ or 3’ (+) relative to promoter IV transcription start site, filled circles designate 
methylated CpG-s and open circles designate unmethylated CpG-s. Circles aligned to a line 
correspond to one analyzed DNA clone.  
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4.2.1 Differential regulation of BDNF expression in cortical neurons by 
class-selective histone deacetylase inhibitors (publication III) 

 
Analysis of BDNF regulation by different classes of chromatin modifying 
drugs showed that among the analyzed drugs HDAC inhibitors produced the 
most robust and consistent induction of BDNF mRNA expression. Therefore, 
we focused on BDNF regulation by HDAC inhibitors. The ability of HDAC 
inhibitors to stimulate BDNF expression has been shown in a number of 
studies (Calabrese et al., 2012; Chen et al., 2006; Fukuchi et al., 2009; Lin et 
al., 2012; Lv et al., 2012; Mielcarek et al., 2011; Sui et al., 2012; Zeng et al., 
2011; Tian et al., 2009; Yasuda et al., 2009). Not much, however, is known 
about how individual HDAC isoforms contribute to BDNF regulation. Only 
recently has it been shown that HDAC2 binds to BDNF promoters I, II and IV 
(Gräff et al., 2012; Guan et al., 2009).  

In order to gather insight about the roles of different HDAC isoforms in 
BDNF gene regulation, we compared the effects of HDAC inhibitors of 
different selectivity – SAHA, MS-275, MC1568 and tubacin - on BDNF 
mRNA levels in cultured rat cortical neurons. Designing isoform-selective 
HDAC inhibitors is complicated by the fact that 11 HDAC proteins share a 
high degree of similarity (Kazantsev and Thompson, 2008). However, several 
HDAC inhibitors are available that display class or isoform selectivity: MS-
275, apicidin and short chain fatty acids such as valproic acid/sodium 
valproate, sodium butyrate and sodium 4-phenylbutyrate target only class I 
HDACs, MC1568 targets class II HDACs, tubacin targets HDAC6 and PCI-
34051 targets HDAC8. SAHA and other hydroxamic acid HDAC inhibitors 
have previously been regarded as pan-HDAC inhibitors almost equipotently 
inhibiting all HDACs (Khan et al., 2008). This view has been challenged by a 
study showing that SAHA and several other hydroxamic acids show very weak 
inhibitory activity on class IIa HDACs (Bradner et al., 2010). The latter study 
likely offers a more accurate account on selectivity of HDAC inhibitors, 
because the accuracy of older assays - e.g. in Khan et al., 2008 - has been 
questioned by the following findings. First, class II HDACs demonstrated very 
low activity on conventional acetyl-lysine substrates in a study by Lahm and 
co-workers (Lahm et al., 2007). Second, immunopurification of class II 
HDACs from mammalian cells has been shown to co-purify class I enzymes, 
which can interfere with the HDAC assays using the presumed “pan-HDAC” 
(in fact, class I HDAC) substrates (Jones et al., 2008). Nevertheless, the ability 
of SAHA, trichostatin A and many other hydroxamic acid HDAC inhibitors to 
inhibit HDAC6, a class IIb enzyme, is beyond doubt as it can be easily 
demonstrated by their effect on acetyl tubulin (a natural HDAC6 substrate) 
levels in cells. Therefore, on the basis of current understanding SAHA and 
similar HDAC inhibitors should be regarded as class I/IIb selective inhibitors.  
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MC1568 treatment has been shown to increase acetyl histone 3 (AcH3) 
levels in breast cancer cells at 20 µM, indicating that it can act as a class I 
HDAC inhibitor at higher concentrations (Duong et al., 2008). Therefore, using 
AcH3 and acetyl-tubulin Western blot assays, we first established that at 5 µM 
MC1568 inhibits class II, but not class I HDACs. We then performed dose-
response curves of SAHA, MS-275 and MC1568 determining their effects on 
BDNF mRNA levels in cultured neurons. We determined 5 µM as the 
saturating concentration for the effects of all three inhibitors on BDNF mRNA 
expression and proceeded to analyze the dynamics of BDNF induction by these 
compounds. This analysis led to the key finding in this study (publication III) – 
class II HDAC inhibitor MC1568 rapidly increased BDNF mRNA levels, 
whereas class I inhibitor MS-275 produced a delayed inhibition, manifested 
only at 6-24h of treatment. Treatment with SAHA, a class I/IIb inhibitor, 
produced an intermediate time course of BDNF induction, suggesting that class 
IIb members may contribute to its effects. Tubacin, inhibitor of a class IIb 
member HDAC6, indeed induced BDNF – albeit weakly – at 1-3h of treatment. 
Altogether, our results suggest that class II HDACs participate in regulation of 
BDNF expression and probably do so in a more direct manner than class I 
proteins. Inhibition of class I HDACs may affect BDNF mRNA levels through 
modulating expression of other genes that affect BDNF transcription rather 
than directly change acetylation levels at BDNF promoters. This idea found 
support in experiments showing rapid induction of histone acetylation at BDNF 
promoters I and IV after SAHA treatment, contrasting with relatively slow 
accumulation of BDNF transcripts. In addition, BDNF mRNA induction by 
HDAC inhibitors was sensitive to inhibition of de novo protein synthesis at 
24h, but not at 3h, indicating the contribution of indirect regulation 
mechanisms in the late - class I HDAC-dependent - phase of BDNF induction.  

It has been shown that HDACs 2, 3, 4, 5 and 11 are highly expressed in the 
rat brain (Broide et al., 2007). Of these isoforms, class II HDACs 4 and 5 serve 
as potential targets for MC1568. Next, we investigated the effect of HDAC4 
and HDAC5 overexpression on BDNF promoter IV in cultured neurons. We 
restricted our analysis to promoter IV because it is highly expressed in cultured 
neurons and its regulation mechanisms have been thoroughly studied enabling 
comparison with mechanisms governing its regulation by neuronal activity 
(Lyons and West, 2011). Both HDAC4 and HDAC5 repressed and MC1568 
treatment increased luciferase activity under the control of ~0,5kb of rat 
promoter IV sequence containing all previously described proximal regulatory 
elements (Lyons and West, 2011), suggesting that class II HDACs indeed 
regulate promoter IV activity. BDNF regulation by class II HDACs has been 
implicated in a recent study showing that nuclear accumulation of HDAC4 
observed in cerebellar neurons of Atm-/- (ataxia telangiectasia mutated) mice 
was accompanied by reduced binding of MEF2 to BDNF promoter IV and 
reduced binding of CREB to BDNF promoters I and IV (Li et al., 2012). Class 
II HDACs associate with and repress the activity of MEF2 (Lu et al., 2000b; 
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Miska et al., 1999) and CREB (Li et al., 2012). To the best of our knowledge, 
our study is the first to directly show BDNF regulation by class II HDACs. 

Next, we asked which cis-regulatory elements are necessary for mediating 
regulation of BDNF promoter IV activation by HDAC inhibitors. CRE 
(cAMP/Ca2+ response element) is known to play a central role in mediating 
neuronal activity-dependent regulation of promoter IV (Hong et al., 2008; Shieh 
et al., 1998; Tao et al., 1998). In addition, CRE-dependent transcriptional 
activity has been shown to be stimulated by HDAC inhibitors (Canettieri et al., 
2003; Fass et al., 2013, 2003). The mechanism of CRE-dependent transcription 
regulation by class I histone deacetylases was proposed by Canettieri and co-
workers: HDAC1 associates with CREB and recruits protein phosphatase PP1 
to dephosphorylate Ser133 of CREB, as a result decreasing CRE-driven 
transcriptional activity (Canettieri et al., 2003). Here, using luciferase assays we 
showed that the CRE element has a critical role in BDNF promoter IV induction 
by both class I and class II HDAC inhibitors. It has been reported that deletion 
of a BDNF promoter IV fragment containing the CRE element does not affect 
promoter IV induction by HDAC inhibitor valproic acid (Yasuda et al., 2009). 
However, in our experimental conditions CRE mutation effectively abolished 
promoter IV induction by valproate. While it is possible that differences in 
experimental conditions (transfections and drug treatments, age of cultures) can 
account for the different outcomes, it must be noted that in Yasuda et al., 2009  
data showing the effect of CaRE1-3 deletion on promoter IV induction by 
valproic acid was inconclusive as they did not compare the latter with induction 
of wild type promotor IV. In addition to CRE, we tested the possibility that 
BDNF promoter IV regulation by HDAC inhibitors is mediated by the CaRE1 
element that binds MEF2 (Lyons et al., 2012). MEF2 is a transcription factor, 
the activity of which is regulated by interaction with class II HDACs (Lu et al., 
2000a; Miska et al., 1999). However, mutating CaRE1 did not affect promoter 
IV induction by SAHA, indicating that MEF2-dependent regulation is not 
involved in this mechanism. Surprisingly, SAHA treatment (as well as 
treatment with MS-275 and MC1568 – unpublished observations) significantly 
decreased luciferase activity under the control of three consensus MEF2 
response elements (3xMEF2-luc). 3xMEF2-luc has been shown to be 
downregulated by co-expressed HDAC4 in myocytes (Backs et al., 2011) and 
inhibition of either HDAC catalytic activity or HDAC/MEF2 binding was 
expected to derepress MEF2-dependent transcriptional activity. However, it has 
been shown that the MEF2-HDAC interaction can be stabilized by class II 
selective HDAC inhibitor MC1568 (Nebbioso et al., 2009) and thus the 
observed downregulation of 3xMEF2-luc activity by  HDAC inhibitors may 
have been caused by increased recruitment of repressive HDAC complexes to 
the promoter. Alternatively, indirect effects mediated by altered expression of 
unknown transcriptional regulators may have been responsible for repression of 
3xMEF2-luc activity.  
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Finally, we studied if the differential regulation of gene expression by 
HDAC inhibitors of different selectivity can be seen with other synaptic 
plasticity related genes such as Arc/Arg3.1 and c-fos. Interestingly, we saw 
robust rapid induction of both Arc and c-fos mRNAs by class II HDAC 
inhibitor MC1568. Induction of Arc and c-fos by SAHA and MS-275 was more 
moderate and, similarly to the effects on BDNF, delayed. Rapid induction of 
BDNF, Arc, and c-fos by MC1568 indicate that the response to this inhibitor 
may be mediated by similar molecular mechanisms. These three genes share 
regulation by MEF2 and CREB transcription factors (Lyons and West, 2011), 
which are known to interact with class II HDACs (Li et al., 2012; Lu et al., 
2000a; Miska et al., 1999). Recently, expression of Arc has been shown to be 
regulated by HDAC4 in neurons (Schlumm et al., 2013). In addition, 
overexpression of a HDAC9 mutant that is retained in the nucleus has been 
shown to downregulate c-fos expression (Sugo et al., 2010). The exact 
mechanisms of BDNF, Arc and c-fos regulation by class II HDACs needs to be 
addressed in future studies, the importance of which has been underscored in a 
recent report elucidating the role of HDAC4 in governing the global 
transcriptional program of synaptic plasticity-related genes (Sando et al., 2012).  

 
4.2.2 Regulation of BDNF expression by HDAC inhibitors in heart 
endothelial cells (unpublished) 

  
In parallel with analyzing the effects of HDAC inhibitors on BDNF mRNA 
levels in neurons, we decided to test their effects on BDNF in a non-neural cell 
type. In addition to the nervous system, BDNF is expressed in several non-
neural tissues such as heart and lung (Ernfors et al., 1990c; Koppel et al., 2009, 
2010; Yamamoto et al., 1996). In the heart, BDNF is expressed in endothelial 
cells of arteries and capillaries, and arterial smooth muscle cells (Donovan et 
al., 2000; Scarisbrick et al., 1993). BDNF has been shown to act as a survival 
factor for endothelial cells, helping to maintain blood vessel stability (Donovan 
et al., 2000).  

Cardiac microvascular endothelial cells (CMEC) can be isolated from 
neonatal hearts using a simple technique based on their rapid adherence to cell 
culture plastic (Kasten, 1972; Lee and Wu, 1999). Using this method, we 
isolated endothelial cells from rat heart ventricles on postnatal day 3 (P3) and 
cultured for 5 days in DMEM + 10% fetal bovine serum. Cells were fixed 
directly to the plastic surface of cell culture dishes and stained with an 
endothelial cell marker isolectin B4 (IB4) from Bandeiraea simplicifolia 
(Figure 4A). Fibroblasts isolated from the skin of P3 rats displayed weak 
staining with IB4, showing specificity of the signal (Figure 4B). At 4-5 days in 
vitro, cells were treated with SAHA, MS-275 or MC1568 for 3 or 24h and 
BDNF mRNA levels were analyzed by qRT-PCR (Figure 4C). Our results 
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showed that the effects of these compounds on BDNF expression in endothelial 
cells were remarkably similar to the effects observed in cortical neurons 
(publication III), suggesting that the regulation mechanisms involved are not 
neuron-specific, but rather of a more general nature. Specifically, class I 
selective HDAC inhibitor MS-275 decreased BDNF mRNA at 3h (not 
statistically significant), class II HDAC inhibitor MC1568 significantly 
induced BDNF mRNA already at 3h and class I/IIb inhibitor SAHA produced 
an effect that was intermediate to these of MS-275 and MC1568.  

 

Figure 4. A) IB4 staining (green) of primary endothelial cells isolated from neonate (postnatal 
day 3) rat heart, cultured for 5 days in vitro. Cell nuclei are stained with DAPI (blue). B) IB4 
staining of fibroblasts isolated from neonate (P3) rat skin. C) Induction of BDNF mRNA in 
primary heart endothelial cells by treatment with HDAC inhibitors for 3 or 24 h. BDNF mRNA 
levels were quantified by qRT-PCR, normalized to cycB levels and are expressed here as 
induction relative to DMSO-treated cells (indicated with a dotted line) . * p < 0.05, ** p < 0.01 
(t-test). n=3, error bars - SEM 
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4.2.3 Atypical BDNF expression response to a hydroxamic acid HDAC 
inhibitor HA-7 (unpublished) 

                                                                                                                      
Among HDAC inhibitors, one hydroxamic acid compound (working name HA-
7) showed an atypical dose response curve with maximum induction of BDNF 
mRNA achieved at 1 µM (Figure 5A). When compared to BDNF induction by 
other hydroxamic acid HDAC inhibitors, it appears that treatment of neurons 
with 10-100 µM HA-7 results in comparable increases in BDNF mRNA levels 
(Figure 5A). However, at 1 µM HA-7 robustly induced BDNF mRNA (Figure 
5A), but did not affect histone acetylation levels (Figure 5C), suggesting 
involvement of a different molecular target, perhaps a non-HDAC 
metalloenzyme known to be targeted by hydroxamic acid compounds 
(Bantscheff et al., 2011; Chen et al., 1999). The HDAC inhibitory activity of 
hydroxamic acids drops dramatically if the hydroxamic acid moiety is 
converted to a carboxylic acid (Hildmann, 2004; Jung et al, 1999). We had at 
hand a methyl ester synthesis intermediate of HA-7, which could also be 
expected to be inactive as a HDAC inhibitor (Figure 5D). This compound dose-
dependently increased BDNF mRNA levels in neurons (Figure 5E) and this 
effect was independent of histone acetylation (Figure 5F). Interestingly, 
induction of BDNF transcription by HA-7 showed different transcript-
selectivity compared with SAHA, another hydroxamic acid HDAC inhibitor. 
We compared the effects of HA-7 and SAHA on exon I and exon IV containing 
BDNF mRNAs, transcripts that are highly induced by neuronal activity (Metsis 
et al., 1993; Pruunsild et al., 2011). HA-7 (1 µM) robustly induced BNDF exon 
IV-containing transcripts at 24h, while exon I-containing transcripts showed 
weaker induction (Figure 5G). Other major BDNF transcripts – exon II- and 
VI-containing transcripts – were only weakly induced by 1 µM HA-7 treatment 
(Figure 5H). This suggests a rather selective activation of BDNF promoter IV 
as exon I BDNF mRNAs are generally more highly induced than exon IV 
mRNAs regardless of the stimulus (e.g. the effects of SAHA (Figure 5G), 
depolarization by high KCl (Pruunsild et al., 2011) and NMDA treatment (Tian 
et al., 2009)). The non-HDAC molecular target and mechanisms underlying 
robust and promoter IV-selective activation of BDNF transcription by HA-7 
remain to be determined in future studies. Currently, we have no clue regarding 
the molecular target except for the fact that induction of BDNF mRNA by 1 
µM HA-7 can be abolished by inhibition of the MAPK/ERK pathway with 
MEK1/2 inhibitor U0126 (Figure 5I). Nevertheless, our results suggest that this 
compound can be used as a starting point for development of a potent BDNF 
promoter IV activator. 
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Figure 5. Histone acetylation-dependent and acetylation-independent effects of a hydroxamic 
acid HDAC inhibitor HA-7 (working name, structure undisclosed) on BDNF mRNA expression 
in rat primary cortical neurons (treated at 6 days in vitro). A) A bell-shaped dose-response curve 
of BDNF mRNA induction in neurons upon treatment for 12h with 0,1-100 µM of HA-7 or 0,1% 
DMSO (concentration 0). BDNF mRNA levels were quantified by qRT-PCR, normalized to 
cycB levels and are expressed here as induction relative to DMSO-treated cells. Number of 
individual experiments is indicated in brackets after concentrations. B) Time course of BDNF 
mRNA induction by 1 µM HA-7 treatment (quantified as in A; three independent experiments). 
C) Treatment of cortical neurons with 10 µM, but not 1 µM HA-7 increased histone 3 acetylation 
levels at 3 and 12h. Induction of histone 3 acetylation by 5 µM SAHA is shown for comparison 
(Western blot analysis). D) Substitution of hydroxamic acid moiety in HA-7 with methyl ester 
moiety in HA-7-ME. E) Effects of increasing concentrations of HA-7-ME on BDNF mRNA 
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levels in cortical neurons.  F) HA-7-ME at 100 µM did not increase histone 3 acetylation in 
neurons.  G) 1 µM HA-7 treatment (24h) induced BDNF exon IV-containing mRNAs to a higher 
extent than exon I-containing mRNAs, while 5 µM SAHA treatment produced a relatively higher 
induction of exon I-mRNAs. Shown are BDNF mRNA levels relative to DMSO treated controls 
(n=3). H) induction of four major BDNF transcripts in cortical neurons by 1 µM HA-7 treatment 
(n=3). I) The effect of 1 µM HA-7 on BDNF mRNA expression at 24h was abolished when 
cultures were co-treated with MEK1/2 inhibitor U0126 (10 µM). In contrast, U0126 did not 
affect BDNF mRNA induction by SAHA or MS-275 (MS) treatment (both at 5 µM). BDNF 
mRNA levels are expressed as relative to levels in DMSO-treated controls (HDAC inhibitors 
alone) or U0126-treated controls (HDACi + U0126); n=3. Error bars – SEM.  
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CONCLUSIONS 

 
I) BDNF-BAC transgenic mice 
 
 
o BAC transgenic mice carrying 168 kb of the rat BDNF locus or 207 kb 

of the human BDNF locus recapitulated endogenous BDNF expression 
in the brain and non-neuronal tissues to a large extent. Moreover, 
similarly to endogenous BDNF, transgenic BDNF expression was 
regulated by neuronal activity.  

 
o Analysis of transgene expression in this and two earlier studies using 

BDNF transgenic mice allows to predict that a regulatory element 
necessary for BDNF expression in the heart lies downstream of the 
BDNF gene. 

 
 
II) regulation of BDNF expression by chromatin modifying drugs 
 
o Among different classes of chromatin modifying drugs tested, histone 

deacetylase (HDAC) inhibitors consistently increased BDNF 
expression in cultured rat cortical neurons. 

 
o HDAC inhibitors with different isoform selectivity were effective in 

increasing BDNF mRNA levels in neurons. 
 
o Different time courses of BDNF induction in neurons by class I and 

class II selective HDAC inhibitors indicate that distinct mechanisms 
operate mediating these effects. 

 
o Class II members HDAC4 and HDAC5 may act as direct 

transcriptional regulators of BDNF expression. 
 
o Increased BDNF expression by class I HDAC inhibition probably 

results from indirect effects on BDNF transcription, e.g. by altering 
expression levels of direct regulators of BDNF transcription. 

 
o Regardless of class selectivity, induction of BDNF promoter IV 

activity by HDAC inhibitors is critically dependent on the CRE 
element in the promoter. 
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o Similar time courses of BDNF mRNA induction by class-selective 
HDAC inhibitors were observed in neurons and endothelial cells, 
suggesting that the mechanisms involved are not neuron-specific. 

 
o A HDAC inhibitor was identified that increases BDNF expression via a 

HDAC-independent mechanism, with selectivity towards promoter IV.  
 

  



 

50 

REFERENCES 

 

Abraham, W.C., Williams, J.M., 2008. LTP maintenance and its protein 
synthesis-dependence. Neurobiol. Learn. Mem. 89, 260–268. 

Aid, T., Kazantseva, A., Piirsoo, M., Palm, K., Timmusk, T., 2007. Mouse and 
rat BDNF gene structure and expression revisited. J. Neurosci. Res. 85, 
525–535. 

Akaneya, Y., Tsumoto, T., Hatanaka, H., 1996. Brain-derived neurotrophic 
factor blocks long-term depression in rat visual cortex. J. 
Neurophysiol. 76, 4198–4201. 

Alcala-Barraza, S.R., Lee, M.S., Hanson, L.R., McDonald, A.A., Frey, W.H., 
McLoon, L.K., 2010. Intranasal delivery of neurotrophic factors 
BDNF, CNTF, EPO, and NT-4 to the CNS. J. Drug Target. 18, 179–
190. 

Alderson, R.F., Alterman, A.L., Barde, Y.A., Lindsay, R.M., 1990. Brain-
derived neurotrophic factor increases survival and differentiated 
functions of rat septal cholinergic neurons in culture. Neuron 5, 297–
306. 

Amir, R.E., Van den Veyver, I.B., Wan, M., Tran, C.Q., Francke, U., Zoghbi, 
H.Y., 1999. Rett syndrome is caused by mutations in X-linked 
MECP2, encoding methyl-CpG-binding protein 2. Nat. Genet. 23, 
185–188. 

An, J.J., Gharami, K., Liao, G.-Y., Woo, N.H., Lau, A.G., Vanevski, F., Torre, 
E.R., Jones, K.R., Feng, Y., Lu, B., Xu, B., 2008. Distinct role of long 
3’ UTR BDNF mRNA in spine morphology and synaptic plasticity in 
hippocampal neurons. Cell 134, 175–187. 

Angelucci, F., Ricci, V., Pomponi, M., Conte, G., Mathé, A.A., Attilio Tonali, 
P., Bria, P., 2007. Chronic heroin and cocaine abuse is associated with 
decreased serum concentrations of the nerve growth factor and brain-
derived neurotrophic factor. J. Psychopharmacol. .  21, 820–825. 

Asztely, F., Kokaia, M., Olofsdotter, K., Ortegren, U., Lindvall, O., 2000. 
Afferent-specific modulation of short-term synaptic plasticity by 
neurotrophins in dentate gyrus. Eur. J. Neurosci. 12, 662–669. 

Autry, A.E., Adachi, M., Nosyreva, E., Na, E.S., Los, M.F., Cheng, P., 
Kavalali, E.T., Monteggia, L.M., 2011. NMDA receptor blockade at 
rest triggers rapid behavioural antidepressant responses. Nature 475, 
91–95. 

Autry, A.E., Monteggia, L.M., 2012. Brain-derived neurotrophic factor and 
neuropsychiatric disorders. Pharmacol. Rev. 64, 238–258. 

Backs, J., Worst, B.C., Lehmann, L.H., Patrick, D.M., Jebessa, Z., Kreusser, 
M.M., Sun, Q., Chen, L., Heft, C., Katus, H.A., Olson, E.N., 2011. 



 

51 

Selective repression of MEF2 activity by PKA-dependent proteolysis 
of HDAC4. J. Cell Biol. 195, 403–415. 

Balasubramanyam, K., Swaminathan, V., Ranganathan, A., Kundu, T.K., 2003. 
Small molecule modulators of histone acetyltransferase p300. J. Biol. 
Chem. 278, 19134–19140. 

Balkowiec, A., Katz, D.M., 2000. Activity-dependent release of endogenous 
brain-derived neurotrophic factor from primary sensory neurons 
detected by ELISA in situ. J. Neurosci.  20, 7417–7423. 

Balkowiec, A., Katz, D.M., 2002. Cellular mechanisms regulating activity-
dependent release of native brain-derived neurotrophic factor from 
hippocampal neurons. J. Neurosci.  22, 10399–10407. 

Bannister, A.J., Kouzarides, T., 2011. Regulation of chromatin by histone 
modifications. Cell Res. 21, 381–395. 

Bantscheff, M., Hopf, C., Savitski, M.M., Dittmann, A., Grandi, P., Michon, 
A.-M., Schlegl, J., Abraham, Y., Becher, I., Bergamini, G., Boesche, 
M., Delling, M., Dümpelfeld, B., Eberhard, D., Huthmacher, C., 
Mathieson, T., Poeckel, D., Reader, V., Strunk, K., Sweetman, G., 
Kruse, U., Neubauer, G., Ramsden, N.G., Drewes, G., 2011. 
Chemoproteomics profiling of HDAC inhibitors reveals selective 
targeting of HDAC complexes. Nat. Biotechnol. 29, 255–265. 

Baquet, Z.C., Bickford, P.C., Jones, K.R., 2005. Brain-derived neurotrophic 
factor is required for the establishment of the proper number of 
dopaminergic neurons in the substantia nigra pars compacta. J. 
Neurosci.  25, 6251–6259. 

Baquet, Z.C., Gorski, J.A., Jones, K.R., 2004. Early striatal dendrite deficits 
followed by neuron loss with advanced age in the absence of 
anterograde cortical brain-derived neurotrophic factor. J. Neurosci.  24, 
4250–4258. 

Barde, Y.A., Edgar, D., Thoenen, H., 1980. Sensory neurons in culture: 
changing requirements for survival factors during embryonic 
development. Proc. Natl. Acad. Sci.  77, 1199–1203. 

Barde, Y.A., Edgar, D., Thoenen, H., 1982. Purification of a new neurotrophic 
factor from mammalian brain. EMBO J. 1, 549–553. 

Barde, Y.A., Lindsay, R.M., Monard, D., Thoenen, H., 1978. New factor 
released by cultured glioma cells supporting survival and growth of 
sensory neurones. Nature 274, 818. 

Barker, P.A., 2009. Whither proBDNF? Nat. Neurosci. 12, 105–106. 
Beck, M., Flachenecker, P., Magnus, T., Giess, R., Reiners, K., Toyka, K.V., 

Naumann, M., 2005. Autonomic dysfunction in ALS: a preliminary 
study on the effects of intrathecal BDNF. Amyotroph. Lateral Scler. 
Mot. Neuron Disord. Off. Publ. World Fed. Neurol. Res. Group Mot. 
Neuron Dis. 6, 100–103. 



 

52 

Beckers, S., Peeters, A., Zegers, D., Mertens, I., Van Gaal, L., Van Hul, W., 
2008. Association of the BDNF Val66Met variation with obesity in 
women. Mol. Genet. Metab. 95, 110–112. 

Bekinschtein, P., Cammarota, M., Medina, J.H., 2013. BDNF and memory 
processing. Neuropharmacology. 

Berkemeier, L.R., Winslow, J.W., Kaplan, D.R., Nikolics, K., Goeddel, D.V., 
Rosenthal, A., 1991. Neurotrophin-5: a novel neurotrophic factor that 
activates trk and trkB. Neuron 7, 857–866. 

Berman, R.M., Cappiello, A., Anand, A., Oren, D.A., Heninger, G.R., Charney, 
D.S., Krystal, J.H., 2000. Antidepressant effects of ketamine in 
depressed patients. Biol. Psychiatry 47, 351–354. 

Bibel, M., Barde, Y.A., 2000. Neurotrophins: key regulators of cell fate and 
cell shape in the vertebrate nervous system. Genes Dev. 14, 2919–
2937. 

Biel, M., Kretsovali, A., Karatzali, E., Papamatheakis, J., Giannis, A., 2004. 
Design, synthesis, and biological evaluation of a small-molecule 
inhibitor of the histone acetyltransferase Gcn5. Angew. Chem. Int. Ed  
43, 3974–3976. 

Binder, D.K., Croll, S.D., Gall, C.M., Scharfman, H.E., 2001. BDNF and 
epilepsy: too much of a good thing? Trends Neurosci. 24, 47–53. 

Blesch, A., Conner, J., Pfeifer, A., Gasmi, M., Ramirez, A., Britton, W., Alfa, 
R., Verma, I., Tuszynski, M.H., 2005. Regulated lentiviral NGF gene 
transfer controls rescue of medial septal cholinergic neurons. Mol. 
Ther. J. Am. Soc. Gene Ther. 11, 916–925. 

Blum, R., Kafitz, K.W., Konnerth, A., 2002. Neurotrophin-evoked 
depolarization requires the sodium channel Na(V)1.9. Nature 419, 
687–693. 

Boado, R.J., Zhang, Yufeng, Zhang, Yun, Pardridge, W.M., 2007. Genetic 
engineering, expression, and activity of a fusion protein of a human 
neurotrophin and a molecular Trojan horse for delivery across the 
human blood-brain barrier. Biotechnol. Bioeng. 97, 1376–1386. 

Boulle, F., van den Hove, D.L.A., Jakob, S.B., Rutten, B.P., Hamon, M., van 
Os, J., Lesch, K.-P., Lanfumey, L., Steinbusch, H.W., Kenis, G., 2012. 
Epigenetic regulation of the BDNF gene: implications for psychiatric 
disorders. Mol. Psychiatry 17, 584–596. 

Bradley, W. G.,  Miami, F. L. and the BDNF Trial Group,1995. A PhaseI/II 
study of recombinant human brain-derived neurotrophic factor in 
patients with amyotrophic lateral sclerosis. Ann. Neurol. 38, 971. 

Bradner, J.E., West, N., Grachan, M.L., Greenberg, E.F., Haggarty, S.J., 
Warnow, T., Mazitschek, R., 2010. Chemical phylogenetics of histone 
deacetylases. Nat. Chem. Biol. 6, 238–243. 

Bramham, C.R., Alme, M.N., Bittins, M., Kuipers, S.D., Nair, R.R., Pai, B., 
Panja, D., Schubert, M., Soule, J., Tiron, A., Wibrand, K., 2010. The 



 

53 

Arc of synaptic memory. Exp. Brain Res. Exp. Hirnforsch. 
Expérimentation Cérébrale 200, 125–140. 

Bramham, C.R., Messaoudi, E., 2005. BDNF function in adult synaptic 
plasticity: the synaptic consolidation hypothesis. Prog. Neurobiol. 76, 
99–125. 

Bramham, C.R., Panja, D., 2013. BDNF regulation of synaptic structure, 
function, and plasticity. Neuropharmacology. 

Branchi, I., Karpova, N.N., D’Andrea, I., Castrén, E., Alleva, E., 2011. 
Epigenetic modifications induced by early enrichment are associated 
with changes in timing of induction of BDNF expression. Neurosci. 
Lett. 495, 168–172. 

Bredy, T.W., Wu, H., Crego, C., Zellhoefer, J., Sun, Y.E., Barad, M., 2007. 
Histone modifications around individual BDNF gene promoters in 
prefrontal cortex are associated with extinction of conditioned fear. 
Learn. Mem. Cold Spring Harb. N 14, 268–276. 

Brigadski, T., Hartmann, M., Lessmann, V., 2005. Differential vesicular 
targeting and time course of synaptic secretion of the mammalian 
neurotrophins. J. Neurosci.  25, 7601–7614. 

Broide, R.S., Redwine, J.M., Aftahi, N., Young, W., Bloom, F.E., Winrow, 
C.J., 2007. Distribution of histone deacetylases 1-11 in the rat brain. J. 
Mol. Neurosci. MN 31, 47–58. 

Calabrese, F., Luoni, A., Guidotti, G., Racagni, G., Fumagalli, F., Riva, M.A., 
2012. Modulation of neuronal plasticity following chronic concomitant 
administration of the novel antipsychotic lurasidone with the mood 
stabilizer valproic acid. Psychopharmacology (Berl.). 

Canettieri, G., Morantte, I., Guzmán, E., Asahara, H., Herzig, S., Anderson, 
S.D., Yates, J.R., Montminy, M., 2003. Attenuation of a 
phosphorylation-dependent activator by an HDAC–PP1 complex. Nat. 
Struct. Mol. Biol. 10, 175–181. 

Canossa, M., Griesbeck, O., Berninger, B., Campana, G., Kolbeck, R., 
Thoenen, H., 1997. Neurotrophin release by neurotrophins: 
implications for activity-dependent neuronal plasticity. Proc. Natl. 
Acad. Sci.  94, 13279–13286. 

Canossa, M., Gärtner, A., Campana, G., Inagaki, N., Thoenen, H., 2001. 
Regulated secretion of neurotrophins by metabotropic glutamate group 
I (mGluRI) and Trk receptor activation is mediated via phospholipase 
C signalling pathways. EMBO J. 20, 1640–1650. 

Cao, L., Lin, E.-J.D., Cahill, M.C., Wang, C., Liu, X., During, M.J., 2009. 
Molecular therapy of obesity and diabetes by a physiological 
autoregulatory approach. Nat. Med. 15, 447–454. 

Caputo, V., Sinibaldi, L., Fiorentino, A., Parisi, C., Catalanotto, C., Pasini, A., 
Cogoni, C., Pizzuti, A., 2011. Brain derived neurotrophic factor 
(BDNF) expression is regulated by microRNAs miR-26a and miR-26b 
allele-specific binding. PloS One 6, e28656. 



 

54 

Castrén, E., Hen, R., 2013. Neuronal plasticity and antidepressant actions. 
Trends Neurosci. 36, 259–267. 

Castrén, E., Pitkänen, M., Sirviö, J., Parsadanian, A., Lindholm, D., Thoenen, 
H., Riekkinen, P.J., 1993. The induction of LTP increases BDNF and 
NGF mRNA but decreases NT-3 mRNA in the dentate gyrus. 
Neuroreport 4, 895–898. 

Castrén, E., Rantamäki, T., 2010. The role of BDNF and its receptors in 
depression and antidepressant drug action: Reactivation of 
developmental plasticity. Dev. Neurobiol. 70, 289–297. 

Castrén, E., Zafra, F., Thoenen, H., Lindholm, D., 1992. Light regulates 
expression of brain-derived neurotrophic factor mRNA in rat visual 
cortex. Proc. Natl. Acad. Sci.  89, 9444–9448. 

Chan, J.P., Unger, T.J., Byrnes, J., Rios, M., 2006. Examination of behavioral 
deficits triggered by targeting Bdnf in fetal or postnatal brains of mice. 
Neuroscience 142, 49–58. 

Chang, Q., Khare, G., Dani, V., Nelson, S., Jaenisch, R., 2006. The disease 
progression of Mecp2 mutant mice is affected by the level of BDNF 
expression. Neuron 49, 341–348. 

Chapleau, C.A., Calfa, G.D., Lane, M.C., Albertson, A.J., Larimore, J.L., 
Kudo, S., Armstrong, D.L., Percy, A.K., Pozzo-Miller, L., 2009. 
Dendritic spine pathologies in hippocampal pyramidal neurons from 
Rett syndrome brain and after expression of Rett-associated MECP2 
mutations. Neurobiol. Dis. 35, 219–233. 

Chatterjee, S., Mizar, P., Cassel, R., Neidl, R., Selvi, B.R., Mohankrishna, 
D.V., Vedamurthy, B.M., Schneider, A., Bousiges, O., Mathis, C., 
Cassel, J.-C., Eswaramoorthy, M., Kundu, T.K., Boutillier, A.-L., 
2013. A Novel Activator of CBP/p300 Acetyltransferases Promotes 
Neurogenesis and Extends Memory Duration in Adult Mice. J. 
Neurosci. 33, 10698–10712. 

Chawla, S., Vanhoutte, P., Arnold, F.J.L., Huang, C.L.-H., Bading, H., 2003. 
Neuronal activity-dependent nucleocytoplasmic shuttling of HDAC4 
and HDAC5. J. Neurochem. 85, 151–159. 

Chen, B., Dowlatshahi, D., MacQueen, G.M., Wang, J.F., Young, L.T., 2001. 
Increased hippocampal BDNF immunoreactivity in subjects treated 
with antidepressant medication. Biol. Psychiatry 50, 260–265. 

Chen, G., Huang, L.D., Jiang, Y.M., Manji, H.K., 1999. The mood-stabilizing 
agent valproate inhibits the activity of glycogen synthase kinase-3. J. 
Neurochem. 72, 1327–1330. 

Chen, P.S., Peng, G.-S., Li, G., Yang, S., Wu, X., Wang, C.-C., Wilson, B., Lu, 
R.-B., Gean, P.-W., Chuang, D.-M., Hong, J.-S., 2006. Valproate 
protects dopaminergic neurons in midbrain neuron/glia cultures by 
stimulating the release of neurotrophic factors from astrocytes. Mol. 
Psychiatry 11, 1116–1125. 



 

55 

Chen, Z.Y., Ieraci, A., Teng, H., Dall, H., Meng, C.-X., Herrera, D.G., Nykjaer, 
A., Hempstead, B.L., Lee, F.S., 2005. Sortilin controls intracellular 
sorting of brain-derived neurotrophic factor to the regulated secretory 
pathway. J. Neurosci.  25, 6156–6166. 

Chen, Z.Y., Jing, D., Bath, K.G., Ieraci, A., Khan, T., Siao, C.-J., Herrera, 
D.G., Toth, M., Yang, C., McEwen, B.S., Hempstead, B.L., Lee, F.S., 
2006. Genetic variant BDNF (Val66Met) polymorphism alters anxiety-
related behavior. Science 314, 140–143. 

Chen, W.G., Chang, Q., Lin, Y., Meissner, A., West, A.E., Griffith, E.C., 
Jaenisch, R., Greenberg, M.E., 2003a. Derepression of BDNF 
transcription involves calcium-dependent phosphorylation of MeCP2. 
Science 302, 885–889. 

Chen, W.G., West, A.E., Tao, X., Corfas, G., Szentirmay, M.N., Sawadogo, 
M., Vinson, C., Greenberg, M.E., 2003b. Upstream stimulatory factors 
are mediators of Ca2+-responsive transcription in neurons. J. Neurosci.  
23, 2572–2581. 

Chiaruttini, C., Sonego, M., Baj, G., Simonato, M., Tongiorgi, E., 2008. BDNF 
mRNA splice variants display activity-dependent targeting to distinct 
hippocampal laminae. Mol. Cell. Neurosci. 37, 11–19. 

Chiaruttini, C., Vicario, A., Li, Z., Baj, G., Braiuca, P., Wu, Y., Lee, F.S., 
Gardossi, L., Baraban, J.M., Tongiorgi, E., 2009. Dendritic trafficking 
of BDNF mRNA is mediated by translin and blocked by the G196A 
(Val66Met) mutation. Proc. Natl. Acad. Sci.  106, 16481–16486. 

Chiu, C.-T., Liu, G., Leeds, P., Chuang, D.-M., 2011. Combined treatment with 
the mood stabilizers lithium and valproate produces multiple beneficial 
effects in transgenic mouse models of Huntington’s disease. 
Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 
36, 2406–2421. 

Chrivia, J.C., Kwok, R.P.S., Lamb, N., Hagiwara, M., Montminy, M.R., 
Goodman, R.H., 1993. Phosphorylated CREB binds specifically to the 
nuclear protein CBP. Nature 365, 855–859. 

Cohen-Cory, S., Fraser, S.E., 1995. Effects of brain-derived neurotrophic factor 
on optic axon branching and remodelling in vivo. Nature 378, 192–
196. 

Conner, J.M., Lauterborn, J.C., Yan, Q., Gall, C.M., Varon, S., 1997. 
Distribution of brain-derived neurotrophic factor (BDNF) protein and 
mRNA in the normal adult rat CNS: evidence for anterograde axonal 
transport. J. Neurosci.  17, 2295–2313. 

Connor, B., Young, D., Yan, Q., Faull, R.L., Synek, B., Dragunow, M., 1997. 
Brain-derived neurotrophic factor is reduced in Alzheimer’s disease. 
Brain Res. Mol. Brain Res. 49, 71–81. 

Cordeira, J.W., Frank, L., Sena-Esteves, M., Pothos, E.N., Rios, M., 2010. 
Brain-derived neurotrophic factor regulates hedonic feeding by acting 
on the mesolimbic dopamine system. J. Neurosci.  30, 2533–2541. 



 

56 

Covington, H.E., 3rd, Maze, I., Sun, H., Bomze, H.M., DeMaio, K.D., Wu, 
E.Y., Dietz, D.M., Lobo, M.K., Ghose, S., Mouzon, E., Neve, R.L., 
Tamminga, C.A., Nestler, E.J., 2011. A role for repressive histone 
methylation in cocaine-induced vulnerability to stress. Neuron 71, 
656–670. 

Cunha, A.B.M., Frey, B.N., Andreazza, A.C., Goi, J.D., Rosa, A.R., 
Gonçalves, C.A., Santin, A., Kapczinski, F., 2006. Serum brain-
derived neurotrophic factor is decreased in bipolar disorder during 
depressive and manic episodes. Neurosci. Lett. 398, 215–219. 

D’Addario, C., Dell’Osso, B., Galimberti, D., Palazzo, M.C., Benatti, B., Di 
Francesco, A., Scarpini, E., Altamura, A.C., Maccarrone, M., 2013. 
Epigenetic modulation of BDNF gene in patients with major 
depressive disorder. Biol. Psychiatry 73, e6–7. 

D’Addario, C., Dell’Osso, B., Palazzo, M.C., Benatti, B., Lietti, L., Cattaneo, 
E., Galimberti, D., Fenoglio, C., Cortini, F., Scarpini, E., Arosio, B., Di 
Francesco, A., Di Benedetto, M., Romualdi, P., Candeletti, S., Mari, 
D., Bergamaschini, L., Bresolin, N., Maccarrone, M., Altamura, A.C., 
2012. Selective DNA methylation of BDNF promoter in bipolar 
disorder: differences among patients with BDI and BDII. 
Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 
37, 1647–1655. 

Da Penha Berzaghi, M., Cooper, J., Castrén, E., Zafra, F., Sofroniew, M., 
Thoenen, H., Lindholm, D., 1993. Cholinergic regulation of brain-
derived neurotrophic factor (BDNF) and nerve growth factor (NGF) 
but not neurotrophin-3 (NT-3) mRNA levels in the developing rat 
hippocampus. J. Neurosci.  13, 3818–3826. 

Davies, A.M., Thoenen, H., Barde, Y.A., 1986. The response of chick sensory 
neurons to brain-derived neurotrophic factor. J. Neurosci.  6, 1897–
1904. 

Day, J.J., Sweatt, J.D., 2012. Epigenetic treatments for cognitive impairments. 
Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 
37, 247–260. 

Deaton, A.M., Bird, A., 2011. CpG islands and the regulation of transcription. 
Genes Dev. 25, 1010–1022. 

Dekkers, M.P.J., Barde, Y.-A., 2013. Developmental biology. Programmed cell 
death in neuronal development. Science 340, 39–41. 

Dieni, S., Matsumoto, T., Dekkers, M., Rauskolb, S., Ionescu, M.S., 
Deogracias, R., Gundelfinger, E.D., Kojima, M., Nestel, S., Frotscher, 
M., Barde, Y.-A., 2012. BDNF and its pro-peptide are stored in 
presynaptic dense core vesicles in brain neurons. J. Cell Biol. 196, 
775–788. 

Donovan, M.J., Lin, M.I., Wiegn, P., Ringstedt, T., Kraemer, R., Hahn, R., 
Wang, S., Ibañez, C.F., Rafii, S., Hempstead, B.L., 2000. Brain derived 



 

57 

neurotrophic factor is an endothelial cell survival factor required for 
intramyocardial vessel stabilization. Dev. Camb.  127, 4531–4540. 

Donovan, M.J., Miranda, R.C., Kraemer, R., McCaffrey, T.A., Tessarollo, L., 
Mahadeo, D., Sharif, S., Kaplan, D.R., Tsoulfas, P., Parada, L., 1995. 
Neurotrophin and neurotrophin receptors in vascular smooth muscle 
cells. Regulation of expression in response to injury. Am. J. Pathol. 
147, 309–324. 

Duman, R.S., Monteggia, L.M., 2006. A neurotrophic model for stress-related 
mood disorders. Biol. Psychiatry 59, 1116–1127. 

Duong, V., Bret, C., Altucci, L., Mai, A., Duraffourd, C., Loubersac, J., 
Harmand, P.-O., Bonnet, S., Valente, S., Maudelonde, T., Cavailles, 
V., Boulle, N., 2008. Specific activity of class II histone deacetylases 
in human breast cancer cells. Mol. Cancer Res. MCR 6, 1908–1919. 

Dwivedi, Y., Rizavi, H.S., Conley, R.R., Roberts, R.C., Tamminga, C.A., 
Pandey, G.N., 2003. Altered gene expression of brain-derived 
neurotrophic factor and receptor tyrosine kinase B in postmortem brain 
of suicide subjects. Arch. Gen. Psychiatry 60, 804–815. 

Egan, M.F., Kojima, M., Callicott, J.H., Goldberg, T.E., Kolachana, B.S., 
Bertolino, A., Zaitsev, E., Gold, B., Goldman, D., Dean, M., Lu, B., 
Weinberger, D.R., 2003. The BDNF val66met polymorphism affects 
activity-dependent secretion of BDNF and human memory and 
hippocampal function. Cell 112, 257–269. 

Einat, H., Yuan, P., Gould, T.D., Li, J., Du, J., Zhang, L., Manji, H.K., Chen, 
G., 2003. The role of the extracellular signal-regulated kinase signaling 
pathway in mood modulation. J. Neurosci.  23, 7311–7316. 

Ernfors, P., Bengzon, J., Kokaia, Z., Persson, H., Lindvall, O., 1991. Increased 
levels of messenger RNAs for neurotrophic factors in the brain during 
kindling epileptogenesis. Neuron 7, 165–176. 

Ernfors, P., Ibáñez, C.F., Ebendal, T., Olson, L., Persson, H., 1990a. Molecular 
cloning and neurotrophic activities of a protein with structural 
similarities to nerve growth factor: developmental and topographical 
expression in the brain. Proc. Natl. Acad. Sci.  87, 5454–5458. 

Ernfors, P., Lee, K.F., Jaenisch, R., 1994. Mice lacking brain-derived 
neurotrophic factor develop with sensory deficits. Nature 368, 147–
150. 

Ernfors, P., Wetmore, C., Olson, L., Persson, H., 1990b. Identification of cells 
in rat brain and peripheral tissues expressing mRNA for members of 
the nerve growth factor family. Neuron 5, 511–526. 

Ernfors, P., Wetmore, C., Olson, L., Persson, H., 1990c. Identification of cells 
in rat brain and peripheral tissues expressing mRNA for members of 
the nerve growth factor family. Neuron 5, 511–526. 

Fabb, S.A., Ragoussis, J., 1995. Yeast artificial chromosome vectors. Mol. Cell 
Biol. Hum. Dis. Ser. 5, 104–124. 



 

58 

Fass, D.M., Butler, J.E.F., Goodman, R.H., 2003. Deacetylase activity is 
required for cAMP activation of a subset of CREB target genes. J. 
Biol. Chem. 278, 43014–43019. 

Fass, D.M., Reis, S.A., Ghosh, B., Hennig, K.M., Joseph, N.F., Zhao, W.-N., 
Nieland, T.J.F., Guan, J.-S., Kuhnle, C.E.G., Tang, W., Barker, D.D., 
Mazitschek, R., Schreiber, S.L., Tsai, L.-H., Haggarty, S.J., 2013. 
Crebinostat: a novel cognitive enhancer that inhibits histone 
deacetylase activity and modulates chromatin-mediated neuroplasticity. 
Neuropharmacology 64, 81–96. 

Ferrer, I., Goutan, E., Marín, C., Rey, M.J., Ribalta, T., 2000. Brain-derived 
neurotrophic factor in Huntington disease. Brain Res. 866, 257–261. 

Figurov, A., Pozzo-Miller, L.D., Olafsson, P., Wang, T., Lu, B., 1996. 
Regulation of synaptic responses to high-frequency stimulation and 
LTP by neurotrophins in the hippocampus. Nature 381, 706–709. 

Fischer, A., Sananbenesi, F., Mungenast, A., Tsai, L.-H., 2010. Targeting the 
correct HDAC(s) to treat cognitive disorders. Trends Pharmacol. Sci. 
31, 605–617. 

Fischer, J.J., Michaelis, S., Schrey, A.K., Diehl, A., Graebner, O.Y., Ungewiss, 
J., Horzowski, S., Glinski, M., Kroll, F., Dreger, M., Koester, H., 2011. 
SAHA Capture Compound--a novel tool for the profiling of histone 
deacetylases and the identification of additional vorinostat binders. 
Proteomics 11, 4096–4104. 

Flavell, S.W., Cowan, C.W., Kim, T.-K., Greer, P.L., Lin, Y., Paradis, S., 
Griffith, E.C., Hu, L.S., Chen, C., Greenberg, M.E., 2006. Activity-
dependent regulation of MEF2 transcription factors suppresses 
excitatory synapse number. Science 311, 1008–1012. 

Flavell, S.W., Kim, T.-K., Gray, J.M., Harmin, D.A., Hemberg, M., Hong, E.J., 
Markenscoff-Papadimitriou, E., Bear, D.M., Greenberg, M.E., 2008. 
Genome-wide analysis of MEF2 transcriptional program reveals 
synaptic target genes and neuronal activity-dependent polyadenylation 
site selection. Neuron 60, 1022–1038. 

Fletcher, J.M., Hughes, R.A., 2006. Novel monocyclic and bicyclic loop 
mimetics of brain-derived neurotrophic factor. J. Pept. Sci. Off. Publ. 
Eur. Pept. Soc. 12, 515–524. 

Fuchikami, M., Morinobu, S., Kurata, A., Yamamoto, S., Yamawaki, S., 2009. 
Single immobilization stress differentially alters the expression profile 
of transcripts of the brain-derived neurotrophic factor (BDNF) gene 
and histone acetylation at its promoters in the rat hippocampus. Int. J. 
Neuropsychopharmacol. Off. Sci. J. Coll. Int. Neuropsychopharmacol. 
CINP 12, 73–82. 

Fukuchi, M., Nii, T., Ishimaru, N., Minamino, A., Hara, D., Takasaki, I., 
Tabuchi, A., Tsuda, M., 2009. Valproic acid induces up- or down-
regulation of gene expression responsible for the neuronal excitation 



 

59 

and inhibition in rat cortical neurons through its epigenetic actions. 
Neurosci. Res. 65, 35–43. 

Fukumoto, T., Morinobu, S., Okamoto, Y., Kagaya, A., Yamawaki, S., 2001. 
Chronic lithium treatment increases the expression of brain-derived 
neurotrophic factor in the rat brain. Psychopharmacology (Berl.) 158, 
100–106. 

Gabathuler, R., 2010. Approaches to transport therapeutic drugs across the 
blood-brain barrier to treat brain diseases. Neurobiol. Dis. 37, 48–57. 

Gauthier, L.R., Charrin, B.C., Borrell-Pagès, M., Dompierre, J.P., Rangone, H., 
Cordelières, F.P., De Mey, J., MacDonald, M.E., Lessmann, V., 
Humbert, S., Saudou, F., 2004. Huntingtin controls neurotrophic 
support and survival of neurons by enhancing BDNF vesicular 
transport along microtubules. Cell 118, 127–138. 

Gavin, D.P., Sharma, R.P., Chase, K.A., Matrisciano, F., Dong, E., Guidotti, 
A., 2012. Growth arrest and DNA-damage-inducible, beta 
(GADD45b)-mediated DNA demethylation in major psychosis. 
Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 
37, 531–542. 

Géral, C., Angelova, A., Lesieur, S., 2013. From Molecular to Nanotechnology 
Strategies for Delivery of Neurotrophins: Emphasis on Brain-Derived 
Neurotrophic Factor (BDNF). Pharmaceutics 5, 127–167. 

Giehl, K.M., Tetzlaff, W., 1996. BDNF and NT-3, but not NGF, prevent 
axotomy-induced death of rat corticospinal neurons in vivo. Eur. J. 
Neurosci. 8, 1167–1175. 

Gomez-Pinilla, F., Zhuang, Y., Feng, J., Ying, Z., Fan, G., 2011. Exercise 
impacts brain-derived neurotrophic factor plasticity by engaging 
mechanisms of epigenetic regulation. Eur. J. Neurosci. 33, 383–390. 

Goodman, L.J., Valverde, J., Lim, F., Geschwind, M.D., Federoff, H.J., Geller, 
A.I., Hefti, F., 1996. Regulated Release and Polarized Localization of 
Brain-Derived Neurotrophic Factor in Hippocampal Neurons. Mol. 
Cell. Neurosci. 7, 222–238. 

Gorski, J.A., Zeiler, S.R., Tamowski, S., Jones, K.R., 2003. Brain-derived 
neurotrophic factor is required for the maintenance of cortical 
dendrites. J. Neurosci.  23, 6856–6865. 

Graham, D.L., Edwards, S., Bachtell, R.K., DiLeone, R.J., Rios, M., Self, 
D.W., 2007. Dynamic BDNF activity in nucleus accumbens with 
cocaine use increases self-administration and relapse. Nat. Neurosci. 
10, 1029–1037. 

Greer, P.L., Greenberg, M.E., 2008. From synapse to nucleus: calcium-
dependent gene transcription in the control of synapse development 
and function. Neuron 59, 846–860. 

Griesbeck, O., Canossa, M., Campana, G., Gärtner, A., Hoener, M.C., Nawa, 
H., Kolbeck, R., Thoenen, H., 1999. Are there differences between the 
secretion characteristics of NGF and BDNF? Implications for the 



 

60 

modulatory role of neurotrophins in activity-dependent neuronal 
plasticity. Microsc. Res. Tech. 45, 262–275. 

Gräff, J., Rei, D., Guan, J.-S., Wang, W.-Y., Seo, J., Hennig, K.M., Nieland, 
T.J.F., Fass, D.M., Kao, P.F., Kahn, M., Su, S.C., Samiei, A., Joseph, 
N., Haggarty, S.J., Delalle, I., Tsai, L.-H., 2012. An epigenetic 
blockade of cognitive functions in the neurodegenerating brain. Nature 
483, 222–226. 

Guan, J.-S., Haggarty, S.J., Giacometti, E., Dannenberg, J.-H., Joseph, N., Gao, 
J., Nieland, T.J.F., Zhou, Y., Wang, X., Mazitschek, R., Bradner, J.E., 
DePinho, R.A., Jaenisch, R., Tsai, L.-H., 2009. HDAC2 negatively 
regulates memory formation and synaptic plasticity. Nature 459, 55–
60. 

Guillemot, F., Cerutti, I., Auffray, C., Devignes, M.-D., 2007. A transgenic 
mouse model engineered to investigate human brain-derived 
neurotrophic factor in vivo. Transgenic Res. 16, 223–237. 

Gupta, S., Kim, S.Y., Artis, S., Molfese, D.L., Schumacher, A., Sweatt, J.D., 
Paylor, R.E., Lubin, F.D., 2010. Histone methylation regulates memory 
formation. J. Neurosci.  30, 3589–3599. 

Gupta-Agarwal, S., Franklin, A.V., Deramus, T., Wheelock, M., Davis, R.L., 
McMahon, L.L., Lubin, F.D., 2012. G9a/GLP histone lysine 
dimethyltransferase complex activity in the hippocampus and the 
entorhinal cortex is required for gene activation and silencing during 
memory consolidation. J. Neurosci.  32, 5440–5453. 

Göttlicher, M., Minucci, S., Zhu, P., Krämer, O.H., Schimpf, A., Giavara, S., 
Sleeman, J.P., Lo Coco, F., Nervi, C., Pelicci, P.G., Heinzel, T., 2001. 
Valproic acid defines a novel class of HDAC inhibitors inducing 
differentiation of transformed cells. EMBO J. 20, 6969–6978. 

Haberland, M., Montgomery, R.L., Olson, E.N., 2009. The many roles of 
histone deacetylases in development and physiology: implications for 
disease and therapy. Nat. Rev. Genet. 10, 32–42. 

Hall, F.S., Drgonova, J., Goeb, M., Uhl, G.R., 2003. Reduced behavioral 
effects of cocaine in heterozygous brain-derived neurotrophic factor 
(BDNF) knockout mice. Neuropsychopharmacol. Off. Publ. Am. Coll. 
Neuropsychopharmacol. 28, 1485–1490. 

Hallböök, F., 1999. Evolution of the vertebrate neurotrophin and Trk receptor 
gene families. Curr. Opin. Neurobiol. 9, 616–621. 

Hallböök, F., Ibáñez, C.F., Persson, H., 1991. Evolutionary studies of the nerve 
growth factor family reveal a novel member abundantly expressed in 
Xenopus ovary. Neuron 6, 845–858. 

Han, J.C., Liu, Q.-R., Jones, M., Levinn, R.L., Menzie, C.M., Jefferson-
George, K.S., Adler-Wailes, D.C., Sanford, E.L., Lacbawan, F.L., Uhl, 
G.R., Rennert, O.M., Yanovski, J.A., 2008. Brain-derived neurotrophic 
factor and obesity in the WAGR syndrome. N.  J. Med. 359, 918–927. 



 

61 

Hartmann, M., Heumann, R., Lessmann, V., 2001. Synaptic secretion of BDNF 
after high-frequency stimulation of glutamatergic synapses. EMBO J. 
20, 5887–5897. 

Hashimoto, R., Takei, N., Shimazu, K., Christ, L., Lu, B., Chuang, D.-M., 
2002. Lithium induces brain-derived neurotrophic factor and activates 
TrkB in rodent cortical neurons: an essential step for neuroprotection 
against glutamate excitotoxicity. Neuropharmacology 43, 1173–1179. 

He, Y.-F., Li, B.-Z., Li, Z., Liu, P., Wang, Y., Tang, Q., Ding, J., Jia, Y., Chen, 
Z., Li, L., Sun, Y., Li, X., Dai, Q., Song, C.-X., Zhang, K., He, C., Xu, 
G.-L., 2011. Tet-mediated formation of 5-carboxylcytosine and its 
excision by TDG in mammalian DNA. Science 333, 1303–1307. 

Hegde, R.S., Bernstein, H.D., 2006. The surprising complexity of signal 
sequences. Trends Biochem. Sci. 31, 563–571. 

Heintz, N., 2001. BAC to the future: the use of bac transgenic mice for 
neuroscience research. Nat. Rev. Neurosci. 2, 861–870. 

Hendrich, B., Tweedie, S., 2003. The methyl-CpG binding domain and the 
evolving role of DNA methylation in animals. Trends Genet. TIG 19, 
269–277. 

Henriques, A., Pitzer, C., Schneider, A., 2010. Neurotrophic growth factors for 
the treatment of amyotrophic lateral sclerosis: where do we stand? 
Front. Neurosci. 4, 32. 

Hildmann, C, 2004. Funktionelle charakterisierung bakterieller 
histondeacetylase-ähnlicher amidohydrolasen (HDAH). Doctoral 
dissertation, University of Göttingen. 

Hock, C., Heese, K., Hulette, C., Rosenberg, C., Otten, U., 2000. Region-
specific neurotrophin imbalances in Alzheimer disease: decreased 
levels of brain-derived neurotrophic factor and increased levels of 
nerve growth factor in hippocampus and cortical areas. Arch. Neurol. 
57, 846–851. 

Hofer, M., Pagliusi, S.R., Hohn, A., Leibrock, J., Barde, Y.A., 1990. Regional 
distribution of brain-derived neurotrophic factor mRNA in the adult 
mouse brain. EMBO J. 9, 2459–2464. 

Hong, E.J., McCord, A.E., Greenberg, M.E., 2008. A biological function for 
the neuronal activity-dependent component of Bdnf transcription in the 
development of cortical inhibition. Neuron 60, 610–624. 

Horger, B.A., Iyasere, C.A., Berhow, M.T., Messer, C.J., Nestler, E.J., Taylor, 
J.R., 1999. Enhancement of locomotor activity and conditioned reward 
to cocaine by brain-derived neurotrophic factor. J. Neurosci.  19, 4110–
4122. 

Howells, D.W., Porritt, M.J., Wong, J.Y., Batchelor, P.E., Kalnins, R., Hughes, 
A.J., Donnan, G.A., 2000. Reduced BDNF mRNA expression in the 
Parkinson’s disease substantia nigra. Exp. Neurol. 166, 127–135. 



 

62 

Huang, Y., Doherty, J.J., Dingledine, R., 2002. Altered histone acetylation at 
glutamate receptor 2 and brain-derived neurotrophic factor genes is an 
early event triggered by status epilepticus. J. Neurosci.  22, 8422–8428. 

Huber, K.M., Sawtell, N.B., Bear, M.F., 1998. Brain-derived neurotrophic 
factor alters the synaptic modification threshold in visual cortex. 
Neuropharmacology 37, 571–579. 

Hyman, C., Hofer, M., Barde, Y.-A., Juhasz, M., Yancopoulos, G.D., Squinto, 
S.P., Lindsay, R.M., 1991. BDNF is a neurotrophic factor for 
dopaminergic neurons of the substantia nigra. Nature 350, 230–232. 

Ikegame, T., Bundo, M., Murata, Y., Kasai, K., Kato, T., Iwamoto, K., 2013. 
DNA methylation of the BDNF gene and its relevance to psychiatric 
disorders. J. Hum. Genet. 58, 434–438. 

Inamura, N., Nawa, H., Takei, N., 2005. Enhancement of translation elongation 
in neurons by brain-derived neurotrophic factor: implications for 
mammalian target of rapamycin signaling. J. Neurochem. 95, 1438–
1445. 

Intlekofer, K.A., Berchtold, N.C., Malvaez, M., Carlos, A.J., McQuown, S.C., 
Cunningham, M.J., Wood, M.A., Cotman, C.W., 2013. Exercise and 
Sodium Butyrate Transform a Subthreshold Learning Event into Long-
Term Memory via a Brain-Derived Neurotrophic factor-Dependent 
Mechanism. Neuropsychopharmacol. Off. Publ. Am. Coll. 
Neuropsychopharmacol. 38, 2027–2034. 

Isackson, P.J., Huntsman, M.M., Murray, K.D., Gall, C.M., 1991. BDNF 
mRNA expression is increased in adult rat forebrain after limbic 
seizures: temporal patterns of induction distinct from NGF. Neuron 6, 
937–948. 

Ito, S., Shen, L., Dai, Q., Wu, S.C., Collins, L.B., Swenberg, J.A., He, C., 
Zhang, Y., 2011. Tet proteins can convert 5-methylcytosine to 5-
formylcytosine and 5-carboxylcytosine. Science 333, 1300–1303. 

Jakawich, S.K., Nasser, H.B., Strong, M.J., McCartney, A.J., Perez, A.S., 
Rakesh, N., Carruthers, C.J.L., Sutton, M.A., 2010. Local presynaptic 
activity gates homeostatic changes in presynaptic function driven by 
dendritic BDNF synthesis. Neuron 68, 1143–1158. 

Jang, S.-W., Liu, X., Chan, C.B., France, S.A., Sayeed, I., Tang, W., Lin, X., 
Xiao, G., Andero, R., Chang, Q., Ressler, K.J., Ye, K., 2010a. 
Deoxygedunin, a natural product with potent neurotrophic activity in 
mice. PloS One 5, e11528. 

Jang, S.-W., Liu, X., Chan, C.-B., Weinshenker, D., Hall, R.A., Xiao, G., Ye, 
K., 2009. Amitriptyline is a TrkA and TrkB receptor agonist that 
promotes TrkA/TrkB heterodimerization and has potent neurotrophic 
activity. Chem. Biol. 16, 644–656. 

Jang, S.-W., Liu, X., Pradoldej, S., Tosini, G., Chang, Q., Iuvone, P.M., Ye, K., 
2010b. N-acetylserotonin activates TrkB receptor in a circadian 
rhythm. Proc. Natl. Acad. Sci.  107, 3876–3881. 



 

63 

Jang, S.-W., Liu, X., Yepes, M., Shepherd, K.R., Miller, G.W., Liu, Y., 
Wilson, W.D., Xiao, G., Blanchi, B., Sun, Y.E., Ye, K., 2010c. A 
selective TrkB agonist with potent neurotrophic activities by 7,8-
dihydroxyflavone. Proc. Natl. Acad. Sci.  107, 2687–2692. 

Jiang, X., Tian, F., Du, Y., Copeland, N.G., Jenkins, N.A., Tessarollo, L., Wu, 
X., Pan, H., Hu, X.-Z., Xu, K., Kenney, H., Egan, S.E., Turley, H., 
Harris, A.L., Marini, A.M., Lipsky, R.H., 2008. BHLHB2 controls 
Bdnf promoter 4 activity and neuronal excitability. J. Neurosci.  28, 
1118–1130. 

Joe, K.-H., Kim, Y.-K., Kim, T.-S., Roh, S.-W., Choi, S.-W., Kim, Y.-B., Lee, 
H.-J., Kim, D.-J., 2007. Decreased plasma brain-derived neurotrophic 
factor levels in patients with alcohol dependence. Alcohol. Clin. Exp. 
Res. 31, 1833–1838. 

Jones, K.R., Fariñas, I., Backus, C., Reichardt, L.F., 1994. Targeted disruption 
of the BDNF gene perturbs brain and sensory neuron development but 
not motor neuron development. Cell 76, 989–999. 

Jones, P., Altamura, S., De Francesco, R., Gallinari, P., Lahm, A., 
Neddermann, P., Rowley, M., Serafini, S., Steinkühler, C., 2008. 
Probing the elusive catalytic activity of vertebrate class IIa histone 
deacetylases. Bioorg. Med. Chem. Lett. 18, 1814–1819. 

Jung, M., Brosch, G., Kölle, D., Scherf, H., Gerhäuser, C., Loidl, P., 1999. 
Amide analogues of trichostatin A as inhibitors of histone deacetylase 
and inducers of terminal cell differentiation. J. Med. Chem. 42, 4669–
4679. 

Kafitz, K.W., Rose, C.R., Thoenen, H., Konnerth, A., 1999. Neurotrophin-
evoked rapid excitation through TrkB receptors. Nature 401, 918–921. 

Kalra, S., Genge, A., Arnold, D.L., 2003. A prospective, randomized, placebo-
controlled evaluation of corticoneuronal response to intrathecal BDNF 
therapy in ALS using magnetic resonance spectroscopy: feasibility and 
results. Amyotroph. Lateral Scler. Mot. Neuron Disord. Off. Publ. 
World Fed. Neurol. Res. Group Mot. Neuron Dis. 4, 22–26. 

Kang, H., Schuman, E.M., 1995. Long-lasting neurotrophin-induced 
enhancement of synaptic transmission in the adult hippocampus. 
Science 267, 1658–1662. 

Kang, H., Schuman, E.M., 1996. A requirement for local protein synthesis in 
neurotrophin-induced hippocampal synaptic plasticity. Science 273, 
1402–1406. 

Kang, H., Welcher, A.A., Shelton, D., Schuman, E.M., 1997. Neurotrophins 
and time: different roles for TrkB signaling in hippocampal long-term 
potentiation. Neuron 19, 653–664. 

Karege, F., Vaudan, G., Schwald, M., Perroud, N., La Harpe, R., 2005. 
Neurotrophin levels in postmortem brains of suicide victims and the 
effects of antemortem diagnosis and psychotropic drugs. Brain Res. 
Mol. Brain Res. 136, 29–37. 



 

64 

Karpova, N.N., 2013. Role of BDNF epigenetics in activity-dependent 
neuronal plasticity. Neuropharmacology. 

Karpova, N.N., Rantamäki, T., Di Lieto, A., Lindemann, L., Hoener, M.C., 
Castrén, E., 2010. Darkness reduces BDNF expression in the visual 
cortex and induces repressive chromatin remodeling at the BDNF gene 
in both hippocampus and visual cortex. Cell. Mol. Neurobiol. 30, 
1117–1123. 

Kassabov, S.R., Choi, Y.-B., Karl, K.A., Vishwasrao, H.D., Bailey, C.H., 
Kandel, E.R., 2013. A single Aplysia neurotrophin mediates synaptic 
facilitation via differentially processed isoforms. Cell Reports 3, 1213–
1227. 

Kasten, F.H., 1972. Rat myocardial cells in vitro: mitosis and differentiated 
properties. In Vitro 8, 128–150. 

Kazantsev, A.G., Thompson, L.M., 2008. Therapeutic application of histone 
deacetylase inhibitors for central nervous system disorders. Nat. Rev. 
Drug Discov. 7, 854–868. 

Katoh-Semba, R., Takeuchi, I.K., Semba, R., Kato, K., 1997. Distribution of 
brain-derived neurotrophic factor in rats and its changes with 
development in the brain. J. Neurochem. 69, 34–42. 

Keller, S., Sarchiapone, M., Zarrilli, F., Videtic, A., Ferraro, A., Carli, V., 
Sacchetti, S., Lembo, F., Angiolillo, A., Jovanovic, N., Pisanti, F., 
Tomaiuolo, R., Monticelli, A., Balazic, J., Roy, A., Marusic, A., 
Cocozza, S., Fusco, A., Bruni, C.B., Castaldo, G., Chiariotti, L., 2010. 
Increased BDNF promoter methylation in the Wernicke area of suicide 
subjects. Arch. Gen. Psychiatry 67, 258–267. 

Khan, N., Jeffers, M., Kumar, S., Hackett, C., Boldog, F., Khramtsov, N., Qian, 
X., Mills, E., Berghs, S.C., Carey, N., Finn, P.W., Collins, L.S., 
Tumber, A., Ritchie, J.W., Jensen, P.B., Lichenstein, H.S., Sehested, 
M., 2008. Determination of the class and isoform selectivity of small-
molecule histone deacetylase inhibitors. Biochem. J. 409, 581–589. 

Kim, D.-J., Roh, S., Kim, Y., Yoon, S.-J., Lee, H.-K., Han, C.-S., Kim, Y.-K., 
2005. High concentrations of plasma brain-derived neurotrophic factor 
in methamphetamine users. Neurosci. Lett. 388, 112–115. 

Klose, R.J., Bird, A.P., 2006. Genomic DNA methylation: the mark and its 
mediators. Trends Biochem. Sci. 31, 89–97. 

Knable, M.B., Barci, B.M., Webster, M.J., Meador-Woodruff, J., Torrey, E.F., 
Stanley Neuropathology Consortium, 2004. Molecular abnormalities of 
the hippocampus in severe psychiatric illness: postmortem findings 
from the Stanley Neuropathology Consortium. Mol. Psychiatry 9, 609–
620, 544. 

Kolarow, R., Brigadski, T., Lessmann, V., 2007. Postsynaptic secretion of 
BDNF and NT-3 from hippocampal neurons depends on calcium 
calmodulin kinase II signaling and proceeds via delayed fusion pore 
opening. J. Neurosci.  27, 10350–10364. 



 

65 

Koo, J.W., Mazei-Robison, M.S., Chaudhury, D., Juarez, B., LaPlant, Q., 
Ferguson, D., Feng, J., Sun, H., Scobie, K.N., Damez-Werno, D., 
Crumiller, M., Ohnishi, Y.N., Ohnishi, Y.H., Mouzon, E., Dietz, D.M., 
Lobo, M.K., Neve, R.L., Russo, S.J., Han, M.-H., Nestler, E.J., 2012. 
BDNF is a negative modulator of morphine action. Science 338, 124–
128. 

Koppel, I., Aid-Pavlidis, T., Jaanson, K., Sepp, M., Palm, K., Timmusk, T., 
2010. BAC transgenic mice reveal distal cis-regulatory elements 
governing BDNF gene expression. Genes. New York N 2000 48, 214–
219. 

Koppel, I., Aid-Pavlidis, T., Jaanson, K., Sepp, M., Pruunsild, P., Palm, K., 
Timmusk, T., 2009. Tissue-specific and neural activity-regulated 
expression of human BDNF gene in BAC transgenic mice. BMC 
Neurosci. 10, 68. 

Korte, M., Carroll, P., Wolf, E., Brem, G., Thoenen, H., Bonhoeffer, T., 1995. 
Hippocampal long-term potentiation is impaired in mice lacking brain-
derived neurotrophic factor. Proc. Natl. Acad. Sci.  92, 8856–8860. 

Korte, M., Griesbeck, O., Gravel, C., Carroll, P., Staiger, V., Thoenen, H., 
Bonhoeffer, T., 1996. Virus-mediated gene transfer into hippocampal 
CA1 region restores long-term potentiation in brain-derived 
neurotrophic factor mutant mice. Proc. Natl. Acad. Sci.  93, 12547–
12552. 

Kossel, A.H., Cambridge, S.B., Wagner, U., Bonhoeffer, T., 2001. A caged Ab 
reveals an immediate/instructive effect of BDNF during hippocampal 
synaptic potentiation. Proc. Natl. Acad. Sci.  98, 14702–14707. 

Kouzarides, T., 2007. Chromatin modifications and their function. Cell 128, 
693–705. 

Kriaucionis, S., Heintz, N., 2009. The nuclear DNA base 5-
hydroxymethylcytosine is present in Purkinje neurons and the brain. 
Science 324, 929–930. 

Krishnan, V., Han, M.-H., Graham, D.L., Berton, O., Renthal, W., Russo, S.J., 
Laplant, Q., Graham, A., Lutter, M., Lagace, D.C., Ghose, S., Reister, 
R., Tannous, P., Green, T.A., Neve, R.L., Chakravarty, S., Kumar, A., 
Eisch, A.J., Self, D.W., Lee, F.S., Tamminga, C.A., Cooper, D.C., 
Gershenfeld, H.K., Nestler, E.J., 2007. Molecular adaptations 
underlying susceptibility and resistance to social defeat in brain reward 
regions. Cell 131, 391–404. 

Krüttgen, A., Möller, J.C., Heymach, J.V., Jr, Shooter, E.M., 1998. 
Neurotrophins induce release of neurotrophins by the regulated 
secretory pathway. Proc. Natl. Acad. Sci.  95, 9614–9619. 

Kuczewski, N., Langlois, A., Fiorentino, H., Bonnet, S., Marissal, T., Diabira, 
D., Ferrand, N., Porcher, C., Gaiarsa, J.-L., 2008. Spontaneous 
glutamatergic activity induces a BDNF-dependent potentiation of 



 

66 

GABAergic synapses in the newborn rat hippocampus. J. Physiol. 586, 
5119–5128. 

Kumar, A., Choi, K.-H., Renthal, W., Tsankova, N.M., Theobald, D.E.H., 
Truong, H.-T., Russo, S.J., Laplant, Q., Sasaki, T.S., Whistler, K.N., 
Neve, R.L., Self, D.W., Nestler, E.J., 2005. Chromatin remodeling is a 
key mechanism underlying cocaine-induced plasticity in striatum. 
Neuron 48, 303–314. 

Kuzumaki, N., Ikegami, D., Tamura, R., Hareyama, N., Imai, S., Narita, 
Michiko, Torigoe, K., Niikura, K., Takeshima, H., Ando, T., Igarashi, 
K., Kanno, J., Ushijima, T., Suzuki, T., Narita, Minoru, 2011. 
Hippocampal epigenetic modification at the brain-derived neurotrophic 
factor gene induced by an enriched environment. Hippocampus 21, 
127–132. 

Lahm, A., Paolini, C., Pallaoro, M., Nardi, M.C., Jones, P., Neddermann, P., 
Sambucini, S., Bottomley, M.J., Lo Surdo, P., Carfí, A., Koch, U., De 
Francesco, R., Steinkühler, C., Gallinari, P., 2007. Unraveling the 
hidden catalytic activity of vertebrate class IIa histone deacetylases. 
Proc. Natl. Acad. Sci.  104, 17335–17340. 

Lapchak, P.A., Hefti, F., 1992. BDNF and NGF treatment in lesioned rats: 
effects on cholinergic function and weight gain. Neuroreport 3, 405–
408. 

Lau, A.G., Irier, H.A., Gu, J., Tian, D., Ku, L., Liu, G., Xia, M., Fritsch, B., 
Zheng, J.Q., Dingledine, R., Xu, B., Lu, B., Feng, Y., 2010. Distinct 
3’UTRs differentially regulate activity-dependent translation of brain-
derived neurotrophic factor (BDNF). Proc. Natl. Acad. Sci.  107, 
15945–15950. 

Lauterborn, J.C., Lynch, G., Vanderklish, P., Arai, A., Gall, C.M., 2000. 
Positive modulation of AMPA receptors increases neurotrophin 
expression by hippocampal and cortical neurons. J. Neurosci.  20, 8–
21. 

Leal, G., Comprido, D., Duarte, C.B., 2013. BDNF-induced local protein 
synthesis and synaptic plasticity. Neuropharmacology. 

Lee, H.Z., Wu, C.H., 1999. Serotonin-stimulated increase in cytosolic Ca(2+) 
in cultured rat heart endothelial cells. Eur. J. Pharmacol. 384, 53–60. 

Lee, S.-T., Chu, K., Jung, K.-H., Kim, J.H., Huh, J.-Y., Yoon, H., Park, D.-K., 
Lim, J.-Y., Kim, J.-M., Jeon, D., Ryu, H., Lee, S.K., Kim, M., Roh, J.-
K., 2012. miR-206 regulates brain-derived neurotrophic factor in 
Alzheimer disease model. Ann. Neurol. 72, 269–277. 

Leibrock, J., Lottspeich, F., Hohn, A., Hofer, M., Hengerer, B., Masiakowski, 
P., Thoenen, H., Barde, Y.A., 1989. Molecular cloning and expression 
of brain-derived neurotrophic factor. Nature 341, 149–152. 

Lessmann, V., Gottmann, K., Heumann, R., 1994. BDNF and NT-4/5 enhance 
glutamatergic synaptic transmission in cultured hippocampal neurones. 
Neuroreport 6, 21–25. 



 

67 

Lessmann, V., Gottmann, K., Malcangio, M., 2003. Neurotrophin secretion: 
current facts and future prospects. Prog. Neurobiol. 69, 341–374. 

Levenson, J.M., Roth, T.L., Lubin, F.D., Miller, C.A., Huang, I.-C., Desai, P., 
Malone, L.M., Sweatt, J.D., 2006. Evidence that DNA (cytosine-5) 
methyltransferase regulates synaptic plasticity in the hippocampus. J. 
Biol. Chem. 281, 15763–15773. 

Levi-Montalcini, R., 1987. The nerve growth factor 35 years later. Science 237, 
1154–1162. 

Levine, E.S., Dreyfus, C.F., Black, I.B., Plummer, M.R., 1995. Brain-derived 
neurotrophic factor rapidly enhances synaptic transmission in 
hippocampal neurons via postsynaptic tyrosine kinase receptors. Proc. 
Natl. Acad. Sci.  92, 8074–8077. 

Li, J., Chen, J., Ricupero, C.L., Hart, R.P., Schwartz, M.S., Kusnecov, A., 
Herrup, K., 2012. Nuclear accumulation of HDAC4 in ATM 
deficiency promotes neurodegeneration in ataxia telangiectasia. Nat. 
Med. 18, 783–790. 

Lin, H., Geng, X., Dang, W., Wu, B., Dai, Z., Li, Y., Yang, Y., Zhang, H., Shi, 
J., 2012. Molecular mechanisms associated with the antidepressant 
effects of the class I histone deacetylase inhibitor MS-275 in the rat 
ventrolateral orbital cortex. Brain Res. 1447, 119–125. 

Lin, Y., Bloodgood, B.L., Hauser, J.L., Lapan, A.D., Koon, A.C., Kim, T.-K., 
Hu, L.S., Malik, A.N., Greenberg, M.E., 2008. Activity-dependent 
regulation of inhibitory synapse development by Npas4. Nature 455, 
1198–1204. 

Lindsay, R.M., Thoenen, H., Barde, Y.A., 1985. Placode and neural crest-
derived sensory neurons are responsive at early developmental stages 
to brain-derived neurotrophic factor. Dev. Biol. 112, 319–328. 

Lipsky, R.H., Xu, K., Zhu, D., Kelly, C., Terhakopian, A., Novelli, A., Marini, 
A.M., 2001. Nuclear factor kappaB is a critical determinant in N-
methyl-D-aspartate receptor-mediated neuroprotection. J. Neurochem. 
78, 254–264. 

Liu, Q.-R., Walther, D., Drgon, T., Polesskaya, O., Lesnick, T.G., Strain, K.J., 
de Andrade, M., Bower, J.H., Maraganore, D.M., Uhl, G.R., 2005. 
Human brain derived neurotrophic factor (BDNF) genes, splicing 
patterns, and assessments of associations with substance abuse and 
Parkinson’s Disease. Am. J. Med. Genet. Part B Neuropsychiatr. 
Genet. Off. Publ. Int. Soc. Psychiatr. Genet. 134B, 93–103. 

Liu, X., Ernfors, P., Wu, H., Jaenisch, R., 1995. Sensory but not motor neuron 
deficits in mice lacking NT4 and BDNF. Nature 375, 238–241. 

Lohof, A.M., Ip, N.Y., Poo, M.M., 1993. Potentiation of developing 
neuromuscular synapses by the neurotrophins NT-3 and BDNF. Nature 
363, 350–353. 

Lohoff, F.W., Sander, T., Ferraro, T.N., Dahl, J.P., Gallinat, J., Berrettini, 
W.H., 2005. Confirmation of association between the Val66Met 



 

68 

polymorphism in the brain-derived neurotrophic factor (BDNF) gene 
and bipolar I disorder. Am. J. Med. Genet. Part B Neuropsychiatr. 
Genet. Off. Publ. Int. Soc. Psychiatr. Genet. 139B, 51–53. 

Longo, F.M., Massa, S.M., 2013. Small-molecule modulation of neurotrophin 
receptors: a strategy for the treatment of neurological disease. Nat. 
Rev. Drug Discov. 12, 507–525. 

Lou, H., Kim, S.-K., Zaitsev, E., Snell, C.R., Lu, B., Loh, Y.P., 2005. Sorting 
and activity-dependent secretion of BDNF require interaction of a 
specific motif with the sorting receptor carboxypeptidase e. Neuron 45, 
245–255. 

Lu, B., Nagappan, G., Guan, X., Nathan, P.J., Wren, P., 2013. BDNF-based 
synaptic repair as a disease-modifying strategy for neurodegenerative 
diseases. Nat. Rev. Neurosci. 14, 401–416. 

Lu, B., Pang, P.T., Woo, N.H., 2005. The yin and yang of neurotrophin action. 
Nat. Rev. Neurosci. 6, 603–614. 

Lu, J., McKinsey, T.A., Nicol, R.L., Olson, E.N., 2000a. Signal-dependent 
activation of the MEF2 transcription factor by dissociation from 
histone deacetylases. Proc. Natl. Acad. Sci.  97, 4070–4075. 

Lu, J., McKinsey, T.A., Zhang, C.L., Olson, E.N., 2000b. Regulation of 
skeletal myogenesis by association of the MEF2 transcription factor 
with class II histone deacetylases. Mol. Cell 6, 233–244. 

Lu, Y., Christian, K., Lu, B., 2008. BDNF: a key regulator for protein 
synthesis-dependent LTP and long-term memory? Neurobiol. Learn. 
Mem. 89, 312–323. 

Lubin, F.D., 2011. Epigenetic gene regulation in the adult mammalian brain: 
multiple roles in memory formation. Neurobiol. Learn. Mem. 96, 68–
78. 

Lubin, F.D., Roth, T.L., Sweatt, J.D., 2008. Epigenetic regulation of BDNF 
gene transcription in the consolidation of fear memory. J. Neurosci.  
28, 10576–10586. 

Lv, L., Han, X., Sun, Y., Wang, X., Dong, Q., 2012. Valproic acid improves 
locomotion in vivo after SCI and axonal growth of neurons in vitro. 
Exp. Neurol. 233, 783–790. 

Lyons, M.R., Schwarz, C.M., West, A.E., 2012. Members of the myocyte 
enhancer factor 2 transcription factor family differentially regulate 
Bdnf transcription in response to neuronal depolarization. J. Neurosci.  
32, 12780–12785. 

Lyons, M.R., West, A.E., 2011. Mechanisms of specificity in neuronal activity-
regulated gene transcription. Prog. Neurobiol. 94, 259–295. 

Ma, D.K., Jang, M.-H., Guo, J.U., Kitabatake, Y., Chang, M.-L., Pow-
Anpongkul, N., Flavell, R.A., Lu, B., Ming, G.-L., Song, H., 2009. 
Neuronal activity-induced Gadd45b promotes epigenetic DNA 
demethylation and adult neurogenesis. Science 323, 1074–1077. 



 

69 

Maisonpierre, P.C., Belluscio, L., Friedman, B., Alderson, R.F., Wiegand, S.J., 
Furth, M.E., Lindsay, R.M., Yancopoulos, G.D., 1990a. NT-3, BDNF, 
and NGF in the developing rat nervous system: parallel as well as 
reciprocal patterns of expression. Neuron 5, 501–509. 

Maisonpierre, P.C., Belluscio, L., Squinto, S., Ip, N.Y., Furth, M.E., Lindsay, 
R.M., Yancopoulos, G.D., 1990b. Neurotrophin-3: a neurotrophic 
factor related to NGF and BDNF. Science 247, 1446–1451. 

Maisonpierre, P.C., Le Beau, M.M., Espinosa, R., 3rd, Ip, N.Y., Belluscio, L., 
de la Monte, S.M., Squinto, S., Furth, M.E., Yancopoulos, G.D., 1991. 
Human and rat brain-derived neurotrophic factor and neurotrophin-3: 
gene structures, distributions, and chromosomal localizations. 
Genomics 10, 558–568. 

Martinowich, K., Hattori, D., Wu, H., Fouse, S., He, F., Hu, Y., Fan, G., Sun, 
Y.E., 2003. DNA methylation-related chromatin remodeling in 
activity-dependent BDNF gene regulation. Science 302, 890–893. 

Massa, S.M., Yang, T., Xie, Y., Shi, J., Bilgen, M., Joyce, J.N., Nehama, D., 
Rajadas, J., Longo, F.M., 2010. Small molecule BDNF mimetics 
activate TrkB signaling and prevent neuronal degeneration in rodents. 
J. Clin. Invest. 120, 1774–1785. 

Matsumoto, T., Rauskolb, S., Polack, M., Klose, J., Kolbeck, R., Korte, M., 
Barde, Y.-A., 2008. Biosynthesis and processing of endogenous 
BDNF: CNS neurons store and secrete BDNF, not pro-BDNF. Nat. 
Neurosci. 11, 131–133. 

Maya Vetencourt, J.F., Sale, A., Viegi, A., Baroncelli, L., De Pasquale, R., 
O’Leary, O.F., Castrén, E., Maffei, L., 2008. The antidepressant 
fluoxetine restores plasticity in the adult visual cortex. Science 320, 
385–388. 

Maya Vetencourt, J.F., Tiraboschi, E., Spolidoro, M., Castrén, E., Maffei, L., 
2011. Serotonin triggers a transient epigenetic mechanism that 
reinstates adult visual cortex plasticity in rats. Eur. J. Neurosci. 33, 49–
57. 

Mayford, M., Siegelbaum, S.A., Kandel, E.R., 2012. Synapses and memory 
storage. Cold Spring Harb. Perspect. Biol. 4. 

McAllister, A.K., Lo, D.C., Katz, L.C., 1995. Neurotrophins regulate dendritic 
growth in developing visual cortex. Neuron 15, 791–803. 

Mellios, N., Huang, H.-S., Grigorenko, A., Rogaev, E., Akbarian, S., 2008. A 
set of differentially expressed miRNAs, including miR-30a-5p, act as 
post-transcriptional inhibitors of BDNF in prefrontal cortex. Hum. 
Mol. Genet. 17, 3030–3042. 

Messaoudi, E., Bârdsen, K., Srebro, B., Bramham, C.R., 1998. Acute 
intrahippocampal infusion of BDNF induces lasting potentiation of 
synaptic transmission in the rat dentate gyrus. J. Neurophysiol. 79, 
496–499. 



 

70 

Messaoudi, E., Kanhema, T., Soulé, J., Tiron, A., Dagyte, G., da Silva, B., 
Bramham, C.R., 2007. Sustained Arc/Arg3.1 synthesis controls long-
term potentiation consolidation through regulation of local actin 
polymerization in the dentate gyrus in vivo. J. Neurosci.  27, 10445–
10455. 

Messaoudi, E., Ying, S.-W., Kanhema, T., Croll, S.D., Bramham, C.R., 2002. 
Brain-derived neurotrophic factor triggers transcription-dependent, late 
phase long-term potentiation in vivo. J. Neurosci.  22, 7453–7461. 

Metsis, M., Timmusk, T., Arenas, E., Persson, H., 1993. Differential usage of 
multiple brain-derived neurotrophic factor promoters in the rat brain 
following neuronal activation. Proc. Natl. Acad. Sci.  90, 8802–8806. 

Mielcarek, M., Benn, C.L., Franklin, S.A., Smith, D.L., Woodman, B., Marks, 
P.A., Bates, G.P., 2011. SAHA decreases HDAC 2 and 4 levels in vivo 
and improves molecular phenotypes in the R6/2 mouse model of 
Huntington’s disease. PloS One 6, e27746. 

Miller, C.A., Sweatt, J.D., 2007. Covalent modification of DNA regulates 
memory formation. Neuron 53, 857–869. 

Ming, G. l, Lohof, A.M., Zheng, J.Q., 1997. Acute morphogenic and 
chemotropic effects of neurotrophins on cultured embryonic Xenopus 
spinal neurons. J. Neurosci.  17, 7860–7871. 

Miska, E.A., Karlsson, C., Langley, E., Nielsen, S.J., Pines, J., Kouzarides, T., 
1999. HDAC4 deacetylase associates with and represses the MEF2 
transcription factor. EMBO J. 18, 5099–5107. 

Mitsumoto, H., Ikeda, K., Klinkosz, B., Cedarbaum, J.M., Wong, V., Lindsay, 
R.M., 1994. Arrest of motor neuron disease in wobbler mice cotreated 
with CNTF and BDNF. Science 265, 1107–1110. 

Miura, P., Amirouche, A., Clow, C., Bélanger, G., Jasmin, B.J., 2012. Brain-
derived neurotrophic factor expression is repressed during myogenic 
differentiation by miR-206. J. Neurochem. 120, 230–238. 

Modarresi, F., Faghihi, M.A., Lopez-Toledano, M.A., Fatemi, R.P., Magistri, 
M., Brothers, S.P., van der Brug, M.P., Wahlestedt, C., 2012. 
Inhibition of natural antisense transcripts in vivo results in gene-
specific transcriptional upregulation. Nat. Biotechnol. 30, 453–459. 

Mogi, M., Togari, A., Kondo, T., Mizuno, Y., Komure, O., Kuno, S., Ichinose, 
H., Nagatsu, T., 1999. Brain-derived growth factor and nerve growth 
factor concentrations are decreased in the substantia nigra in 
Parkinson’s disease. Neurosci. Lett. 270, 45–48. 

Monteggia, L.M., Luikart, B., Barrot, M., Theobold, D., Malkovska, I., Nef, S., 
Parada, L.F., Nestler, E.J., 2007. Brain-derived neurotrophic factor 
conditional knockouts show gender differences in depression-related 
behaviors. Biol. Psychiatry 61, 187–197. 

Monteleone, P., Serritella, C., Martiadis, V., Maj, M., 2008. Decreased levels 
of serum brain-derived neurotrophic factor in both depressed and 



 

71 

euthymic patients with unipolar depression and in euthymic patients 
with bipolar I and II disorders. Bipolar Disord. 10, 95–100. 

Mowla, S.J., Farhadi, H.F., Pareek, S., Atwal, J.K., Morris, S.J., Seidah, N.G., 
Murphy, R.A., 2001. Biosynthesis and post-translational processing of 
the precursor to brain-derived neurotrophic factor. J. Biol. Chem. 276, 
12660–12666. 

Mowla, S.J., Pareek, S., Farhadi, H.F., Petrecca, K., Fawcett, J.P., Seidah, 
N.G., Morris, S.J., Sossin, W.S., Murphy, R.A., 1999. Differential 
sorting of nerve growth factor and brain-derived neurotrophic factor in 
hippocampal neurons. J. Neurosci.  19, 2069–2080. 

Muiños-Gimeno, M., Espinosa-Parrilla, Y., Guidi, M., Kagerbauer, B., Sipilä, 
T., Maron, E., Pettai, K., Kananen, L., Navinés, R., Martín-Santos, R., 
Gratacòs, M., Metspalu, A., Hovatta, I., Estivill, X., 2011. Human 
microRNAs miR-22, miR-138-2, miR-148a, and miR-488 are 
associated with panic disorder and regulate several anxiety candidate 
genes and related pathways. Biol. Psychiatry 69, 526–533. 

Nagahara, A.H., Merrill, D.A., Coppola, G., Tsukada, S., Schroeder, B.E., 
Shaked, G.M., Wang, L., Blesch, A., Kim, A., Conner, J.M., 
Rockenstein, E., Chao, M.V., Koo, E.H., Geschwind, D., Masliah, E., 
Chiba, A.A., Tuszynski, M.H., 2009. Neuroprotective effects of brain-
derived neurotrophic factor in rodent and primate models of 
Alzheimer’s disease. Nat. Med. 15, 331–337. 

Nagahara, A.H., Tuszynski, M.H., 2011. Potential therapeutic uses of BDNF in 
neurological and psychiatric disorders. Nat. Rev. Drug Discov. 10, 
209–219. 

Nakahashi, T., Fujimura, H., Altar, C.A., Li, J., Kambayashi, J., Tandon, N.N., 
Sun, B., 2000. Vascular endothelial cells synthesize and secrete brain-
derived neurotrophic factor. FEBS Lett. 470, 113–117. 

Nebbioso, A., Manzo, F., Miceli, M., Conte, M., Manente, L., Baldi, A., De 
Luca, A., Rotili, D., Valente, S., Mai, A., Usiello, A., Gronemeyer, H., 
Altucci, L., 2009. Selective class II HDAC inhibitors impair 
myogenesis by modulating the stability and activity of HDAC-MEF2 
complexes. EMBO Rep. 10, 776–782. 

Nelson, E.D., Kavalali, E.T., Monteggia, L.M., 2008. Activity-dependent 
suppression of miniature neurotransmission through the regulation of 
DNA methylation. J. Neurosci.  28, 395–406. 

Nestler, E.J., 2005. Is there a common molecular pathway for addiction? Nat. 
Neurosci. 8, 1445–1449. 

Neves-Pereira, M., Mundo, E., Muglia, P., King, N., Macciardi, F., Kennedy, 
J.L., 2002. The brain-derived neurotrophic factor gene confers 
susceptibility to bipolar disorder: evidence from a family-based 
association study. Am. J. Hum. Genet. 71, 651–655. 

Nikoletopoulou, V., Lickert, H., Frade, J.M., Rencurel, C., Giallonardo, P., 
Zhang, L., Bibel, M., Barde, Y.-A., 2010. Neurotrophin receptors TrkA 



 

72 

and TrkC cause neuronal death whereas TrkB does not. Nature 467, 
59–63. 

O’Leary, P.D., Hughes, R.A., 2003. Design of potent peptide mimetics of 
brain-derived neurotrophic factor. J. Biol. Chem. 278, 25738–25744. 

Ochs, G., Penn, R.D., York, M., Giess, R., Beck, M., Tonn, J., Haigh, J., Malta, 
E., Traub, M., Sendtner, M., Toyka, K.V., 2000. A phase I/II trial of 
recombinant methionyl human brain derived neurotrophic factor 
administered by intrathecal infusion to patients with amyotrophic 
lateral sclerosis. Amyotroph. Lateral Scler. Mot. Neuron Disord. Off. 
Publ. World Fed. Neurol. Res. Group Mot. Neuron Dis. 1, 201–206. 

Ogier, M., Wang, H., Hong, E., Wang, Q., Greenberg, M.E., Katz, D.M., 2007. 
Brain-derived neurotrophic factor expression and respiratory function 
improve after ampakine treatment in a mouse model of Rett syndrome. 
J. Neurosci.  27, 10912–10917. 

Onishchenko, N., Karpova, N., Sabri, F., Castrén, E., Ceccatelli, S., 2008. 
Long-lasting depression-like behavior and epigenetic changes of 
BDNF gene expression induced by perinatal exposure to 
methylmercury. J. Neurochem. 106, 1378–1387. 

Ooi, S.K.T., Bestor, T.H., 2008. The colorful history of active DNA 
demethylation. Cell 133, 1145–1148. 

Pandey, G.N., Ren, X., Rizavi, H.S., Conley, R.R., Roberts, R.C., Dwivedi, Y., 
2008. Brain-derived neurotrophic factor and tyrosine kinase B receptor 
signalling in post-mortem brain of teenage suicide victims. Int. J. 
Neuropsychopharmacol. Off. Sci. J. Coll. Int. Neuropsychopharmacol. 
CINP 11, 1047–1061. 

Pang, P.T., Teng, H.K., Zaitsev, E., Woo, N.T., Sakata, K., Zhen, S., Teng, 
K.K., Yung, W.-H., Hempstead, B.L., Lu, B., 2004. Cleavage of 
proBDNF by tPA/plasmin is essential for long-term hippocampal 
plasticity. Science 306, 487–491. 

Panja, D., Bramham, C.R., 2013. BDNF mechanisms in late LTP formation: A 
synthesis and breakdown. Neuropharmacology. 

Parain, K., Murer, M.G., Yan, Q., Faucheux, B., Agid, Y., Hirsch, E., Raisman-
Vozari, R., 1999. Reduced expression of brain-derived neurotrophic 
factor protein in Parkinson’s disease substantia nigra. Neuroreport 10, 
557–561. 

Park, H., Poo, M., 2013. Neurotrophin regulation of neural circuit development 
and function. Nat. Rev. Neurosci. 14, 7–23. 

Patterson, S.L., Abel, T., Deuel, T.A., Martin, K.C., Rose, J.C., Kandel, E.R., 
1996. Recombinant BDNF rescues deficits in basal synaptic 
transmission and hippocampal LTP in BDNF knockout mice. Neuron 
16, 1137–1145. 

Patterson, S.L., Grover, L.M., Schwartzkroin, P.A., Bothwell, M., 1992. 
Neurotrophin expression in rat hippocampal slices: a stimulus 



 

73 

paradigm inducing LTP in CA1 evokes increases in BDNF and NT-3 
mRNAs. Neuron 9, 1081–1088. 

Pelleymounter, M.A., Cullen, M.J., Wellman, C.L., 1995. Characteristics of 
BDNF-induced weight loss. Exp. Neurol. 131, 229–238. 

Perroud, N., Salzmann, A., Prada, P., Nicastro, R., Hoeppli, M.E., Furrer, S., 
Ardu, S., Krejci, I., Karege, F., Malafosse, A., 2013. Response to 
psychotherapy in borderline personality disorder and methylation 
status of the BDNF gene. Transl. Psychiatry 3, e207. 

Phiel, C.J., Zhang, F., Huang, E.Y., Guenther, M.G., Lazar, M.A., Klein, P.S., 
2001. Histone deacetylase is a direct target of valproic acid, a potent 
anticonvulsant, mood stabilizer, and teratogen. J. Biol. Chem. 276, 
36734–36741. 

Phillips, H.S., Hains, J.M., Armanini, M., Laramee, G.R., Johnson, S.A., 
Winslow, J.W., 1991. BDNF mRNA is decreased in the hippocampus 
of individuals with Alzheimer’s disease. Neuron 7, 695–702. 

Poo, M.M., 2001. Neurotrophins as synaptic modulators. Nat. Rev. Neurosci. 
2, 24–32. 

Porritt, M.J., Batchelor, P.E., Howells, D.W., 2005. Inhibiting BDNF 
expression by antisense oligonucleotide infusion causes loss of nigral 
dopaminergic neurons. Exp. Neurol. 192, 226–234. 

Pozzo-Miller, L.D., Gottschalk, W., Zhang, L., McDermott, K., Du, J., 
Gopalakrishnan, R., Oho, C., Sheng, Z.H., Lu, B., 1999. Impairments 
in high-frequency transmission, synaptic vesicle docking, and synaptic 
protein distribution in the hippocampus of BDNF knockout mice. J. 
Neurosci.  19, 4972–4983. 

Price, R.B., Nock, M.K., Charney, D.S., Mathew, S.J., 2009. Effects of 
intravenous ketamine on explicit and implicit measures of suicidality in 
treatment-resistant depression. Biol. Psychiatry 66, 522–526. 

Pruunsild, P., Kazantseva, A., Aid, T., Palm, K., Timmusk, T., 2007. 
Dissecting the human BDNF locus: bidirectional transcription, 
complex splicing, and multiple promoters. Genomics 90, 397–406. 

Pruunsild, P., Sepp, M., Orav, E., Koppel, I., Timmusk, T., 2011. Identification 
of cis-elements and transcription factors regulating neuronal activity-
dependent transcription of human BDNF gene. J. Neurosci.  31, 3295–
3308. 

Rao, J.S., Keleshian, V.L., Klein, S., Rapoport, S.I., 2012. Epigenetic 
modifications in frontal cortex from Alzheimer’s disease and bipolar 
disorder patients. Transl. Psychiatry 2, e132. 

Rauskolb, S., Zagrebelsky, M., Dreznjak, A., Deogracias, R., Matsumoto, T., 
Wiese, S., Erne, B., Sendtner, M., Schaeren-Wiemers, N., Korte, M., 
Barde, Y.-A., 2010. Global deprivation of brain-derived neurotrophic 
factor in the CNS reveals an area-specific requirement for dendritic 
growth. J. Neurosci.  30, 1739–1749. 



 

74 

Reichardt, L.F., 2006. Neurotrophin-regulated signalling pathways. Philos. 
Trans. R. Soc. Lond. B. Biol. Sci. 361, 1545–1564. 

Rex, C.S., Lauterborn, J.C., Lin, C.-Y., Kramár, E.A., Rogers, G.A., Gall, 
C.M., Lynch, G., 2006. Restoration of long-term potentiation in 
middle-aged hippocampus after induction of brain-derived 
neurotrophic factor. J. Neurophysiol. 96, 677–685. 

Righi, M., Tongiorgi, E., Cattaneo, A., 2000. Brain-derived neurotrophic factor 
(BDNF) induces dendritic targeting of BDNF and tyrosine kinase B 
mRNAs in hippocampal neurons through a phosphatidylinositol-3 
kinase-dependent pathway. J. Neurosci.  20, 3165–3174. 

Rios, M., 2013. BDNF and the central control of feeding: accidental bystander 
or essential player? Trends Neurosci. 36, 83–90. 

Rios, M., Fan, G., Fekete, C., Kelly, J., Bates, B., Kuehn, R., Lechan, R.M., 
Jaenisch, R., 2001. Conditional deletion of brain-derived neurotrophic 
factor in the postnatal brain leads to obesity and hyperactivity. Mol. 
Endocrinol. Baltim. Md 15, 1748–1757. 

Rodriguez-Tébar, A., Jeffrey, P.L., Thoenen, H., Barde, Y.A., 1989. The 
survival of chick retinal ganglion cells in response to brain-derived 
neurotrophic factor depends on their embryonic age. Dev. Biol. 136, 
296–303. 

Ross, C.A., Tabrizi, S.J., 2011. Huntington’s disease: from molecular 
pathogenesis to clinical treatment. Lancet Neurol. 10, 83–98. 

Roth, T.L., Lubin, F.D., Funk, A.J., Sweatt, J.D., 2009. Lasting epigenetic 
influence of early-life adversity on the BDNF gene. Biol. Psychiatry 
65, 760–769. 

Roth, T.L., Zoladz, P.R., Sweatt, J.D., Diamond, D.M., 2011. Epigenetic 
modification of hippocampal Bdnf DNA in adult rats in an animal 
model of post-traumatic stress disorder. J. Psychiatr. Res. 45, 919–926. 

Russo, S.J., Mazei-Robison, M.S., Ables, J.L., Nestler, E.J., 2009. 
Neurotrophic factors and structural plasticity in addiction. 
Neuropharmacology 56 Suppl 1, 73–82. 

Sadri-Vakili, G., Kumaresan, V., Schmidt, H.D., Famous, K.R., Chawla, P., 
Vassoler, F.M., Overland, R.P., Xia, E., Bass, C.E., Terwilliger, E.F., 
Pierce, R.C., Cha, J.-H.J., 2010. Cocaine-induced chromatin 
remodeling increases brain-derived neurotrophic factor transcription in 
the rat medial prefrontal cortex, which alters the reinforcing efficacy of 
cocaine. J. Neurosci.  30, 11735–11744. 

Sakata, K., Woo, N.H., Martinowich, K., Greene, J.S., Schloesser, R.J., Shen, 
L., Lu, B., 2009. Critical role of promoter IV-driven BDNF 
transcription in GABAergic transmission and synaptic plasticity in the 
prefrontal cortex. Proc. Natl. Acad. Sci.  106, 5942–5947. 

Sando, R., 3rd, Gounko, N., Pieraut, S., Liao, L., Yates, J., 3rd, Maximov, A., 
2012. HDAC4 governs a transcriptional program essential for synaptic 
plasticity and memory. Cell 151, 821–834. 



 

75 

Scarisbrick, I.A., Jones, E.G., Isackson, P.J., 1993. Coexpression of mRNAs 
for NGF, BDNF, and NT-3 in the cardiovascular system of the pre- and 
postnatal rat. J. Neurosci.  13, 875–893. 

Schlumm, F., Mauceri, D., Freitag, H.E., Bading, H., 2013. Nuclear calcium 
signaling regulates nuclear export of a subset of class IIa histone 
deacetylases following synaptic activity. J. Biol. Chem. 

Schmidt, H.D., Sangrey, G.R., Darnell, S.B., Schassburger, R.L., Cha, J.-H.J., 
Pierce, R.C., Sadri-Vakili, G., 2012. Increased brain-derived 
neurotrophic factor (BDNF) expression in the ventral tegmental area 
during cocaine abstinence is associated with increased histone 
acetylation at BDNF exon I-containing promoters. J. Neurochem. 120, 
202–209. 

Schratt, G.M., Nigh, E.A., Chen, W.G., Hu, L., Greenberg, M.E., 2004. BDNF 
regulates the translation of a select group of mRNAs by a mammalian 
target of rapamycin-phosphatidylinositol 3-kinase-dependent pathway 
during neuronal development. J. Neurosci.  24, 7366–7377. 

Schwartz, P.M., Borghesani, P.R., Levy, R.L., Pomeroy, S.L., Segal, R.A., 
1997. Abnormal cerebellar development and foliation in BDNF-/- mice 
reveals a role for neurotrophins in CNS patterning. Neuron 19, 269–
281. 

Segal, R.A., Takahashi, H., McKay, R.D., 1992. Changes in neurotrophin 
responsiveness during the development of cerebellar granule neurons. 
Neuron 9, 1041–1052. 

Sen, S., Duman, R., Sanacora, G., 2008. Serum brain-derived neurotrophic 
factor, depression, and antidepressant medications: meta-analyses and 
implications. Biol. Psychiatry 64, 527–532. 

Sendtner, M., Holtmann, B., Kolbeck, R., Thoenen, H., Barde, Y.A., 1992. 
Brain-derived neurotrophic factor prevents the death of motoneurons in 
newborn rats after nerve section. Nature 360, 757–759. 

Sheng, M., McFadden, G., Greenberg, M.E., 1990. Membrane depolarization 
and calcium induce c-fos transcription via phosphorylation of 
transcription factor CREB. Neuron 4, 571–582. 

Shepherd, J.D., Bear, M.F., 2011. New views of Arc, a master regulator of 
synaptic plasticity. Nat. Neurosci. 14, 279–284. 

Shieh, P.B., Hu, S.C., Bobb, K., Timmusk, T., Ghosh, A., 1998. Identification 
of a signaling pathway involved in calcium regulation of BDNF 
expression. Neuron 20, 727–740. 

Simmons, D.A., Rex, C.S., Palmer, L., Pandyarajan, V., Fedulov, V., Gall, 
C.M., Lynch, G., 2009. Up-regulating BDNF with an ampakine rescues 
synaptic plasticity and memory in Huntington’s disease knockin mice. 
Proc. Natl. Acad. Sci.  106, 4906–4911. 

Song, H.J., Ming, G.L., Poo, M.M., 1997. cAMP-induced switching in turning 
direction of nerve growth cones. Nature 388, 275–279. 



 

76 

Southwell, D.G., Paredes, M.F., Galvao, R.P., Jones, D.L., Froemke, R.C., 
Sebe, J.Y., Alfaro-Cervello, C., Tang, Y., Garcia-Verdugo, J.M., 
Rubenstein, J.L., Baraban, S.C., Alvarez-Buylla, A., 2012. Intrinsically 
determined cell death of developing cortical interneurons. Nature 491, 
109–113. 

Speliotes, E.K., Willer, C.J., Berndt, S.I., Monda, K.L., Thorleifsson, G., et al., 
2010. Association analyses of 249,796 individuals reveal 18 new loci 
associated with body mass index. Nat. Genet. 42, 937–948. 

Sugo, N., Oshiro, H., Takemura, M., Kobayashi, T., Kohno, Y., Uesaka, N., 
Song, W.-J., Yamamoto, N., 2010. Nucleocytoplasmic translocation of 
HDAC9 regulates gene expression and dendritic growth in developing 
cortical neurons. Eur. J. Neurosci. 31, 1521–1532. 

Sui, L., Wang, Y., Ju, L.-H., Chen, M., 2012. Epigenetic regulation of reelin 
and brain-derived neurotrophic factor genes in long-term potentiation 
in rat medial prefrontal cortex. Neurobiol. Learn. Mem. 97, 425–440. 

Tabuchi, A., Sakaya, H., Kisukeda, T., Fushiki, H., Tsuda, M., 2002. 
Involvement of an upstream stimulatory factor as well as cAMP-
responsive element-binding protein in the activation of brain-derived 
neurotrophic factor gene promoter I. J. Biol. Chem. 277, 35920–35931. 

Tahiliani, M., Koh, K.P., Shen, Y., Pastor, W.A., Bandukwala, H., Brudno, Y., 
Agarwal, S., Iyer, L.M., Liu, D.R., Aravind, L., Rao, A., 2009. 
Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in 
mammalian DNA by MLL partner TET1. Science 324, 930–935. 

Takei, N., Kawamura, M., Hara, K., Yonezawa, K., Nawa, H., 2001. Brain-
derived neurotrophic factor enhances neuronal translation by activating 
multiple initiation processes: comparison with the effects of insulin. J. 
Biol. Chem. 276, 42818–42825. 

Tao, X., Finkbeiner, S., Arnold, D.B., Shaywitz, A.J., Greenberg, M.E., 1998. 
Ca2+ influx regulates BDNF transcription by a CREB family 
transcription factor-dependent mechanism. Neuron 20, 709–726. 

Tao, X., West, A.E., Chen, W.G., Corfas, G., Greenberg, M.E., 2002. A 
calcium-responsive transcription factor, CaRF, that regulates neuronal 
activity-dependent expression of BDNF. Neuron 33, 383–395. 

Teng, H.K., Teng, K.K., Lee, R., Wright, S., Tevar, S., Almeida, R.D., 
Kermani, P., Torkin, R., Chen, Z.-Y., Lee, F.S., Kraemer, R.T., 
Nykjaer, A., Hempstead, B.L., 2005. ProBDNF induces neuronal 
apoptosis via activation of a receptor complex of p75NTR and sortilin. 
J. Neurosci.  25, 5455–5463. 

The BDNF Study Group (Phase III) [no authors listed],1999. A controlled trial 
of recombinant methionyl human BDNF in ALS.Neurology 52, 1427–
1433. 

Thorleifsson, G., Walters, G.B., Gudbjartsson, D.F., Steinthorsdottir, V., 
Sulem, P., Helgadottir, A., Styrkarsdottir, U., Gretarsdottir, S., 
Thorlacius, S., Jonsdottir, I., Jonsdottir, T., Olafsdottir, E.J., 



 

77 

Olafsdottir, G.H., Jonsson, T., Jonsson, F., Borch-Johnsen, K., Hansen, 
T., Andersen, G., Jorgensen, T., Lauritzen, T., Aben, K.K., Verbeek, 
A.L.M., Roeleveld, N., Kampman, E., Yanek, L.R., Becker, L.C., 
Tryggvadottir, L., Rafnar, T., Becker, D.M., Gulcher, J., Kiemeney, 
L.A., Pedersen, O., Kong, A., Thorsteinsdottir, U., Stefansson, K., 
2009. Genome-wide association yields new sequence variants at seven 
loci that associate with measures of obesity. Nat. Genet. 41, 18–24. 

Tian, F., Hu, X.-Z., Wu, X., Jiang, H., Pan, H., Marini, A.M., Lipsky, R.H., 
2009. Dynamic chromatin remodeling events in hippocampal neurons 
are associated with NMDA receptor-mediated activation of Bdnf gene 
promoter 1. J. Neurochem. 109, 1375–1388. 

Timmusk, T., Belluardo, N., Persson, H., Metsis, M., 1994a. Developmental 
regulation of brain-derived neurotrophic factor messenger RNAs 
transcribed from different promoters in the rat brain. Neuroscience 60, 
287–291. 

Timmusk, T., Lendahl, U., Funakoshi, H., Arenas, E., Persson, H., Metsis, M., 
1995. Identification of brain-derived neurotrophic factor promoter 
regions mediating tissue-specific, axotomy-, and neuronal activity-
induced expression in transgenic mice. J. Cell Biol. 128, 185–199. 

Timmusk, T., Palm, K., Lendahl, U., Metsis, M., 1999. Brain-derived 
neurotrophic factor expression in vivo is under the control of neuron-
restrictive silencer element. J. Biol. Chem. 274, 1078–1084. 

Timmusk, T., Palm, K., Metsis, M., Reintam, T., Paalme, V., Saarma, M., 
Persson, H., 1993. Multiple promoters direct tissue-specific expression 
of the rat BDNF gene. Neuron 10, 475–489. 

Timmusk, T., Persson, H., Metsis, M., 1994b. Analysis of transcriptional 
initiation and translatability of brain-derived neurotrophic factor 
mRNAs in the rat brain. Neurosci. Lett. 177, 27–31. 

Tongiorgi, E., 2008. Activity-dependent expression of brain-derived 
neurotrophic factor in dendrites: facts and open questions. Neurosci. 
Res. 61, 335–346. 

Tongiorgi, E., Armellin, M., Giulianini, P.G., Bregola, G., Zucchini, S., 
Paradiso, B., Steward, O., Cattaneo, A., Simonato, M., 2004. Brain-
derived neurotrophic factor mRNA and protein are targeted to discrete 
dendritic laminas by events that trigger epileptogenesis. J. Neurosci.  
24, 6842–6852. 

Tongiorgi, E., Righi, M., Cattaneo, A., 1997. Activity-dependent dendritic 
targeting of BDNF and TrkB mRNAs in hippocampal neurons. J. 
Neurosci.  17, 9492–9505. 

Tsankova, N.M., Berton, O., Renthal, W., Kumar, A., Neve, R.L., Nestler, E.J., 
2006. Sustained hippocampal chromatin regulation in a mouse model 
of depression and antidepressant action. Nat. Neurosci. 9, 519–525. 



 

78 

Tsankova, N.M., Kumar, A., Nestler, E.J., 2004. Histone modifications at gene 
promoter regions in rat hippocampus after acute and chronic 
electroconvulsive seizures. J. Neurosci.  24, 5603–5610. 

Tucker, K.L., Meyer, M., Barde, Y.A., 2001. Neurotrophins are required for 
nerve growth during development. Nat. Neurosci. 4, 29–37. 

Unger, T.J., Calderon, G.A., Bradley, L.C., Sena-Esteves, M., Rios, M., 2007. 
Selective deletion of Bdnf in the ventromedial and dorsomedial 
hypothalamus of adult mice results in hyperphagic behavior and 
obesity. J. Neurosci.  27, 14265–14274. 

Vaka, S.R.K., Murthy, S.N., Balaji, A., Repka, M.A., 2012. Delivery of brain-
derived neurotrophic factor via nose-to-brain pathway. Pharm. Res. 29, 
441–447. 

Vanelderen, P., Rouwette, T., Kozicz, T., Roubos, E., Van Zundert, J., Heylen, 
R., Vissers, K., 2010. The role of brain-derived neurotrophic factor in 
different animal models of neuropathic pain. Eur. J. Pain Lond.  14, 
473.e1–9. 

Vassoler, F.M., White, S.L., Schmidt, H.D., Sadri-Vakili, G., Pierce, R.C., 
2013. Epigenetic inheritance of a cocaine-resistance phenotype. Nat. 
Neurosci. 16, 42–47. 

Verpelli, C., Piccoli, G., Zibetti, C., Zanchi, A., Gardoni, F., Huang, K., 
Brambilla, D., Di Luca, M., Battaglioli, E., Sala, C., 2010. Synaptic 
activity controls dendritic spine morphology by modulating eEF2-
dependent BDNF synthesis. J. Neurosci.  30, 5830–5842. 

Wang, A.H., Bertos, N.R., Vezmar, M., Pelletier, N., Crosato, M., Heng, H.H., 
Th’ng, J., Han, J., Yang, X.J., 1999. HDAC4, a human histone 
deacetylase related to yeast HDA1, is a transcriptional corepressor. 
Mol. Cell. Biol. 19, 7816–7827. 

Wang, L., Lv, Z., Hu, Z., Sheng, J., Hui, B., Sun, J., Ma, L., 2010. Chronic 
cocaine-induced H3 acetylation and transcriptional activation of 
CaMKIIalpha in the nucleus accumbens is critical for motivation for 
drug reinforcement. Neuropsychopharmacol. Off. Publ. Am. Coll. 
Neuropsychopharmacol. 35, 913–928. 

Wellmer, A., Misra, V.P., Sharief, M.K., Kopelman, P.G., Anand, P., 2001. A 
double-blind placebo-controlled clinical trial of recombinant human 
brain-derived neurotrophic factor (rhBDNF) in diabetic 
polyneuropathy. J. Peripher. Nerv. Syst. JPNS 6, 204–210. 

Woo, N.H., Teng, H.K., Siao, C.-J., Chiaruttini, C., Pang, P.T., Milner, T.A., 
Hempstead, B.L., Lu, B., 2005. Activation of p75NTR by proBDNF 
facilitates hippocampal long-term depression. Nat. Neurosci. 8, 1069–
1077. 

Wu, S.C., Zhang, Y., 2010. Active DNA demethylation: many roads lead to 
Rome. Nat. Rev. Mol. Cell Biol. 11, 607–620. 

Yamamoto, H., Gurney, M.E., 1990. Human platelets contain brain-derived 
neurotrophic factor. J. Neurosci.  10, 3469–3478. 



 

79 

Yamamoto, M., Sobue, G., Yamamoto, K., Terao, S., Mitsuma, T., 1996. 
Expression of mRNAs for neurotrophic factors (NGF, BDNF, NT-3, 
and GDNF) and their receptors (p75NGFR, trkA, trkB, and trkC) in the 
adult human peripheral nervous system and nonneural tissues. 
Neurochem. Res. 21, 929–938. 

Yang, J., Siao, C.-J., Nagappan, G., Marinic, T., Jing, D., McGrath, K., Chen, 
Z.-Y., Mark, W., Tessarollo, L., Lee, F.S., Lu, B., Hempstead, B.L., 
2009. Neuronal release of proBDNF. Nat. Neurosci. 12, 113–115. 

Yasuda, S., Liang, M.-H., Marinova, Z., Yahyavi, A., Chuang, D.-M., 2009. 
The mood stabilizers lithium and valproate selectively activate the 
promoter IV of brain-derived neurotrophic factor in neurons. Mol. 
Psychiatry 14, 51–59. 

Yin, Y., Edelman, G.M., Vanderklish, P.W., 2002. The brain-derived 
neurotrophic factor enhances synthesis of Arc in synaptoneurosomes. 
Proc. Natl. Acad. Sci.  99, 2368–2373. 

Ying, S.-W., Futter, M., Rosenblum, K., Webber, M.J., Hunt, S.P., Bliss, 
T.V.P., Bramham, C.R., 2002. Brain-derived neurotrophic factor 
induces long-term potentiation in intact adult hippocampus: 
requirement for ERK activation coupled to CREB and upregulation of 
Arc synthesis. J. Neurosci.  22, 1532–1540. 

Zafra, F., Castrén, E., Thoenen, H., Lindholm, D., 1991. Interplay between 
glutamate and gamma-aminobutyric acid transmitter systems in the 
physiological regulation of brain-derived neurotrophic factor and nerve 
growth factor synthesis in hippocampal neurons. Proc. Natl. Acad. Sci.  
88, 10037–10041. 

Zafra, F., Hengerer, B., Leibrock, J., Thoenen, H., Lindholm, D., 1990. 
Activity dependent regulation of BDNF and NGF mRNAs in the rat 
hippocampus is mediated by non-NMDA glutamate receptors. EMBO 
J. 9, 3545–3550. 

Zafra, F., Lindholm, D., Castrén, E., Hartikka, J., Thoenen, H., 1992. 
Regulation of brain-derived neurotrophic factor and nerve growth 
factor mRNA in primary cultures of hippocampal neurons and 
astrocytes. J. Neurosci.  12, 4793–4799. 

Zarate, C.A., Jr, Singh, J.B., Carlson, P.J., Brutsche, N.E., Ameli, R., 
Luckenbaugh, D.A., Charney, D.S., Manji, H.K., 2006. A randomized 
trial of an N-methyl-D-aspartate antagonist in treatment-resistant major 
depression. Arch. Gen. Psychiatry 63, 856–864. 

Zeng, Y., Tan, M., Kohyama, J., Sneddon, M., Watson, J.B., Sun, Y.E., Xie, 
C.-W., 2011. Epigenetic enhancement of BDNF signaling rescues 
synaptic plasticity in aging. J. Neurosci.  31, 17800–17810. 

Zhou, Z., Hong, E.J., Cohen, S., Zhao, W.-N., Ho, H.-Y.H., Schmidt, L., Chen, 
W.G., Lin, Y., Savner, E., Griffith, E.C., Hu, L., Steen, J.A.J., Weitz, 
C.J., Greenberg, M.E., 2006. Brain-specific phosphorylation of MeCP2 



 

80 

regulates activity-dependent Bdnf transcription, dendritic growth, and 
spine maturation. Neuron 52, 255–269. 

Zovkic, I.B., Guzman-Karlsson, M.C., Sweatt, J.D., 2013. Epigenetic 
regulation of memory formation and maintenance. Learn. Mem. Cold 
Spring Harb. N 20, 61–74. 

Zuccato, C., Cattaneo, E., 2009. Brain-derived neurotrophic factor in 
neurodegenerative diseases. Nat. Rev. Neurol. 5, 311–322. 

Zuccato, C., Ciammola, A., Rigamonti, D., Leavitt, B.R., Goffredo, D., Conti, 
L., MacDonald, M.E., Friedlander, R.M., Silani, V., Hayden, M.R., 
Timmusk, T., Sipione, S., Cattaneo, E., 2001. Loss of huntingtin-
mediated BDNF gene transcription in Huntington’s disease. Science 
293, 493–498. 

Zuccato, C., Tartari, M., Crotti, A., Goffredo, D., Valenza, M., Conti, L., 
Cataudella, T., Leavitt, B.R., Hayden, M.R., Timmusk, T., Rigamonti, 
D., Cattaneo, E., 2003. Huntingtin interacts with REST/NRSF to 
modulate the transcription of NRSE-controlled neuronal genes. Nat. 
Genet. 35, 76–83. 

 

  



 

81 

APPENDIX 1 
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APPENDIX 1: continued 

Appendix 1. Effects of chromatin modifying drugs on BDNF mRNA expression in cultured rat 
primary neurons. Rat primary cortical neurons were treated at 6 days in vitro with indicated 
compounds or 0,1% DMSO (concentration 0) and BDNF mRNA was analyzed by qRT-PCR  
(n=1, these data represent means of qPCR triplicates; normalized to RNA amount used for cDNA 
synthesis). * working name for the compound, structure undisclosed. 
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APPENDIX 2 

 
Supplementary methods 
 
1. Endothelial cell culture 
  
Cardiac microvascular endothelial cells (CMEC) were isolated from neonatal 
hearts using a method based on their adherence to the surface of cell culture 
dishes (Kasten, 1972; Lee and Wu, 1999). Sprague-Dawley rats were killed on 
postnatal day 3 by decapitation and heart ventricles were dissected. 6-8 
ventricles were minced into ~1-2 mm3 pieces and dissociated in four successive 
10 min incubation steps with 2 ml trypsin (0,25% trypsin, 1 mM EDTA) at 
37°C. The supernatant of the first fraction was discarded, three following 
fractions were combined and cells were pelleted by 1 min centrifugation at 
200g. Cells were suspended in DMEM  (PAA laboratories) and allowed to 
adhere to a 100 mm cell culture dish for 1,5h. The culture medium was 
removed and washed with warm HBSS buffer to remove non-adherent cells. 
Cells were grown in DMEM supplemented with 10% fetal bovine serum, 100 
U/ml penicillin (PAA) and 0,1 mg/ml streptomycin (PAA) and split 1:3 when 
70-80% confluent. For immunocytochemistry, confluent cells were fixed 
directly in the wells of 48-well cell culture dish (15 min with 4% formaldehyde 
at room temperature), blocked with 2% BSA and stained with biotinylated 
Bandeiraea simplicifolia isolectin B4 (1:100, Vector Labs) and streptavidin-
conjugated AlexaFluor488 (Life Technologies).   
 

2. DNA methylation analysis  
 
Genomic DNA was isolated from rat cortical neurons grown in 6-well dishes at 
6 DIV with DNeasy Blood & Tissue kit (Qiagen) and eluted from purification 
columns with 200 µl AE buffer.  Bisulfite treatment of genomic DNA was 
performed to convert unmethylated cytosines to uracils using Epitect Bisulfite 
Kit (Qiagen) following manufacturer's instructions. 300 ng of DNA was used 
for one reaction. After purification, bisulfite-treated DNA was eluted with 20 
µl buffer EB. BDNF promoter IV sequence was amplified from bisulfite-
converted DNA using a two-step PCR using following conditions: PCR I: 
reaction volume 20 ul, 2,5 mM MgCl2, 2,5 µM primer F1 5'- AGTTT 
GTTAGGATTGGAAGTGGAAATGT-3', 2,5 µM primer R1 5'- AATAACC 
AATATATACTCCTATTCTTCAAC-3', 2,5 U FirePol Taq polymerase in 
matching buffer (Solis Biodyne, Estonia); cycling conditions:  95°C for 3 min, 
40 cycles of 95°C for 30 s,  50°C  for 45 sec, 72°C for 45 sec, followed by final 
elongation at 72 °C for 10 min. 1 µl of PCR I reaction product was used as a  
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APPENDIX 2: continued 

 
template in PCR II: reaction volume 20 ul, 3,0 mM MgCl2, 2,5 µM primer F2 
5'- F2 GAAATGTTTATAAAGTATGTAATGTT TTGG -3', 2,5 µM primer 
R2 5'- TTACATAACAAAAATAATACTCAC ACACC -3'  and  2,5 U FirePol 
Taq polymerase in matching reaction buffer (Solis Biodyne, Estonia); cycling 
conditions:  95°C for 3 min, 25 cycles of 95°C for 30 s,  55°C  for 45 sec, 72°C 
for 45 sec, followed by final elongation at 72 °C for 10 min. PCR products 
were purified from agarose gel using UltraClean 15 DNA Purification Kit 
(Mobio), cloned into pTZ57R/T vector and analyzed by sequencing. Cytosines 
in CpG  dinucleotides that where resistant to C →U conversion were identified 
as methylated nucleotides. Conversion efficiency at non-CpG sites was >95%.  
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�������,�	�(!&�������	��	�rgK\�-)�����	����������
)������,	���,������	����� &(&�# ��o"�#��"4*��
����,����
�����<�
rgK\�:$&��2�����8���������2�:��9�:����������������))���
��4!7D��,�������	���������3��2��������
�	��	�����
���	�rgK\�����,��)��	�����3�����	���)����������	�����3�9�������
����������C��	�������mm*+�!	�����)	���,��2���	��
���rgK\�:$&�����
�,�
�� &(&�# ��o"��
#��"4*�����������
���������
"/#�	������������3,	�,�������	��	���,������3rgK\�:$&����������������	���?�3��&+��
�	���,������3�,�������
���	�����2����� &(&��
# ��o"�?�3��>��+�$���	������������
�	������ &(&��
# ��o"��
����#��"4*����
	�)����������
���
xyz{xy|}~�~���}~�~��� xyz{xy|}~�~���}~�~�������������{������������������ ���������{�������������������������������� ����� �xzx ��|��� ���� }~��y�� ���� �xzx ��|��� ������ }~��y�� ����x � �xyz{xy|}~�~���}~�~���

��~���� ��~���� z����{� � �
�� R¡R%���,��	�#��"4*���������	����	�����
��������,�������	���,������
����	����
(%;�m�,�����¢£¤¥¦9���������,	���,������	������������
��4!7D���#��"4*�"/#+	�����!# 0�	���
�,���
�������
�,�������
���	����&,(�+��
�,�������
��������&,��������+��2������������<�
��p��������	���	����������������
���	�
��3,	���	��?	�8�����5,���	��������
�)��
����-)��������+�&,(���
&,����������2��������	�����<�
����	������������2�����
����-)�����
���������	�������2��	!# 0�������
,	���	�����
�,���
����
	���
����+�¢§¤̈¦p��������	���������	�)����������	��������
�	������ &(&�# ��o"�����,������"/#+	�!# 0C�K©�+¢ª¤�¦p��������	���������	�(%;�m�,����������
�	��������
�,���
������	������"/#+	�!# 0C�K©�+ �������,������3��5,�������,��������2��	!# 0�������
,	���	�����
��	��
����������1�«h¬���"�««h¬���������'�	���3��5,����J�����+%��	�����' %#�

dF_hh]L®̄F̄OssjN°±u]jl_hwIlsÎ_L_vM²b³ÉZYµŹc'ZZb��*
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ABSTRACT 

 

Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin 
family of neurotrophic factors, supports survival and differentiation of several 
neuron populations in the developing peripheral and central nervous system. In 
addition, BDNF has important roles in regulation of neurotransmission in the 
adult nervous system. Impairments in BDNF function have been associated with 
a number of human nervous system disorders and therapeutic strategies oriented 
at modulating BDNF expression or function are currently being actively sought. 
To this end, it is important to understand how BDNF expression is regulated. In 
this thesis, I have used two approaches to study BDNF regulation. First, BAC 
(bacterial artificial chromosome) transgenic mice carrying large fragments of rat 
or human BDNF loci were generated and characterized. Second, I have 
investigated regulation of BDNF expression by chromatin modifying drugs.  

For generating human BDNF-BAC transgenic mice, we used a BAC 
construct carrying 169 kb of the human BDNF locus (including 67 kb of the 
BDNF gene), modified to encode BDNF protein C-terminally tagged with 
EGFP. Rat BDNF-BAC transgenic mice were generated using a BAC construct 
carrying 207 kb of the rat BDNF locus (including 50 kb of the BDNF gene), 
where the BDNF coding sequence was replaced with a beta-galactosidase 
(LacZ) coding sequence. BDNF-BAC transgenic mice carrying either rat or 
human BDNF loci recapitulated endogenous BDNF expression in several brain 
regions and non-neuronal tissues. In addition, expression of transgenic BDNF 
mRNA in the cortex and hippocampus was induced by neuronal activity. 
Together, our results show that the BAC constructs used in these studies 
contained most regulatory sequences necessary for recapitulating activity-
dependent and tissue-specific BDNF expression. Importantly, human BDNF 
locus inserted into the mouse genome enables to study regulation of the human 
gene in vivo, allowing to perform experiments that are otherwise not feasible. 
For example, these mice can be used for studying molecular mechanisms of 
human BDNF regulation and in vivo testing of compounds that modulate human 
BDNF expression. Finally, shortcomings in the ability of transgenic constructs 
to recapitulate the expression of a particular gene can be used as clues for 
locating tissue-specific regulatory elements. Comparison of BAC-driven BDNF 
mRNA expression in transgenic mice with expression patterns of endogenous 
BDNF and previously reported BDNF transgenes suggests that a regulatory 
element necessary for BDNF expression in the heart may be located 
downstream of the BDNF gene. Further studies are warranted to confirm the 
existence of such element.  

Chromatin modifying drugs - compounds targeting enzymes that add or 
remove covalent modifications to DNA or histones - are under active research 
as perspective therapies for nervous system disorders, especially 
neurodegenerative disorders. As altered expression of BDNF has been 
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implicated in several nervous system disorders, we decided to study the effects 
of different classes of chromatin drugs on BDNF expression in cultured rat 
cortical neurons. Among the tested compounds, histone deacetylase inhibitors 
showed the most consistent ability to increase BDNF mRNA expression. DNA 
methyltransferase inhibitors, in contrast, were ineffective in modulating BDNF 
expression. Thus, we proceeded to analyze regulation of BDNF expression by 
histone deacetylase inhibitors in more detail. HDAC inhibitors with different 
isoform selectivity were effective in increasing BDNF mRNA in neurons. 
Further analysis suggested that that distinct mechanisms may operate in BDNF 
induction by class I selective and class II selective HDAC inhibitors. 
Specifically, these experiments indicate that class II HDACs probably act as 
direct transcriptional regulators of BDNF expression, whereas induction of 
BDNF expression by class I HDAC inhibitors is mediated by indirect 
mechanisms. Similar effects of class-selective HDAC inhibitors on BDNF 
expression were observed in neurons and cardiac endothelial cells, suggesting 
that the mechanisms involved are not neuron-specific, but of a more general 
nature. Finally, potent HDAC-independent and promoter IV-selective induction 
of BDNF expression was observed with one tested compound. The molecular 
target mediating this induction remains to be determined.  
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KOKKUVÕTE 
 

Neurotroofsed tegurid on sekreteeritavad valgud, mis on olulised mitmete 
neuronipopulatsioonide elushoidmiseks kesk- ja piirdenärvisüsteemi arengus 
ning lisaks omavad mitmesuguseid funktsioone neuronite diferentseerumisel 
ning diferentseerunud neuronite talitluses. Aju-päritoluline neurotroofne tegur 
(Brain-Derived Neurotrophic Factor, BDNF) on neurotrofiinide perekonda 
kuuluv valk, mida iseloomustab kõrgel tasemel avaldumine kesknärvisüsteemi 
neuronites. BDNF valk eraldati aastal 1982 ning seda kodeeriv geen kloneeriti 
aastal 1990. Möödunud mõne aastakümne jooksul on BDNF funktsiooni ja 
avaldumise regulatsiooni intensiivselt uuritud, kuna juba varakult ilmnes, et 
lisaks "klassikalisele" neurotroofsele funktsioonile ehk neuroneid elushoidvatele 
omadustele osaleb BDNF juba väljakujunenud ja närvivõrgustikesse lülitunud 
neuronite talitluse reguleerimises. Näiteks arvatakse, et BDNF-il võib olla 
määrav roll pikaajalises sünaptilises ülekande võimenduses (long term 
potentiation), mis praeguste arusaamade kohaselt on mälu rakulis-
molekulaarseks aluseks.  

Häireid BDNF avaldumises või talitluses on seostatud mitmete 
närvisüsteemi haigustega, sealhulgas psühhiaatriliste ja neurodegeneratiivsete 
häiretega, ning vastavalt on BDNF sihtmärgiks mitmesugustele 
ravistrateegiatele. Osa ravistrateegiaid keskendub endogeense BDNF tasemete 
tõstmisele või normaliseerimisele, mõjutades BDNFi avaldumist vahendavaid 
molekulaarseid mehhanisme. Mõistagi on selliste lähenemiste väljatöötamise 
eelduseks BDNFi avaldumise mehhanismide hea tundmine. Käesolevas töös 
uurisin ma BDNF geeni regulatsioonimehhanisme kahel viisil. Esiteks 
valmistasime ja iseloomustasime BAC transgeensed hiired, uurimaks lähi- ja 
kaugmõjus toimivate regulaatoralade funktsiooni BDNF lookuses. Teiseks 
analüüsisin ma kromatiini seisundit mõjutavate ainete (nn kromatiiniravimite) 
mõju BDNF avaldumisele.  

Selles töös valmistati ja iseloomustati hiireliinid, millesse on viidud 169 kb 
inimese BDNF lookust (sisaldab BDNF geeni pikkusega 67 kb) ja 207 kb roti 
BDNF lookust (sisaldab BDNF geeni pikkusega 50 kb). Kasutades 
transgeneesiks suuri genoomseid fragmente, mis sisaldavad lisaks tervele 
geenile sellest kümneid kuni sadu kilobaase üles- ja allavoolu jäävaid järjestusi, 
saab tagada transgeeni suhteliselt autonoomse, naabruses asuvate 
regulatooralade mõju eest kaitstud avaldumise. Nii roti kui inimese BDNF 
geeniga BAC hiirtes järgis transgeeni ekspressioonimuster suuresti endogeense 
BDNF ekspressiooni kesknärvisüsteemis ja mitteneuraalsetes kudedes. 
Sarnaselt endogeensele BDNF geenile avaldusid transgeenidelt alternatiivselt 
splaisitud BDNF mRNAd, mille tase oli tõstetav neuraalse aktiivsuse 
indutseerimisel kainaathappe süstimisega kõhuõõnde. Loodud BAC-BDNF 
hiireliinid on edasipidi kasutatavad tööriistadena BDNFi geeni 
regulatsioonimehhanismide uurimiseks in vivo. Näiteks võimaldavad inimese 
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BDNF geeni sisaldavad hiired läbi viia eksperimente, mis inimese geeni 
uurimiseks selle loomulikus kontekstis (ehk inimese genoomis) oleks 
mõeldamatud.  

Kromatiiniravimid on madalamolekulaarsed ühendid, mille sihtmärgiks on 
DNA või histoonide kovalentseid modifikatsioone lisavad või eemaldavad 
ensüümid. Selliseid ühendeid uuritakse käesoleval ajal intensiivselt kui 
potentsiaalseid ravimeid närvisüsteemi haiguste tarvis. Kromatiiniravimite 
toime avaldub läbi muutuste geenide avaldumises ning BDNF on üks nendest 
geenidest, mille avaldumise tõstmine on eesmärgiks närvisüsteemi haiguste ja 
eeskätt neurodegeneratiivsete haiguste ravimisel. Käesolevas töös analüüsisin 
erinevatesse aineklassidesse kuuluvate kromatiiniravimite mõju BDNF mRNA 
ekspressioonile roti ajukoore neuronites. Uuritud ainete seas indutseerisid 
BDNF mRNA avaldumist kõige efektiivsemalt histoondeatsetülaaside (HDAC) 
inhibiitorid, mille toimet uurisin täpsemalt. Imetajates on leitud 11 HDAC 
valku, mis struktuuri ja funktsiooni alusel jagatakse kahte klassi. Selgus, et nii 
klass I kui klass II HDAC valkudele selektiivsed inhibiitorid tõstavad neuronites 
BDNF mRNA taset. Saadud tulemused viitavad klass II HDAC valkude 
vahetule BDNF transkriptsioonilisele mõjule, mis on seni kirjeldamata BDNF 
regulatsiooni mooduseks. Klass I HDAC valkudele selektiivsete inhibiitorite 
BDNF avaldumist stimuleeriv toime on varasemast teada, kuid tüüpiliselt 
interpreteeritakse seda otsese transkriptsiooni soodustava mõjuna läbi 
histoonide atsetüleerimise BDNF promootoritel. Käesoleva töö andmed viitavad 
pigem võimalusele, et klass I HDAC inhibiitorite toimes BDNFile on määravad 
kaudsed mõjud, tõenäoliselt muutused BDNF transkriptsiooni regulaatoriteks 
olevate valkude avaldumises.  
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