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INTRODUCTION

Development of the mammalian nervous system occurs thraoghplex genetic
mechanisms that control the differentiation and matunatibneurons and glia, and
make sure that proper interneuronal connections — synapaesestablished in cor-
rect time and place. However, not only the genotype is resiptnfor the devel-
opment and efficient functioning of the nervous system. Byuggating neuronal
activity sensory, cognitive, and motor experiences inmetsi period play a key role
in shaping neuronal networks. Synaptic function is beinglifrexd throughout life,
forming long-lasting memories and alterations in the barasf the adult organism.

During the last two decades, neuronal activity-regulatenkeg have received spe-
cial attention. Genes whose products modulate learningraerdory by controlling
synapse development, function and plasticity have beemialplicated in numer-
ous neurological disorders such as Alzheimer’s, Parkissétuntington’s disease,
schizophrenia, depression, epilepsy, drug addiction atidra spectrum disorders.
Brain-derived neurotrophic factor, BDNF, has been one efrttost ‘popular’ genes
studied. BDNF mutations and disturbances in the regulatioits expression un-
derlie the above-mentioned neurological disorders asagadibesity and some types
of cancer. BDNF gene has been thoroughly studied: its emtvor organization
has been described in several species; numerous traimtrpttors that regulate
its promoters have been discovered; BDNF protein procgsai localization has
gained a lot of attention. Nevertheless, the data that igaomy in the literature
poses more questions than answers. How many promoters @i¢E Bave exactly
and how are they regulated? What other regulatory elemenisl control BDNF
expression? What are the differences between human anatB&F gene struc-
ture and regulation and why do they exist? In addition, tha&cexnechanisms of
BDNF transcriptional and translational regulation in mdtigical conditions remain
obscure. Answering these questions could shed light on #ehamisms of many
human neurological diseases, and lead to the developmeetwotherapies.



OUTLINE AND AIMS OF THE THESIS

The goal of this study was to gain a deeper understanding dffBffene organization
and its transcriptional regulation. In the first part of thedis, | review the literature
regarding BDNF role in the nervous system and molecular ar@sms that govern
BDNF gene expression. First, BDNF actions in the nervoutesysind its signaling
via TrkB and p75TR receptors are described. Then, the most recent data on the
BDNF gene structure, protein processing and secretionieea.gAfter that, BDNF
role in synaptic plasticity and neuronal activity-depemtdeanscription of the BDNF
gene is discussed. Neuronal activity-dependent regulafi@DNF transcription by
numerous transcription factors and epigenetic modifioatis presented in detail.
Further, | discuss the role of BDNF in various neurologidakdses, drug addiction,
depression, obesity and cancer as well as therapy optieokvimg neurotrophins.
And finally, | discuss transgenic mouse models that have lsed for studying
transcriptional regulatory elements in the BDNF gene.

In the second part of the thesis the results of the presetielg are discussed.
| provide a detailed description of BDNF gene structure iderts (Publication 1),
and propose novel regulators of BDNF transcription basedneta-coexpression
conservation analysis of microarray data (PublicationRipally, 1 describe trans-
genic mouse models generated to study transcriptionalatgu of human and ro-
dent BDNF genen vivo (Publication 11l and 1V). The results of the presented study
expand our understanding of the transcriptional regutatib neuronal genes and
brings us one more step further to the future prospects aig¢tedrug design.
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ABBREVIATIONS

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid

AMPAR o-amino-3-hydroxy-5-methyl-4-isoxazole propionic atyge
glutamate receptor

ApB B-amyloid peptide

GABA y-aminobutyric acid

AD Alzheimer’s disease

APP amyloid precursor protein

AED antiepileptic drugs

BACE-1 beta-site APP—cleaving enzyme 1

BBB blood-brain barrier

BDNF brain derived neurotrophic factor

CaRE calcium-responsive element

CaMK calcium calmodulin kinase

CaRF calcium-responsive transcription factor

CRE CAMP response element

CREB CAMP response element-binding

CNS central nervous system

CBP CREB-binding protein

CAMP cyclic AMP

DAG diacylglycerol

DRG dorsal root ganglion

DS Down’s syndrome

GABAA GABA receptor subtype A

GAD glutamic acid decarboxylase

HD Huntington’s disease

HFS high-frequency stimulation

HAT histone acetyltransferase

HDAC histone deacetylase
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HDMT histone demethyltransferase

HMT histone methyltransferase

IE immediate early

IP3 inositol trisphosphate

kb kilobase pairs

L-DOPA L-3,4-dihydroxyphenylalanine

LID L-DOPA-induced dyskinesia

L-VGCC L-type voltage-gated calcium channels
L-VSCC L-type voltage-sensitive calcium channels
LTD long-term depression

LTP long-term potentiation

LFS low-frequency stimulation

MMP matrix metalloproteinase

MRNA messenger RNA

MGIuR metabotropic glutamate receptor

Met methionine

MeCP2 methyl CpG binding protein 2

MiRNA microRNA

MAPK mitogen-activated protein kinase
MEF2 myocyte enhancer factor 2

NMDA N-methyl-D-aspartic acid

NMDAR N-methyl-D-aspartic acid receptor
NGF nerve growth factor

NS nervous system

NRSE neuron restrictive silencer element
NTRK2 neurotrophic tyrosine kinase receptor type 2
NT-3-7 neurotrophin-3-7

NAC nucleus accumbens

PD Parkinson’s disease

PNS peripheral nervous system

PI3K phophoinositide 3-kinase

PIP2 phosphatidylinositol 4,5-bisphosphate
PLCy phospholipase §-

KChIP-3 potassium channel interacting protein-3
PSEN presenilin

PKA protein kinase A
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PKC protein kinase C

Pol Il RNA polymerase Il

polyQ polyglutamine

REST/NRSF RE-1 silencing transcription factor/neurostrietive silencer
factor

RE regulatory element

SNP single nucleotide polymorphism

SN substantia nigra

SP synaptic plasticity

SSRI selective serotonin reuptake inhibitor

tPA tissue plasminogen activator

TFBS transcription factor binding site

Trk tropomyosin receptor kinase

UTR untranslated region

USF-1/2 upstream stimulating factor-1/2

Val valine

VTA ventral tegmental area

13



ORIGINAL PUBLICATIONS

Aid, T., Kazantseva, A., Piirsoo, M., Palm, K., Timmusk, (007). Mouse
and rat BDNF gene structure and expression revisited. dbafriNeuroscience
Research 85, 525535.

Aid-Pavlidis, T.*, Pavlidis, P.*, Timmusk, T. (2009). Ma-coexpression con-
servation analysis of microarray data: a 'subset’ apprgaokides insight into
brain-derived neurotrophic factor regulation. BMC Genosnil0:420.

Koppel, I.*, Aid-Pavlidis, T.*, Jaanson, K., Sepp, M.rdunsild, P., Palm, K.,
Timmusk, T. (2009). Tissue-specific and neural activitytlated expression of
human BDNF gene in BAC transgenic mice. BMC Neuroscience8L0

Koppel, I.*, Aid-Pavlidis T.*, Jaanson, K., Sepp, M., Ral K., Timmusk, T.
(2010). BAC transgenic mice reveal distal cis-regulatdgments governing
BDNF gene expression. Genesis, 48, 214219.

* Equal contribution

14



1 REVIEW OF THE LITERATURE

1.1 Molecular mechanisms of BDNF actions

Brain-derived neurotrophic factor (BDNF, rarely used syra — abrineurin) belongs
to the family of neurotrophins — secreted growth factors framote neuronal sur-
vival, migration and differentiation in vertebrates (Letibk et al., 1989; Lewin and
Barde, 1996). Neurotrophin family includes structura®yated NGF, BDNF, NT-3
and NT-4/5 proteins (Radziejewstti al., 1992). Recently identified NT-6 and NT-7
are present only in fishes (Dethleffsetral., 2003). Each neurotrophin homodimers
bind specifically to their receptor - one of the members gbdrayosin receptor ki-
nase (Trk) family. Activation of Trk receptors by a corresgdimg neurotrophin leads
to transcriptional activation of multiple target genes tt@ntrol cell growth and sur-
vival (Kaplan and Miller, 2000). Also, all neurotrophinsnbdi to a common neu-
rotrophin receptor p75R (Barker, 2004, 2007) which is a member of the tumor
necrosis factor family. In the presence of Trk receptornhiances the specificity of
the neurotrophin binding to Trk (Cartet al., 1996). It also signals independently
by inducing signaling cascades, some being associatedhvetimduction of apopto-
sis (e.g. Racl, JNK), and others (e.g. RhoA) — with cell ghoiwhibition (Barker,
2004).

BDNF promotes differentiation and survival of peripheraldacentral neurons
and glia. It is expressed at high levels in specific neuronplfations in the central
nervous system (CNS) and in the peripheral nervous syst&I8)(R-eibrocket al.,
1989; McAllisteret al., 1997), although some studies have detected BDNF expres-
sion also in rodent astrocytes (Condoretlial., 1994; Zafraet al., 1992), microglia
(Elkabeset al., 1996), and oligodendrocytes (Datial., 2003). In the CNS, BDNF is
highly expressed both in the developing and in the adulinbriinportantly, BDNF
expression is markedly upregulated by neuronal activity.

1.1.1 Multiple functions of BDNF

The pro-survival effect of BDNF was for the first time demaoattd in 1982, when
it was purified from pig’s brain and was shown to promote suaivof dorsal root
ganglion (DRG) sensory neurons (Bareteal., 1982). Besides neuronal survival,
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BDNF fulfills many other tasks during the development of teevous system. Neu-
ronal proliferation, neuronal migration, axon pathfindidgndritic growth, synapse
formation and maintenance, synaptic competition and pgymeuronal excitability,
both inhibitory and excitatory synaptic transmission,gdgarm plasticity — these are
the processes that BDNF actively participates in (Huang Reidhardt, 2001). It
modulates such processes in the adulthood like memory §alenal., 2002; Egan
et al., 2003), food intake (Lyonst al., 1999; Kernieet al., 2000), energy balance
(Xu et al., 2003), and mood (Hariet al., 2003; Hashimotet al., 2004). Moreover,
BDNF is produced by activated T cells (Moaleznal., 2000) and has been impli-
cated in T cell-dependent neurogenesis in the adul braingfZil., 2006). Studies
have also shown that BDNF participates in cholesterol nitissis. During synapse
development it acts via TrkB signaling, inducing gene tcaipsion of cholesterol
biosynthesis enzymes in neurons but not in glial cells thediating a presynaptic
exocytosis of synaptic vesicles (Suzekil., 2007).

BDNF~/~ knockout mice show severe neuronal deficits and die shdtty kirth
exhibiting reduced axonal diameters and myelination @iglb et al., 1997). Also,
reduced neuron numbers have been observed in the cereldIBBNF /'~ mutants
(Schwartzet al., 1997). Mice carrying deletions in the Trk genes show ingeea
numbers of degenerating neurons in the CNS (Minichielloldeth, 1996; Alcantara
etal., 1997). A number of studies have shown that BDNF is esseotiaifferentia-
tion and maintenance of GABAergic (secretipggminobutyric acid) striatal neurons
(Mizuno et al., 1994; Ventimigliaet al., 1995). BDNF is also known to have trophic
effect on serotoninergic neurons. The levels of serotonith the density of sero-
toninergic axons are decreased in BDNFanimals (Mamounast al., 2000). This
can explain the fact that BDNFE animals, although having a normal lifespan, de-
velop enhanced aggressiveness (Linnargsah, 1997; Lyonset al., 1999). Finally,
long-term potentiation (LTP), a cellular model of learniaggd memory, is impaired
in BDNF '~ animals (Korteet al., 1995; Pattersost al., 1996).

The early postnatal lethality of BDNE mice had suggested a wider function for
this neurotrophin. It had been previously shown that in taldito the brain, BDNF
is expressed at high levels in the heart and lung (Timnetigk, 1993; Maisonpierre
et al., 1991). Later, it was demonstrated that in the early postrmriod BDNF
is expressed in the endothelial cells of intramyocarditdraas and capillaries of the
heart. BDNF deficiency led to the reduction in endothelidltcell contacts, endothe-
lial cell apoptosis, intraventricular wall hemorrhagepssed cardiac contractility
and early postnatal death (Donowerel., 2000). However, little is known about the
function of BDNF in the lung.
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1.1.2 BDNF-induced signaling via TrkB and p7%' ™R receptors

Tropomyosin receptor kinase (Trk) was first identified aseogene (Martin-Zanca
et al., 1986). Only after some years it was found to act as a neyntaitnareceptor
(Kaplanetal., 1991a,b). Members of the Trk family are highly expressateiuronas.
BDNF-specific receptor TrkB (also known as NTRK2) existdtiatfull-length form
(TrkB.FL) as well as in truncated forms which lack the kindsenain (TrkB.T1 and
TrkB.T2). Both truncated versions of TrkB are up-regulatieding early postnatal
development and predominate over full-length TrkB in thal&drain (Fryeret al.,
1996). Truncated TrkB receptors can interfere with BDNalong by sequestering
BDNF (Biffo et al., 1995) or by forming heterodimers with the full-length TriBide
et al., 1996; Haapasalet al., 1999). TrkB.T1-deficient mice develop normally but
show increased anxiety and morphological abnormalitiekeériength and complex-
ity of neurites in the basolateral amygdala (Carim-Tedal ., 2009). However, it has
been shown that BDNF binding to the truncated TrkBs acts/gl@l calcium sig-
naling in astrocytes (Rose al., 2003; Ohiraet al., 2005) and microglia (Mizoguchi
et al., 2009). It has also been reported that full-length TrkBéases proximal den-
dritic branching, whereas truncated TrkB promotes eldogadf distal dendrites,
and these actions of the two isoforms inhibit one anothecg¥hian and Lo, 2000).
Studies have shown that TrkB signaling system is essentidide adult CNS. Post-
natal Cre-mediated deletion of TrkB in forebrain neurorsuited in the reduction
in size of the cerebral cortex, likely caused by a decreas&zeand the number of
neurons and their dendrites (Minichielbal., 1999; Xuet al., 2000).

Most of the BDNF actions are related to its binding to the-feigth TrkB recep-
tor. BDNF binding to TrkB induces receptor dimerizationta@hosphorylation, and
activation of the intracellular tyrosine kinase domainisTleads to the activation of
three main signaling cascades: Ras/MAPK (Ras—mitogevasetl protein kinase),
PI3K (phosphoinositide 3-kinase) and Ply@phospholipase §-) pathways (Kaplan
and Miller, 2000; Minichiello, 2009) and the subsequenivatibn of immediate-
early (IE) target genes such as FOS, EGR1 and EGR2 (Celella2007). Phospho-
rylated tyrosine 515 of TrkB binds two complexes of adaptoteaules: Shc/Grb2/SOS
and FRS2/SHP-2/Grb2/SOS. Shc phosphorylation by tyrdslie(Kavanaugh and
Williams, 1994) leads to the activation of Ras/MAPK pathwiinichiello, 2009).
It is possible, that recruitment of different Shc is spediiceach Trk and could be a
basis for Trk-specific responses to neurotrophins. The $grosine residue is able
to dock another membrane-anchored adaptor protein, FR®2kKiMet al., 1999)
and activate Ras/MAPK pathway as well (Kouhatal., 1997). Ras/MAPK path-
way controls such processes as neuronal differentiatidmauarite growth. Also, Shc
phosphorylation and the formation of Shc/Grb2/SOS commeruits Gab-1 adaptor
protein that mediate activation of PI3K. PI3K activates PKBT kinase, which re-
sults in phosphorylation and inactivation of proapoptptiotein BAD from the Bcl-2
family. PI3K pathway thus controls neuronal survival andg@tpsis. Phosphoryla-
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tion of TrkB tyrosine 816 induces binding of PLyXo TrkB and its phosphosylation.
The association of PL@with TrkB regulates intracellular G4 levels and protein

kinase C (PKC) activity via the cleavage of phosphatidydita 4,5-bisphosphate
(PIP2) substrate to diacylglycerol (DAG) and inositol phiesphate (IP3). This path-
way seems to play an important role in neurotrophin-mediageurotrophin release
(Canossat al., 1997) and in synaptic plasticity (Minichiello, 2009).

Actions of BDNF mediated by p?8R receptor include myelination (Cosgaya
et al., 2002), neuronal migration (Cartet al., 2003), neuronal process retraction
(Cahoon-Metzgekt al., 2001; Gehlert al., 2004), and neuronal apoptosis (Teng
et al., 2005; Troyet al., 2002). Also, the role of BDNF/p?8R signaling in long-
term depression (LTD) has been established in adult anindigant p75'™R-null
mice do not express LTD, exhibit anxiety-like behavior amaeédifficulties coping
with stress (Wocet al., 2005). It has been hypothesized that acute stress may en-
hance secretion of BDNF precursor, proBDNF, which fad#i$al TD in the adult
hippocampus through p%5R signaling. The proBDNF/p?SR/LTD may serve as a
pathway that helps to recover from stress (Greenbieatj, 2009).

1.2 Structure of the BDNF gene

BDNF is the most conserved protein in the neurotrophin famihibiting high se-
guence similarity among vertebrates, from human to fish ¢blgpierreet al., 1990;
Hallbdok et al., 1991). There is no evidence for BDNF orthologs in the gersome
of non-vertebrate chordate or invertebrate species. ThEBDBene is comprised
of multiple exons and introns that span 52.3 kB on chromosarnremouse, 50.2
kB on chromosome 3 in rat, and 66.8 kB on chromosome 11 in huRanalmost
ten years, descripion of the BDNF gene had been availablefonlrat (Timmusk
et al., 1993) and BDNF gene structure in other species remainelksied. Re-
cently, however, BDNF organization has been also studiédiman (Aoyamaet al.,
2001; Mariniet al., 2004; Liuet al., 2005; Pruunsilat al., 2007), mouse (Liet al.,
2006; Aid et al., 2007), frog (Kidaneet al., 2009), zebrafish (Heinrich and Pag-
takhan, 2004), and seabass fish (Togebhl., 2010). The exon-intron sturcture of
the BDNF gene is largely similar in different species (Fegd). Common features
of BDNF gene in different species include: i) expression t#rge number of alter-
natively spliced mRNA transcripts; ii) differential usagétissue-specific and neu-
ronal activity-regulated promoters; iii) usage of altdiveatranscription start sites,
and polyadenylation signals; iv) presence of in-frame AT&tscodons in one or
more exons that could produce pre-proBDNF peptides witkrraditive N-termini.
These features reflect the intricate nature of the reguatioBDNF gene expres-
sion. However, the differences in BDNF gene structure anspegies may reflect
the differences in the regulation of BDNF expression andtion.
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FIGURE 1. Schematic representation of BDNF gene structufish, chicken, frog, rodents
and human

Exons are shown as boxes and introns are shown as lines. Hgoud exons and exons
that share some short regions of homology are in the same cotothe top of fish BDNF
exons, rodent/human counterparts are shown. Arrows dasigimomoters that have been
discovered by the respective study. In-frame ATG codonsraaked in the exons that can
be potentially used for translation of N-terminally exteddre-proBDNF peptides. Dotted
lines designate alternative splice sites (modified fromuRsildet al. (2007)).
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1.2.1 Rodent and human BDNF

The first description of BDNF gene structure was given by Tumsket al. (1993)
(Figure 1). Four BDNF promoters were identified in rat, onesath driving the
transcription of BDNF mRNAs containing one of the fodm®ncoding exons (|, Il
11, or 1V) spliced to the common ‘3exon that contained the coding sequence and
the 3 UTR with two alternative polyadenylation sites (Timmuetlal., 1993). After
more than a decade, BDNF gene organization in rat has beettagyanouse BDNF
gene structure has been described, and a new numberingdragibben to BDNF ex-
ons in mouse and rat (Figure 1) (Adatlal., 2007; Liuet al., 2006). The most recent
comprehensive study of the rodent BDNF gene organizatidrtaexpression profile
will be discussed in greater detail in the Results and d&onssection, and in Pub-
lication | of this dissertation. Shortly, both rat and moBd&NF genes contain eight
5 noncoding exons (I-VIII) and on€ drotein coding exon (IX) (Aicet al., 2007).
Eight promoters drive BDNF transcription upstream fromexons and produce ten
different transcripts that contain one df ®xons alternatively spliced to exon IX
(usage of alternative splice donor sites within BDNF exole#ids to three different
exon ll-containing transcripts) (Aidt al., 2007). In addition, a tripartite transcript
variant consisting of exons VII, VI, and IX has been regaokrin rodents (Litet al.,
2006). Also, 5-extended coding exon (IXA) has been discovered which doés n
undergo splicing and whose transcription is driven by asgpaninth promoter (Aid
et al., 2007). Exon | contains an in-frame ATG start-codon thatdpotentially add
eight aminoacids to the pre-proBDNF N-terminus in case eftthnslation of exon
I-containing BDNF transcript (Aidt al., 2007; Liuet al., 2006).

Human BDNF has a very similar structure, its exons and preraaharing a high
degree of sequence homology in rodents and human (Figuhe Ayman, ten 5non-
coding exons (I-V, Vh, VI-VIII, and VIliIh) have been discaes (Liu et al., 2005;
Pruunsildet al., 2007). Nine promoters have been shown to drive BDNF exjuess
giving rise to eighteen alternative transcripts, some efrtltontaining four spliced
exons (Pruunsilett al., 2007). Exons I, VII, and VIII contain in-frame ATG start-
codons that could be used as translation initiation sitegitey to the prepro-BDNF
peptides with extended N-termini (Mariet al., 2004; Liuet al., 2005; Pruunsild
et al., 2007).

In human, BDNFOS (opposite strand) antisense RNAs are sgizébd from the
complementary strand of the BDNF gene locus from a singlenpter (Liuet al.,
2005; Pruunsilcet al., 2007). Hundreds of different noncoding RNAs can be gener-
ated from the BDNFOS gene as a result of alternative splicimgl each antisense
RNA has a region of complementation to BDNF coding exon (Rsild et al., 2007).

It was shown that these antisense transcripts form doutdaded RNA duplexes
with BDNF mRNAin vivo in the human brain, and therefore could control human
BDNF gene transcription or translation, adding to the caxipy of its regulation
(Pruunsildet al., 2007).
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Since rodent and human BDNF exon nomenclature proposeddstAi. (2007)
and Pruunsilcet al. (2007) is currently accepted and used by the scientific commu
nity, it will be used further in this literature review as Wel

1.2.2 BDNF in other species

Zebrafish Danio rerio) BDNF gene is almost as complex as its rodent and human
counterparts, spanning about 18 kB. Zebrafish BDNF geneighs % non-coding
exons and six identified promoters (Heinrich and Pagtakb@®4). Exon &’ shares
homology with rodent and human exon I, exon 1a - with exonddrelc - with exon
IV, and exon 2 is homologous to mammalian BDNF coding exogufé 1) (Heinrich
and Pagtakhan, 2004; Kidame al., 2009). Similarly to rodents and humans, the
majority of zebrafish BDNF mRNAs contain onééxon spliced to a protein coding
3 exon. However, a mature BDNF mRNA containing three splicezhe (1b, 1b’
and 2) has been reported (Heinrich and Pagtakhan, 2004eFspecific expression
pattern of BDNF alternative transcripts has been describextbrafish (Heinrich,
2003; Heinrich and Pagtakhan, 2004).

Organization of the BDNF gene in seabaBscéntrarchus labrax) is similar to
that of zebrafish (Tognokt al., 2010). In seabass BDNF mRNAs, one of the five
alternative 5exons (B, 1a, 1b, 1c or 1d) are spliced to a commoéex@n (Figure 1).
Transcripts containing exons 1b, 1b, and 1d carry in-frapstraam ATG codons,
adding amino acids to the alternative prepro-BDNF N-tefrflingnoli et al., 2010).

In frog (Xenopus laevis), six alternative 5exons (numbered I-VI) in addition to
3’ coding exon (VII) have been described recently by Kidetra. (2009) (Figure 1).
Also, a transcript with a&extension of the protein coding exon was found and named
VII5’ext (Kidaneet al., 2009). Exons | and IV showed sequence homology with their
respective counterparts in rodents, human, and zebrafisteéponding exonsol
and 1c). Exons I, Ill, V, and VI did not show appreciable hdogy with mammalian
or zebrafish BDNF exons (Kidaret al., 2009). Frog BDNF exons contain multiple
ATG sequences, in-frame (exons I, VI and VIlI'ext) and outraime (all exons), and,
therefore, possible coding regions for alternative N-ieaity extended precursors of
BDNF. Upstream ORFs in exons | and IV are conserved among nasnifnog and
fish, suggesting their functional importance.

In chicken Gallus gallus), three % exons have been described (I-111), each being
spliced to the common’ &xon IV. Exon I, lll and IV are highly conserved between
chicken and mammals, whereas exon Il is unique for chickergi(a., 2009) (Figure
1). Tissue-specific and epigenetic regulation of altevedtianscripts has been also
described for chicken BDNF (Yet al., 2009).
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1.2.3 The role of alternatives’ untranslated exons of BDNF

Despite the fact that complex structure of the BDNF gene vistodered more than
15 year ago, the biological meaning of alternative BDNF gcaipts had remained
enigmatic. The first attempt to address the importance @dréifit BDNF transcripts
and the role of different’mand 3 UTR sequences was made by Timmaesél. (1994).

In this study, in order to determine the translational statfithe alternative BDNF
MRNAs, polysomal fraction was isolated from the rat braid e mRNA composi-
tion was analyzed by RNase protection assay, using proleesfisdfor the % exons
and the long BUTR of the rat BDNF gene. The results showed that none of the fo
5 exon-specific transcripts was selectively enriched in gmiyes suggesting similar
translatability. In frog, all 5SBDNF exons contain multiple out-of-frame ATGs, sev-
eral of them being conserved in rodents and humans as wetHofdtame ATGS in
exons | and IV have been shown to markedly decrease traslafiiciency of the
reporter gene (Kidanet al., 2009), indicating a functional role of untranslated BDNF
exons.

To address the issue of BDNF untranslated exons, Pattadireinal. (2005) in-
vestigated the localization of BDNF transcripts in the restual cortex during the
postnatal development. They reported that BDNF exon IV ahtrahscripts (ac-
cording to the new nomenclature) showed differential teHallar localization: while
exon IV transcripts were detected only in neuronal cell bsdsomata), exon VI tran-
scripts were present both in neuronal somata and dendriimepses. Inhibition of
visual activity reduced the levels of BDNF mRNA, exon VI tsaript almost disap-
pearing from the dendrites (Pattabiran®iral., 2005). Furthermore, epileptogenic
seizures were shown to induce differential dendritic lzedion of BDNF transcripts.
After pilocarpine administration, exon Il and exon VI traripts were localized in
dendrites, while exons | and IV transcripts displayed siratalization. In con-
trast, after kainate administration, only exon VI transtsiwere observed in dendrites
(Chiaruttini et al., 2008). Another study investigated the subcellular laedion of
BDNF transcripts in cultured rat hypothalamic neurons §§éet al., 2009). Under
basal conditions, BDNF transcripts containing exons | dmekke weakly expressed
in neuronal somata while the expression of transcriptsadoimg exons IV and VI
in somata was strong. In addition, total BDNF mRNA and exormRNA were
detected in proximal dendritic processes and in astrocyésinduced depolariza-
tion increased total BDNF mRNA and exon VI mRNA dendriticgeting (Aliaga
et al., 2009), whileN-methyl D-aspartate (NMDA) treatment decreased their levels
in dendrites. Interestingly, upon NMDA receptor inhibitjoall BDNF transcripts
were targeted to dendrites (Aliagaal., 2009). Also, a recent study discovered that
rat BDNF coding region contained a constitutively activadiic targeting signal.
This signal is suppressed in exon | and IV mRNAs, which artrictsd to the soma
and proximal dendrites. This study showed that dendritigeténg of BDNF tran-
scripts was mediated by the RNA-binding protein translini@tuttini et al., 2009).
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In long-lasting forms of LTP, local synthesis from pre-¢xig BDNF mRNA at
synapses seems to be crucial for maintaining long-lastymgsic changes under-
lying memory formation (Tongiorgi, 2008). Although the roafy of proteins are
produced in the neuronal soma, some key molecules for gilgstian be delivered
in the form of silent MRNAs to the synapses in extra-somatimgartments where
they are locally translated. It has been found a long timethgbin cultured hip-
pocampal neurons (Tongiorgi al., 1997) and also in the hippocampusvivo (Ton-
giorgi et al., 2004) under basal conditions BDNF mRNA is localized to thexjmal
dendritic compartment, however, it can be transported toaml dendrites in the
activity-dependent manner after membrane depolarizatiogpileptogenic stimuli.
Taken together, it is possible to suggest that BDNF altermatanscripts can be im-
portant for the regulation of temporal and spatial expssif BDNF and possibly
play a role in synaptic transmission and morphology.

1.2.4 The role of long3' UTR in BDNF mRNA

Short (0.35 kb) and long (2.85 kb) BDNF 3UTRs arise from altive polyadenyla-
tion. The primary sequence of BDNF BTRs is highly conserved between human,
mouse, rat, seabass and zebrafish with a stretch of 39 bp rifdalesequence 63
bp downstream from the stop codon (Heinrich and PagtakH204;2Tognoliet al.,
2010). BDNF mRNA species with short and lonfd_B'Rs are equally abundant in the
rat cortex (Timmuslet al., 1993). The results of BDNF transgenic studies (Timmusk
et al., 1995) showed that not only promoter regions but alse@on downstream of
BDNF coding exon are required for the cell-specific and nealractivity-dependent
expression of the rat BDNF gene. Experiments with a trarisggmstruct contain-
ing zebrafish BDNF exon 1c, BDNF BTR and a reporter gene showed that BDNF
3 UTR was responsible for cell-specific expression of the mepaene (Heinrich
and Pagtakhan, 2004). In the abovementioned study by Tikeiud. (1994), in
addition to 5 UTRs the translatability of BDNF transcripts with altermat3 UTRs
was examined using polysomal fractions from the adult rainbtissue. It was dis-
covered that transcripts containing long BDNFUBTR were less abundant in the
polysomal fraction than transcripts with shoftlBTR suggesting their translational
discrimination. Thus, long BDNF' 3JTR was suggested to contain negative regula-
tory elements that repressed translation (Timmais., 1994).

A recent study showed that the production of shdru3Rs as a result of ter-
minating at upstream polyadenylation sites removes mid®wRMIRNA) binding
sites that repress mRNA translation and suggested a gdraamalational regulatory
role for long 3 UTRs (Sandbergt al., 2008). MicroRNAs regulate gene expression
by interfering with mRNA translation or promoting its dededion. So far, several
mMiRNAs were predicted to bind rodent and human BDNF mRNA -Mivas the first
miRNA that was shown to downregulate BDNF expressiowitro in HelLa cells
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(Lewis et al., 2003). In human BDNF mRNA, mir-1 was predicted to bind 250 bp
and 420 bp downstream from the stop-codon in the region dbtige3 UTR. (Lewis

et al., 2003, 2005). In mouse, miR-1 accounts for 45% of all moudeNwis found

in the heart. It is also expressed in the liver and in the naidb(Lagos-Quintana
et al., 2002). More recently, it was shown that a set of miRNAs défgially ex-
pressed in the human prefronatal cortex, including miR‘39and miR-195, repress
reporter gene expression linked to BDNFUBTR when overexpressed in HEK292
cells (Mellioset al., 2008). These findings suggest the potential role of mMiRNA in
the regulation of stability and/or translatability of BDMFRNAS with long 3UTR.

The study of Anet al. (2008) showed that BDNF mRNAs with short and long
3 UTR are localized in different cellular compartments. Thers 3 UTR mRNAs
are restricted to neuronal soma whereas the IdNndTR mRNAs are localized in
soma as well as in dendrites. In a mouse mutant where the I UTR was
truncated, dendritic localization of BDNF mRNAs was imaiiin the hippocampus
despite the normal levels of total BDNF protein. These mixkildted deficient
pruning and enlargement of dendritic spines. Moreoverhia mutant, selective
impairment of LTP in dendritic synapses, but not somaticapges, was observed in
CA1 hippocampal neurons lacking dendritic BDNF mRNA (&ral., 2008). These
results demonstrate the importance of the londBR for BDNF mRNA localization
and synaptic functioning in the hippocampus.

1.3 BDNF protein synthesis and secretion

In addition to various BDNF mRNA species, multiple forms dDBF protein can
be secreted by neurons in the brain. BDNF is initially sysihed in the endoplas-
mic reticulum as a 32-kDa N-glycosylated and glycosulfgiegtursor protein (pre-
proBDNF) (Mowlaet al., 2001) which dimerizes after translation (Kolbeekal.,
1994). Thereafter, pre-proBDNF undergoes cleavage taselmature 14-kDa BDNF
protein or a minor truncated form of the precursor (28 kDap\iNa et al., 2001).
First, following the cleavage of the signal peptide, proBbIs transported to the
Golgi for sorting either into constitutive or, preferetiffainto regulated secretory
vesicles. Then, proBDNF may be converted into mature BDNa@ellularly in the
trans-Golgi by the members of subtilisin-kexin family oblproteases such as furin,
or in the immature secretory granules by proprotein coages (Mowlat al., 1999).
ProBDNF form can also be secreted and cleaved extracéyiidgirserine protease
plasmin (Pangt al., 2004) or by selective matrix metalloproteinases (MMP®¢(L
et al., 2001). ProBDNF cleavage by plasmin is accomplished thrdhg activation
of plasminogen by tissue plasminogen activator (tPA) - #moed secreted protein
after BDNF that has been implicated in late-phase LTP angHterm memory (Pang
et al., 2004). It was shown that proBDNF is rapidly internalized gmsrineuronal
astrocytes via p?9R—clathrin-mediated internalization in endocytic compaehts,
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where it undergoes recycling and can be later released mcgsts (Bergamét al.,
2008).

1.3.1 The role of different isoforms of BDNF protein

The diversity of neurotrophin actions in the nervous systeight in part be modu-
lated via differential processing of proneurotrophins.teffiow-frequency stimula-
tion (LFS) thatinduces LTD in neurons, predominantly prafbis secreted (Nagap-
panet al., 2009). In contrast, when the neurons are subjected tofhégjuency stim-
ulation (HFS—a condition that induces LTP), mature BDNFRasms are dominat-
ing. Interestingly, tPA is secreted only under HFS. ThushlhéS and HFS increase
the secretion of proBDNF in the extracellular space, buy dndh-frequency neu-
ronal activity induces tPA secretion resulting in the exttlular cleavage of proBDNF
to produce mature BDNF (Nagappeinal., 2009). Thus, neuronal activity may reg-
ulate the balance of BDNF isoforms, allowing BDNF to induggasite forms of
synaptic plasticity.

Past studies have shown that proneurotrophins induce @gsph neurons via
p75VTR activation in the absence of Trk signaling (Leeal., 2001). Tenget al.
(2005) showed that proBDNF, but not mature BDNF, acts viaal ceceptor system
consisting of p7Y¥™ and transmembrane protein sortilin to mediate cell ap@ptos
in rodent sympathetic neurons. It was also shown that proBExdilitates LTD at
hippocampal (Woat al., 2005) and neuromuscular synapses (Yangl., 2009a)
through the activation of p?8R. There is an indication that proBDNF is expressed
at significant levels at early postnatal stages, whereasrsnBDNF is the dominant
isoform in the adulthood (Yangt al., 2009b). Considering the fact that p7%
is highly expressed in the postnatal period its levels deing during adolescence
up to adulthood (Yangt al., 2009b), it can be speculated that spatial and temporal
expression of p7%'R and proBDNF are coordinated to achieve proper regulation of
synaptic outgrowth and maturation.

1.3.2 BDNF Val66Met polymorphism

A single-nucleotide polymorphism (SNP) in the BDNF gene —o@\tsubstitution

— leads to a Val substitution with Met at BDNF codon 66 in thedamain. This
polymorphism is found only in humans, with Met allele fregag in Caucasian pop-
ulations about 20—-30% (Shimizat al., 2004), and in Asian populations above 40%
(Gratacost al., 2007). The results of the studies examining the effect ¢66/det
polymorphism have been somewhat confusing. Humans hgtos for Met allele
have smaller hippocampal volume (Pezawial., 2004), poorer episodic memory
and lower hippocampal activation (Harétial., 2003; Egaret al., 2003) as compared
to Val/Val homozygous individuals. It has been observedvéwer, that homozygos-
ity for the BDNF Val allele is associated with a greater spsibdity to Alzheimer’s
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disease (Ventrigliat al., 2002). It has been reported that transgenic BMfYMet
mice exhibit anxiety when placed in stressful settings &igldondition could not be
normalized with antidepressants (Chetral., 2006). However, human studies have
reported an opposite effect of the Val66Met polymorphisnal/Wal genotype was
strongly associated with the anxiety personality traitémsepressed individuals as
compared to Val/Met and Met/Met genotypes (Lasl., 2005). In humans, Val
allele is associated with higher BDNF secretion in respdasesuronal stimulation
compared to the Met allele. It was shown that Val/Val genetgpntributed to the
substance abuse vulnerability (Tsai, 2007a; Cretrady, 2005) which was explained
by the increased central activity of BDNF.

It has been shown that neuronal activity-regulated secraif BDNF protein is
strongly impaired for BDN[e; isoform (Egaret al., 2003). Retention of BDNret
has been observed in the Golgi apparatus (del €abh, 2006). This effect was sug-
gested to be due to the disrupted binding of BNRO the sorting protein sortilin
which directs BDNF to the secretory vesicles (Cleeal., 2005). Curiously, recent
human studies suggested that BDNF Met allele, which showedranal intracellu-
lar trafficking and secretion, had a protective effect ondixéelopment of depression
(Pezawast al., 2008). Moreover, there is evidence that epistasis existaden
BDNF Met allele and serotonin transporter gene (SLC6A4) iimhns (Pezawas
et al., 2008; Kaufmaret al., 2006). A polymorphism in SLC6A4 promoter region,
HTTLPR S allele, is associated with the decreased serotmnsporter mRNA tran-
scription, increased anxiety, risk of depression and esmeof amygdala reactivity
(Pezawast al., 2005). It has been speculated that the BDNF Met allele esitie
impact of the HTTLPR S allele on amygdala circuitry, leadioghe reduced suscep-
tibility to depression. These observations support thelt®érom the BDNerMet
mouse model study (Chest al., 2006), explaining why anxiety behavior in animals
expressing BDN[et is unresponsive to antidepressant action of serotoniptake
inhibitors, which can be viewed as pharmacological anatdgsHTTLPR S allele
(Pezawagt al., 2008).

1.4 Synaptic plasticity and BDNF

Neurons communicate via special cellular formations — ggea — to propagate en-
vironmental signals and to respond back. To propagate gmalsineurons fire at
frequencies ranging from 1 Hz (less than once per seconddvieral hundred Hz.
Changes in firing rate induce synaptic modifications tharahe amplitude of the
postsynaptic response. Synaptic plasticity (SP) is thasattility of synapses to
change in strength. Short-term SP, which occurs on a tineesfamilliseconds
to minutes, regulates the activity of neural networks arfdrination processing
in the nervous system (Catterall and Few, 2008). Whereggtknm changes at
synapses in the hippocampus and cortex underlie learnidgremory formation
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(Whitlock et al., 2006; Gruargt al., 2006; Rioult-Pedottét al., 2000). During long-
term changes new synapses can be made, old ones destrogezkisting synapses
can be strengthened or weakened. Dysfunctions in the sSgrapbsmission un-
derlie various human neurological diseases such as daprefarkinson’s disease,
epilepsy, and neuropathic pain and play a role in Alzheisndisease and drug ad-
diction (Malenka and Bear, 2004). This section will furtlléscuss molecular mech-
anisms of SP, regulation of BDNF gene transcription in respdo neuronal activity,
and BDNF role in modulating SP and memory formation.

1.4.1 Molecular mechanisms of synaptic plasticity

Molecular mechanisms of SP involve: i) post-translatiomaidifications of the ex-
isting synaptic proteins; ii) regulation of gene expressiopost-synaptic cells, thus
changing the levels of key proteins at the synapse; iii) mR&geting to the synapses
for local translation; iv) rearrangement of receptor moles in the post-synaptic
membrane, such as delivery of new receptors to the memboasteehgthen synaptic
function.

Synaptic potentiation or depression can occur throughwubtain, but long-term
potentiation (LTP) and depression (LTD) — cellular moddlearning and memory
— have been most intensively studied in the hippocampuskéebet al., 2007; Lis-
manet al., 2002; Lischeet al., 2000). LTP is defined as a prolonged strengthening
and LTD - as a prolonged weakening in excitatory synapticroamication. LTP
can be induced by multiple paradigms, including high-fizgy stimulation (HFS),
theta-burst stimulation (TBS), and pairing of pre- and ggsaptic depolarizations
(pairing-induced). The TBS protocol is considered to bernttost physiological as
it resembles hippocampal firing patterns during active @gion and learning in
rodents (Ottcet al., 1991).

At synapses, communication between neurons is mediateeteltease of neu-
rotransmitters from a presynaptic neuron that induces nousechanges in a post-
synaptic neuron. In the CNS, neurons receive most of theéagcy synaptic input
from glutamatergic neurons and inhibitory input from GABgie interneurons, ex-
cept during early development, when the first GABAergic gges are depolarizing
and provide the excitatory drive critical for the subsequdgvelopment of gluta-
matergic synapses (Ben-Ari, 2002). Neurotransmitter ibondo its specific recep-
tor in the postsynaptic neuron or post-synaptic membrapeldgzation by above-
mentioned protocols activates multiple biochemical evgthie most significant being
rapid and transient rise in intracellular calcium levels @result, LTP or LTD can
occur, depending on the pattern of synaptic activity andptlesious history of the
synapse. It is not known exactly which mechanisms are resipienfor the LTD
induction. A recent study showed that differential metadyoit glutamate receptor
(mGIurR) activation, rather than differences in intragkelf calcium concentrations,
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is crucial for generating LTD versus LTP (Nevian and Sakm&0®6). The signal-
ing mechanism that has been proposed to underlie LTP inv@&&" influx through
NMDA receptors in response to synaptic activity (Malenkd &ar, 2004) and ac-
tivation of calcium calmodulin kinase Il (CaMKIl) (Waymaat al., 2008), Ser/Thr
kinases (PKA,PKC, MAP-kinases, etc.) and tyrosine kingdSes, Fyn, and oth-
ers) (Smoleret al., 2006). Activity-dependent calcium influx into neuronsdsdo

a number of short-term and long-term alterations, inclgdij insertion or removal
of synaptic AMPAR @-amino-3-hydroxy-5-methyl-4-isoxazole propionic atjghe
glutamate receptor), and alterations in its subunit coitipasand trafficking; ii)
posttranslational modifications of synaptic proteins med in trafficking, cytoskele-
tal organization and protein synthesis; iii) stimulatidraxal translation or protein
degradation at the synapse; iv) actin reorganization, andufation of spine mor-
phology (Derkactet al., 2007; Malenka and Bear, 2004). Also, calcium signaling
results in the activation of gene expression program in tletenis, driving the tran-
scription of the genes that promote dendritic growth, sgeagevelopment, and neu-
ronal plasticity (Mellstronet al., 2008).

1.4.2 Neuronal activity-dependent regulation of BDNF trarscription

The first study to propose that neuronal activity regulagsegxpression showed that
in neuronal cell cultures, membrane depolarization andndif calcium into cells
through L-type voltage-sensitive calcium channels (L-\C3Ltrigger rapid and tran-
sient activation of the c-fos proto-oncogene (Greenlegesd., 1986). Further studies
discovered hundreds of neural activity-regulated gendwesé genes are known to
encode i) transcription factors that mediate synapticvigtby inducing target genes
which regulate cell survival, dendritic and axonal growtial &ynaptic development;
ii) proteins that that act specifically at synapses to céstynaptic development and
function (Greer and Greenberg, 2008).

BDNF expression studies in cultured rat embryonic cortiwalrons have shown
that the route of calcium entry into the cell upon membrangotigization deter-
mines which genes will be induced in the nucleus. Channgigsti®s such as con-
ductance, open time, subcellular localization and assoniavith the key signaling
molecules affect the choice of the genes to be induced byucalimflux (Greer and
Greenberg, 2008). Numerous studies have demonstrateBIHNIE transcription is
highly induced following calcium entry through L-VSCCs (Gnet al., 1994). L-
type VSCCs have slow inactivation rate and high conductdocealcium (Gallin
and Greenberg, 1995). They are somatodendritically ped)iwhich enhances cal-
cium signal propagation to the nucleus (Westenbretedd., 1990; Catterall, 2000).
L-VSCCs are associated with protein kinase A anchoringgmdAKAP79/150) that
recruits PKA to the channel (Gragt al., 1998), leading to its phosphorylation and
activation (Bence-Hanuleet al., 2000). AKAP79/150 recruits calcineurin, which
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is required for activation and translocation of transaoiptfactor NFATc4 into the
nucleus (Graeét al., 1999) that in turn activates MEF2 family transcriptionttas
(Chinet al., 1998; Mao and Wiedmann, 1999). Also, calmodulin bindindtype
VSCCs activates Ras/MAPK signaling cascade and inducesdriation in the nu-
cleus (Dolmetsclet al., 2001) (Figure 2).

NX NMDAR L-vscc O OAMPAR O OAMPAR
M@V\ @% ' AKAP79/150
-
CYTOPLASM
v
. . NUCLEUS
V M BDNFI BDNFIl # | BDNFIV

FIGURE 2. Neuronal activity-mediated activation of BDNRrscription

Activation of glutamate receptors (NMDAR or AMPAR) by ligarbinding or activation
of L-type VSCCs by membrane depolarization causes thesehannels to open and al-
lows calcium influx into the cytoplasm. Direct binding of caim to receptor-associated
calcium sensors such as calmodulin and calcineurin aetv&as/MAPK pathway and
calcium/calmodulin-dependent protein kinases. Thesbwsts induce BDNF gene tran-
scription via activation of numerous transcription fasttrat bind to BDNF promoters. Lig-
ands: triangles - glycine, circles - glutamate. Arrows esgnt protein activation by direct
phosphorylation/dephosphorylation or via intermeditttes are not depicted on the diagram.
Dotted lines: NFATc4 - translocation to the nucleus; CREBnding to BDNF promoters.
Circle arrows show the exchange of HDAC and HAT, with HDACvieg from the MEF2
complex and HAT (p300 coactivator) binding to MEF2 upon ME€E8#vation. Following cal-
cium influx, MeCP2 is phosphorylated and released from BDMiRwter IV, allowing for its
transcriptional activation. MeCP2 derepresses REST/NgRSBIE transcription in responce to
neuronal activity. As a result, the product of REST/NRSFegerREST/NRSF protein — is
translocated to the nucleus after translation and repd385&IF promoter Il (shown with a
dashed line).

In addition to L-VSCC, NMDA-type glutamate receptors (NMBJare also im-
portant mediators of BDNF transcriptional activation (Baa&t al., 1999; Lipsky
et al., 2001; Honget al., 2008). Especially during early brain development, NMDAR
have beeb shown to play a role in synaptogenesis and activatiBDNF transcrip-
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tion by associating with numerous signal-transducing ewés such as EphB family
of receptor tyrosine kinases (Takasal., 2002), calmodulin and calcineurin. Also,
BDNF is moderately activated by calcium influx via AMPA-tygleitamate receptors
(AMPAR) or other types of VSCCs (Ghogh al., 1994). Schematic representation
of calcium-mediated induction of BDNF transcription is ahmin Figure 2 (Greer
and Greenberg, 2008).

1.4.3 Regulatory elements in BDNF promoters

As mentioned above, BDNF gene is regulated by multiple ptenso In neurons,
BDNF transcription is activaed by a number of different metansmitters, including
glutamate analogs (Timmusk al., 1993; Metsiset al., 1993; Mariniet al., 1998),
acetylcholine (Knippeet al., 1994), GABA (Martyet al., 1996), serotonin (Zetter-
stromet al., 1999), and dopamine (Kuppers and Beyer, 2001; b, 2003). In
vivo, environmental stimuli possess specificity in relation fdNB- promoter activa-
tion, certain BDNF promoters being activated in distincibrregions in response
to specific stimuli (West, 2008, see [). At least six out ofenBDNF promoters are
induced by neuronal activity (Aiét al., 2007), promoters | and IV being the most
responsive (Timmuskt al., 1993; Metsist al., 1993; Timmuslet al., 1995). Tran-
scription from BDNF promoters |, Il and IV has been studieteagively and several
transcription factors that regulate their activity haveraentified.

REs in BDNF promoter |

Calcium influx via L-VSCCs has been shown to induce BDNF esgiman from pro-
moter | in cultured rat embryonic cortical neurons (Tabusthal., 2000). Proximal
region of rodent BDNF promoter | contains a cCAMP-respongi@ment (CRE) that
overlaps with the binding site of upstream stimulatory dact/2 (USF) (Tabuchi
et al., 2002). BDNF promoter | CRE is conserved in rat, human andsad&ig-
ure 3). Both elements are responsible for the activation DNB promoter | by
neuronal activity through the binding of CREB and USF1/2asaiption factors as
was demonstrated in cultured rat cortical neurons (Figyi@abuchiet al., 2002).
CREB activates and binds to its target genes containing @REsponse to the el-
evation of cellular cAMP/calcium levels (Montminy and Bilkjian, 1987). It is
turned on in the activated brain areas during a wide rangesb&\iours, includ-
ing birdsong, cocaine reward, fear conditioning, and sp&arning (Shaywitz and
Greenberg, 1999). USF1/2 are expressed in the adult moaise(Biritoet al., 1994)
and the transcriptional activity of USFs in rat embryonictioal neurons was shown
to be activated by G4 influx (Chenet al., 2003Db). Interestingly, USF1/2 have been
shown to recruit histone methyltransferase (HMT), histaoetyltransferase (HAT),
and ATP-dependent nucleosome remodeling complexes tatnssequences (West
et al., 2004; Huanget al., 2007) blocking gene silencing.
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Recently, it has been reported that myocyte enhancer facfptEF2), binds to
a distant MEF2 binding site in BDNF promoter 4 (6.5 kb upstream from exon
I) and regulates its activity (assayed using BDNF promhteiferase construct in
cultured rat hippocampal neurons) (Flawlal., 2008). MEF2 family transcription
factors are critical for the development and function of culsskeletal, cardiac, vas-
cular, immune and nervous systems (Potthoff and Olson,)2Q@EF2 suppresses
excitatory synapses in a neuronal activity- and calcimedépendent manner dur-
ing hippocampal synapse development (Flaeehl., 2006). Association of MEF2
with class Il histone deacetylases (HDACSs) results in thegpeession of MEF2-
dependent genes. In response to increased neuronalyaat&itium/calmodulin-
dependent protein kinase (CaMK) phosphorylates HDACsHIDACs are released
from MEF2 (Luet al., 2000). Once released from the associated repressors, MEF2
is phosphorylated and bound by the p300 coactivator, whodsgsses HAT activ-
ity. MEF2 coactivator relaxes chromatin structure and slates MEF2 target gene
transcription. Also, calcium influx into neurons via L-VSE€6r NMDAR activates
calcium/calmodulin-regulated phosphatase calcinewhich dephosphorylates nu-
clear factor of activated T-cells (NFATc4). Activated NF&T then translocates to
the nucleus where it directly associates with MEF2 (Gmaedl., 1999; Vashishta
et al., 2009). NFATc4 stimulates MEF2-dependent transcriptigrideilitating the
recruitment of p300 coactivator to MEF2 (Figure 3) (McKipst al., 2002). When
activated, MEF2 promotes the transcription of the genesréstrict synapse number
while strengthening specific synapses and promoting itdrjosynapse development
(Flavell et al., 2008).

Mutations in the methyl CpG binding protein 2 (MeCP2) gene thie primary

cause of Rett syndrome (RTT) — an X-linked autism spectruwsorder (Amiret al.,
1999). MeCP2 has been shown to derepress BDNF promoter Mtadbllow-
ing membrane depolarisation and calcium influx through théSCCs (Cheret al.,
2003a; Martinowichet al., 2003) (Figure 2). A recent study of Tiaah al. (2010)
suggested that MeCP2 has a role in regulating BDNF promogatd! IV in cul-
tured rat hippocampal neurons upon NMDA receptor activafiian et al., 2010).
It was shown that the regulation of BDNF promoters | by MeC&adcomplished
by MeCP2 binding to CpG sequence in the CRE element of prarhctbus, CREB
and MeCP2 compete for the CRE site in BDNF promoter | and tbispetition
is probably responsible for a slower activation of BDNF poden | upon NMDAR
stimulation as compared to promoter IV (Tietral., 2010).

REs in BDNF promoter Il

BDNF promoter Il contains REST/NRSF binding site (a palordic NRSE" se-
quence) (Timmuskt al., 1993) (Figure 3). REST/NRSF, a RE-1 silencing transcrip-
tion factor/neuron-restrictive silencer factor, was iifead as a zinc finger transcrip-
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USF1/2 CREB
AGTCACAGTGAGTTGGTCACCGTAACTGGCTCAGAGAGGCT-GCCCTGGCC-C--CCTCCC

AGTCACAGTGAGTTGGTCACGTAACTGGCTCAGAGAGGCT-GCCCTGGCC-C--CCTCCC
AGTCACAGTGAGTCGGTCACGTAA---AC--AGCGAGGTTAGTCGTCGCCGTTGCCGCCC

hhkkkkkkkkkkkk kkkkkkokkkok *  kk kkkk ok Kk k Kk kkk K,k kkk
CTCGCCCCCTCC-=====—— === CCGCTGCGCTTTTCTGGTATT
CTCGCCCCCTCCCCTCGCCCCCTCCCCGCTGCGCTTTTCTGGTATT exon |
CCCACCCCCTCC——==—————————= CTGCTGCGCTTTTCTGGTATT

* k kkkkkhkkkk * kkkkkkkkhkkhkkhkkhkhkkhkkhkhkkk

CGTCTAGAGCAA-TATCAAGTACCACTTAATTAGAGAATATTTTTTTAACCTTTTCCTCC
CGTCTAGAGCAA-TATCAAGTACCACTTAATTAGAGAATATTTTTTTAACCTTTTCCTCC
CGTCTAGAGCAAATATCAAGTATCACTTAATTAGAGA--—--TTTTTAAGCCTTTTCCTCC

khkhkhkkhkhkhkhhhdk khhkkhkhkhkhhdh *hkhhhhhhhdhhx khkkkk Kk hhkkkkkkkkkk

RE-1/NRSE
TCCTGCGCCGGGTGTGTGATCCCGGAGAGCAG-AGTCCATTCAGCACCTTGGACAGAGCC
TGCTGCGCCGGGTGTGTGATCCGGGCGAGCAG-AGTCCATTCAGCACCTTGGACAGAGCC

TGCTGTGCCGGGTGTGTAATCCGGGCGA-TAGGAGTCCATTCAGCACCTTGGACAGAGCC
Kk okkk kkkkkkkkkkk kkkk kk kk  kk kkkkkkkkkkkkkkkkkkkkkkkkkkok

AGCGGATTTGTCCGAGGTGGTAGTACTTCATCCAGGTATTCTT-TT--CCTCGCTGTCAA
AGCGGATTTGTCCGAGGTGGTAGTACTTCATCCAGGTATTCTT-TT-~CCTCGCTGTCAA
AACGGATTTGTCCGAGGTGGCGGTACC-C—--CCAGGTAGTCTTCTTGGCCCCGCTGTAAA
* khkhkhkhkhkhkhkhkhkhkhkhkhkhkkkk *k k% * *kkkkkkk *kkkk **% *%k *kkkkkk k%
TATA-box
GCCAACCCGGTGTCGCCCTTAAAAAGCG
GCCAACCCGGTGTCGCCCTTAAAAAGCG

GCCAACCCTGTGTCGCCCTTAAAAAGCG
kokkkkkkk kkkkkkkkkkkkkkkkkkok

exon Il

GTGTGCGTGAATTTGCTAGGACTGGAAGTGAAAACATCTACAAA-GCATGCAATGCCCTG
GTGTGCGTGAGTTCGCTAGGACTGGAAGTGGAAACGTCTACAAA-GCATGCAATGCCCTG
ATACGTGTG--TTTGCTGGGGCTGGAAGTGAAAACATCTGCAAAAGCATGCAATGCCCTG

* * kkk kk kkhkk kk hhkkhkhkhkhkkk hhkkk kkhkk Fhkkhkk Fhkhkhkhkhkkkkhkkkkkk

MeCP2

GAACGGAATTCTTCTAATAAAAGATGTATCATTTTAAATGCGCGGAATTCTGATTCTGGT
GAACGGAATTCTTCTAATAAAAGATGTATCATTTTAAATGCGCGGAATTCTGATTCTGGT
GAACGGAACTCTTCTAATAAAAGATGTATCATTTTAAATGCGCTGAATTTTGATTCTGGT

khkhkhkkhkhkk Khhhhkhhkhhhhhdhhhhhhhhhhhhhhhhhhhhdhdhdk *hkhkhkkd *hdhhrhhkrk

CaRF ,MEF2 USF1/2 CREB
AATTCGTGCACTAGAGTGTCTATTTCGAGGCAGAGGAGGTATCATATGACAGCTCACGTC

AATTCGTGCACTAGAGTGTCTATTTCGAGGCAGAGGAGGTATCATATGACAGCTCACGTC
AATTCGTGCACTAGAGTGTCTATTTCGAGGCAGCGGAGGTATCATATGACAGCGCACGTC
khkkhkhkhhkhkhkhkhhkhkhhkhhkhhhkhdhhhkhkdhhhhdd dhhdhdhhdhdhhhhkddhd *hkkdhxk
bHLHB2 NFkB
AAGGCAGCGTGGAGCCCTCTCGTGGACTCCCA
AAGGCAGCGTGGAGCCCTCTCGTGGACTCCCA
AAGGCACCGTGGAGCCCTCTCGTGGACTCCCA

khkkhkk Khhhhhkhkhkhhdhhhhhhhhhhhhhhkd

exon |V

FIGURE 3. Regulatory elements in BDNF promoters |, Il and IV
Alignment of the nucleotide sequences of BDNF promoters &nd IV in mouse, rat and
human. Mapped regulatory elements have been shown to t@cB&NF transcription. Pro-
moters are shown up to the most&anscription start sites according to Adtlal. (2007).
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tion factor that recognized a 23 lojs-element, NRSE, which mediated silencing of
neuronal genes in non-neuronal cells (Cheng., 1995; Schoenherr and Anderson,
1995). Itwas also shown that REST acted as a negative regofateuronal gene ex-
pression in neurons (Palebal., 1998; Timmuslet al., 1999). REST/NRSF recruits
multiple cofactors including CoREST corepressor, HDACDA€?2, and mSin3A
to repress its target genes (Ballas and Mandel, 2005). R¥ESIF was shown to
repress basal and neuronal activity-dependent expres$itte BDNF gene from
promoters Il and in vitro andin vivo in transgenic mice (Palrat al., 1998; Tim-
musk et al., 1999). It is involved in the regulation of BDNF gene expressby
huntingtin, a protein that is mutated in Huntington’s dseaWild-type huntingtin
induces BDNF mRNA and protein expression from BDNF promditeFhis activ-
ity of huntingtin is lost when the protein becomes mutategulting in a decreased
production of BDNF and neuronal cell death (Zuccetal., 2001). Studies suggest
that this effect is due to the loss of function of the wild typentingtin, which binds
to REST and sequesters it in the cytoplasm, derepressingxression of RE-1
containing genes in the nucleus (Zuccdtal., 2003).

It has been reported that MeCP2 deficiency in human and maase ibduces
the expression of REST and CoREST (Abuhatzaral., 2007). MeCP2 deficiency
in the brain has been shown to decrease an overall exprefdRIDNF in spite of an
observed increase in the activity of promoter IV that is colied directly by MeCP2
(Chenet al., 2003a; Martinowichet al., 2003). How MeCP2 deficiency caused an
overall downregulation of BDNF expression had for a longetirmmained an enigma.
Recently, it has been discovered that MeCP2 binds to andiadvied in repression
of REST and CoREST promoters despite their unmethylatee Giduhatziraet al.,
2007). MeCP2 depletion is associated with a change in therl@smodification
profile at REST and CoREST promoters - increase in dimetloylaif histone H3
at lysine K4 and decrease dimethylation in histone H3 ahy¥(9 — which corre-
sponds to a more active chromatin conformation. Upon nelractivity, MeCP2
is phosphorylated and released from REST and CoREST prosnethich induces
their transcription, translation and subsequent reprassi BDNF promoter Il (Fig-
ure 2). Thus, the elevated levels of REST and CoREST in the bfaRTT patients
and MeCP2-deficient mice result in downregulation of BDN$parently by their
binding to the RE1/NRSE in the BDNF gene (Abuhatztal., 2007).

REs in BDNF promoter IV

BDNF promoter IV can be activated by €ainflux through either NMDAR or L-
VSCC (Tabuchiet al., 2000). Detailed analysis of proximal region of BDNF pro-
moter IV (promoter 11l according to the old nomenclature} lshown that it con-
tains three distinct Ca-responsive elements (CaREs) (Figure 3). In cultured rat
embryonic cortical neurons CaRE1 mediated calcium-resiperinduction of BDNF
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promoter IV expression by recruiting calcium- and neusdéstive transcription fac-
tor CaRF (Taocet al., 2002; Shiehet al., 1998). CaRF contains consensus phos-
phorylation sites for a number of kinases including CaMRKPK and PKC (Tao

et al., 2002). The second element, CaREZ2, is é*@asponsive E-box that binds up-
stream stimulatory factors 1 and 2 (USF1/2) (Cleeal., 2003b). The third element,
cAMP/C&*-response element-like element (CaRE3/CRE), proximahgoekon IV
transcription start site (Figure 3) is important for thetintion of BDNF promoter IV
by CREB following membrane depolarization (Tetoal., 1998; Shiefet al., 1998).
CREB bound at CRE in promoter IV becomes phosphorylated lejura-regulated
kinase cascades in response to neuronal activity and tecarnponents of the basal
transcriptional machinery to BDNF promoter IV (Lonze anahigj 2002; Westt al.,
2001). Coordinate activity of USF1/2 together with CaRF &@REB is required to
regulate BDNF gene expression from promoter 1V irf Gdependent manner (Chen
et al., 2003b; Taocet al., 2002). Moreover, human BDNF promoter IV was shown
to be activated via its CRE element in responce to dopamindirig to D1 class
of dopamine receptors in human NT2 cells (Fahgl., 2003). As reported by this
study, dopamine binding mediated activation of BDNF traipsion via CAMP, PKA,
and CREB (Fangt al., 2003).

In frog, transcription from BDNF promoter IV is strongly inded by neuronal
activity during black-background adaptation. A sequethes shares high homology
with rodent and human CRE along with sequences resembliRE€a BDNF pro-
moter IV have been found upstream from frog BDNF exon |V tcaipgion initiation
site (Kidaneet al., 2009). In addition, in the region of CRE, a sequence resembl
downstream regulatory element (DRE) was identified andddorbe conserved in
human and rat BDNF promoter IV (Kidaret al., 2009). DREAM, also termed
KChIP-3 (potassium channel interacting protein-3) or emilin, binds to the DRE
in the promoters of its target genes and represses thegctiption in the absence
of neuronal activity. It is widely expressed in the braindam particular in sensory
neurons (Mellstronet al., 2008). Upon neurotransmitter release, DREAM binds di-
rectly to calcium ions that enter the nucleus, dissociates fthe promoters of its
target genes, thus relieving transcriptional repressi@mhadlowing the transcription
of these genes (CarriGat al., 1999). Interestingly, DREAM null mice showed en-
hanced learning and memory abilities and delayed aging. ANRELINctions as a
negative regulator of CREB-dependent transcription of BN the hippocampus
by binding to unphosphorylated CREB in the absence of naliractivity and pre-
venting CREB interaction with CBP (CREB binding protein)arCé&*- dependent
manner (Fontan-Lozare al., 2009).

In addition to CaREs, MeCP2 binding site (CpG sequenceshpbasn found in
the proximal region of the BDNF promoter IV (Figure 3). MeCBids to BDNF
promoter IV and represses the expression of the BDNF genegromoter IV (Chen
et al., 2003a; Martinowiclet al., 2003). Membrane depolarisation and calcium influx
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through L-VSCCs decreases CpG methylation and increasesnki H3 H4 acety-
lation at BDNF promoter 1V, thereby facilitating transdign (Chenet al., 2003a;
Martinowichet al., 2003). Neuronal activity-dependent induction of the BDgéne
transcription is a consequence of the MeCP2 phosphorglatial the release of a re-
pressor complex containing MeCP2, histone deacetylasé€Xand HDAC?2, core-
pressor mSin3A (Martinowiclet al., 2003) and probably also Ski, N-CoR (Kokura
et al., 2001), and SWI/SNF complex (Harikrishn@h al., 2005). As mentioned
above, MeCP2/HDAC regulates BDNF promoter | and IV in cw@tuhippocampal
neurons upon NMDA receptor activation (Tiahal., 2010).

Other transcriptional regulators at BDNF promoter |V ird#unuclear factor kappa
B (NF«B) (Lipsky et al., 2001; Mariniet al., 2004), class B2 basic helix-loop-helix
domain containing protein (BHLHB2) (Jiang al., 2008), neuronal PAS domain
protein 4 (NPAS4) (Liret al., 2008b), and MEF2 (Hongt al., 2008, S.W. Flavell,
T.K. Kim, and M.E.G., unpublished data). NdB family of transcription factors reg-
ulate genes involved in immunologic responses, cell giion, growth regulation,
and apoptosis. NkB was shown to regulate BDNF promoter IV during NMDAR-
mediated neuroprotection (Lipskyal., 2001). BHLHB2 is an immediate-early gene
expressed in the hippocampal neurons. It binds BDNF pramytdetween CRE
and NFkB binding sites (Figure 3) in response to neuronal activiipgruNMDAR
activation and act as a trascriptional repressor of BDN&n@kt al., 2008). Npas4 is
critical for activity-dependent regulation of GABAergigreapse development. Npas4
expression is rapidly activated by excitatory synaptidvagtand turns on a pro-
gram of gene expression that triggers the formation and&intenance of inhibitory
synapses on excitatory neurons (ktral., 2008b). Initial studies indicate that Npas4
is associated with BDNF promoters | and IV (Figure 2) and laigis BDNF expres-
sion during the development of GABAergic synapses (tial., 2008b).

MEF2 has been detected as one of the components of the rougtdhtranscrip-
tional activation complex containing CBP, RNA polymeras@Dbl Il) and MEF2 that
binds to BDNF promoter IV (Honet al., 2008, S.W. Flavell, T.K. Kim, and M.E.G.,
unpublished data). Disruption of the ability of CREB to bBBNF promoter 1V in
transgenic mice resulted in impaired activity-dependeamdcription of BDNF in re-
sponse to NMDA in cultured cortical neurons or sensory depee-driven synaptic
activation in the brain (Hongt al., 2008). The impaired CREB binding to BDNF
promoter IV disrupts the binding of CBP, Pol Il, and MEF2 to BP promoter IV
as well. This indicates that the loss of CREB binding to BDNBmpoter IV dis-
rupts the multifactor transcriptional activating compbaxd suggest a new function
for CREB in the assembly of transcriptional complexes agitget promoters (Hong
et al., 2008). Recent evidence suggests that MeCP2, in additifumtdioning as a
repressor of gene expression, may work as an activator indimplex with CREB
(Chahrouret al., 2008). It is possible that MeCP2, CREB, and MEF2 act togethe
to recruit CBP to BDNF promoter IV once CREB and MeCP2 are phosylated at
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serine-133 and serine-421, respectively, and MEF2 is dgptwoylated at serine-408
(Greer and Greenberg, 2008).

REs in BDNF promoter VI

Reporter gene assays using BDNF promoter VI sequences gpeonV according
to the old nomenclature) have identified several regulagteynents required for ro-
dent BDNF promoter VI transcriptional activation by the MKWRCaMKIl, and PKA
signaling pathways (Takeucht al., 2002). Potential C/EBB/and Sp1 binding sites
in BDNF promoter VI were suggested to mediate BDNF activa{iyest, 2008). In
addition to neuronal activity, NGF (Past al., 2006) and corticosteroid hormones
(Hanssonet al., 2006) have been shown to regulate BDNF promoter VI. NGF is
likely to act through the MAPK pathway to induce transcopti(Parket al., 2006).
Steroid hormones reduce BDNF exon VI expression possiblgitect binding of a
steroid hormone receptor repressor complex to promoteA\iutative glucocorti-
coid response element-like sequence has been identifiedimoper VI (Funakoshi
et al., 1993), but its role in the regulation of BDNF is not yet efitdted. It must be
noted, however, that human BDNF promoter VI shares velg Bequence similarity
with rodent BDNF promoter VI, and the abovementioned eldgmare not conserved
in human BDNF promoter VI.

1.4.4 Activity-dependent epigenetic modifications at BDNpromoters

Generally, histone acetylation, regulated by histone elgtases (HDACs) and hi-
stone acetyltransferases (HATS), is associated with operaatin and allows for
increased transcription. While histone methylations l&gd by histone methyl-
transfereases (HMTs) and histone demethylases (HDMs) are stable and can be
associated either with the repression or activation ofsttaption in the given locus.
Neuronal activity-dependent chromatin remodeling at BOgémoter | and IV has
been shown to regulate BDNF expressionitro andin vivo. In cultured rat neurons,
membrane depolarization induced histone H3 and H4 acetylat BDNF promoter
IV (Chenet al., 2003a; Martinowichet al., 2003). Also, recent study reported that
HDAC1 was released from BDNF promoters | and IV following N Deceptor
activation in cultured rat hippocampal neurons (Tahml., 2010). In vivo, seizures
(Tsankovaet al., 2004), epilepsy (Huangt al., 2002), antidepressants (Tsankova
et al., 2006), and cocaine exposure (Kuneigl., 2005) have been demonstrated to
increase acetylation of histones H3 and H4 at BDNF promdteasd VI and induce
BDNF mRNA transcription.

Neuronal activity-dependent regulation of histone mettigh at BDNF promoter
IV and VI contributes to the transcriptional control of BDkpression (Chee al.,
2003a; Martinowictet al., 2003; Tsankovat al., 2006). Histone methylation code is
more complex than acetylation as it has been associateeithtir transcriptional ac-
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tivation or repression depending on the particular metkyldysine (K). Amino acid
residues of histones may be either mono-, di-, or tri- mettiegl resulting in different
effects on gene transcription (Lachner and Jenuwein, 20028DNF promoter 1V,
membrane depolarizatioim vitro drives dimethylation of histone H3 at K4, which
is associated with transcriptional activation (Martinckwet al., 2003), while at the
same promoter, a repressive methylation event — dimetbglaff histone H3 at K9
— is reduced by neuronal activity (Chenal., 2003a; Martinowichet al., 2003). In
vivo, defeat stress in mice induced prolonged downregulati®8DdfF promoters IV
and VI by strongly increasing the repressive histone H3 KigYethylation at these
promoters (Tsankovet al., 2006).

Furthermore, epigenetic DNA modifications regulate neafawtivity-dependent
activation of the BDNF gene by decreasing CpG methylatioBDNF promoter IV
DNA and the release of a MeCP2/HDACs/mSin3A repressor cexnfiChenet al.,
2003a; Martinowictet al., 2003). Amazing results have been reported by RbHh.
(2009a). This study investigated whether early-life negltment by caregivers leaves
long-lasting epigenetic marks at the BDNF gene in the CNShiation status of
BDNF promoter IV and BDNF gene expression was studied tHrougthe life span
of the animals. Also, DNA methylation patterns was studiethe next generation of
infants. The results showed that maltreatment in infanogpeed persisting changes
in methylation of BDNF promoter 1V and caused the reductioBDNF mRNA lev-
els in the adult prefrontal cortex. Furthermore, altered\BLbromoter methylation
was observed in offspring of the females that had themseixpsrienced maltreat-
ment in the childhood. This study presented one more prabgbigenetic regulation
of BDNF expression can have a long-lasting effect and carnked with neuronal
plasticity and psychiatric illnesses (Radhal., 2009a).

1.4.5 The role of BDNF in synaptic plasticity

Neuronal activity strongly increases BDNF expression ppbcampal neurons (Pat-
tersonet al., 1992; Dragunovet al., 1993). Activity-dependent regulation of BDNF
transcription as well as the localization of BDNF and TrkBatamatergic synapses
(Drakeet al., 1999) suggested that these molecules might modulate synagas-
ticity. First, Zafraet al. (1990) showed that depolarization of cultured embyonic rat
hippocampal neurons and subsequent elevation of intrdaeltalcium lead to an
increase in BDNF mRNA levels. Theim vivo, BDNF mRNA expression in the hip-
pocampus and cortex was reported to be induced by seizuediarfBet al., 1991;
Ernforset al., 1991; Isacksomt al., 1991). Later, it was shown that the blockade of
visual input results in the down-regulation of BDNF mRNAdéy in the rat visual
cortex (Castréemt al., 1992). Now it is known that BDNF mRNA expression in the
CNS is altered by multiple stimuli such as nerve lesion, dagiressant treatment,
stress, drugs, exercise, administration of kainic acid }Kgchemic insults, hypo-
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glycaemic coma, and others (see West, 2008). Also, exe@igmez-Pinillaet al.,
2002) learning (Halkt al., 2000; Mizuncet al., 2003), and short- or long-term mem-
ory formation (Alonscet al., 2002) induce BDNF mRNA in the adult hippocampus.

LTP is compromised at synapses in hippocampal slices pddesm BDNF/~
or BDNF"~ animals (Korteet al., 1995) , but it can be restored when BDNF is
added to the slices (Kort al., 1996; Pattersost al., 1996). Knocking out TrkB in
the hippocampus also severely compromises LTP (Miniahitlal., 1999). BDNF
also contributes to homeostatic regulation of excitatgmnagtic strengths and in the
maintenance of the balance in cortical excitation and itibib (Rutherfordet al.,
1998). In mice over-expressing BDNF in sympathetic neurimsreased number
of synapses was observed, whereas decreased number ofeymwvags detected in
BDNF~/~ animals (Causingt al., 1997). The mechanisms of BDNF action during
LTP are still unclear. There is good evidence for both pret postsynaptic effect of
BDNF in modulating LTP (Schuman, 1999).

In mice carrying mutations in TrkB gene fewer synaptic cotgaas well as de-
creased numbers of synaptic vesicles in presynaptic newvere recorded in the hip-
pocampus (Martneet al., 1998). Numerous experiments with CNS neurons showed
that BDNF was able to rapidly modulate neurotransmissi@m&an, 1999). BDNF
can act as a retrograde signal that enhances presynaptisedlhui Zhang and ming
Poo, 2002). It was suggested that the stimulation of neameinitter release by
BDNF involves phosphorylation of synapsins (Jovanatial., 2000). BDNF can al-
ter the functional state of neurons within milliseconds fitgaet al., 1999). It causes
depolarization and elicits action potential in pyramidalls of the hippocampus or
cortex and in the Purkinje cells of the cerebellum. This deation results from
an increased conductance for sodium ions, and it is as rapidaé induced by the
neurotransmitter glutamate. It has been shown that TrkiBtdalites and associates
with the cation channel TRPC3 (kt al., 1999). BDNF binding to TrkB leads to a
TRPC3-dependent cation influx in CNS neurons through theadicin of PLCy (Li
et al., 1999).

There is strong evidence that activity-dependent regudaif GABAergic synapses
is important for the plasticity of the nervous system (Hé&n&005). BDNF is an im-
portant mediator of the development of cortical inhibitioduced by neuronal activ-
ity (Rutherfordet al., 1997). BDNF participates in the control of the number ofaxi
tory/inhibitory synapses to be formed on neurons. The tieosinhibitory synapses
in the brain regions such as primary sensory cortex, hipppca and cerebellum
is regulated by the level of excitatory synaptic activitylaensory input (Benevento
et al., 1995; Seil, 1996; Martgt al., 2000). It is remarkable that mutation of the CRE
site at endogenous BDNF promoter IV results in animals tkiibé a reduction in
the number of inhibitory synapses formed by cortical nesrisnculture, a reduc-
tion in spontaneous inhibitory transmission, and a reduadti the level of inhibitory
presynaptic markers in the cortex (Hoet@l., 2008). However, even though activity-
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dependent BDNF promoter IV induction is required for therappiate development
of inhibition in the cortex, it does not appear to affect thevesal or differentiation
of inhibitory GABAergic neurons (Honet al., 2008). Interestingly, these findings
point to a previously unappreciated role for CREB in regnfainhibitory synapse
development (Honet al., 2008).

It is known that elimination of some synapses and potentiadif other synapses
occur in parallel within individual neurons during synapeyelopment (Chen and
Regehr, 2000). Activation of MEF2, a transcription factbatt regulates BDNF
promoters | and IV (see above), might lead to a decrease irtotaé number of
synapses formed onto cells through one group of target gengs HOMER1A,
ARC, KCNA1) and at the same time lead to the strengtheningseparate subset of
synapses through another group of target genes (e.g., ADBYRF) (Flavellet al.,
2008). MEF2 may play a positive role in promoting inhibit@ynapse development
in addition to its effects on excitatory synapse developrsarte MEF2 target genes
such as BDNF and gephryn (Giesemagral., 2003) encode proteins that function
at inhibitory synapses (Flavedt al., 2008).

It has been recenlty discovered that transcription factBAS4 which is regu-
lated by neuronal activity plays a key role in the formatidrs@BAergic inhibitory
synapses onto excitatory neurons. NPAS4 expression idlyagitivated by excita-
tory synaptic activity. Visual stimulation results in arcirase in NPAS4 mRNA and
protein levels specifically in the visual cortex. NPAS4 intilon in cultured neurons
requires an influx of extracellular €athrough L-VSCCs and is partly dependent
on the activation of NMDA and AMPA receptors (Lt al., 2008b). NPAS4 de-
creases the number of excitatory synapses that form onmeara presynaptic neu-
rotransmitter release probability which results in a daseein excitation of a neuron.
NPAS4 appears to be a direct target of MEF2 (ktnal., 2008b). Together with
MEF2, it regulates BDNF gene transcription. Therefore, BTE\role in synapse
development might be exerted through activation by MEF2NBASA4.

Imbalance in the excitatory-inhibitory synaptic strenmgthhe brain can have sig-
nificant consequences for the nervous system, leading ttairretardation, neurode-
velopmental and autism spectrum disorders (Mohler, 2008)sch and Fagiolini,
2005; Rubenstein and Merzenich, 2003). Mutations in thepmrants of activity-
regulated transcription can cause various human cogndi€orders. For example,
mutation of a subtype of the L-VSCC ((z4.2) is the cause of Timothy syndrome,
an autism spectrum disorder with significant cognitive impant (Splawskiet al.,
2004). Mutation of the CBP results in Rubinstein-Taybi spmde (Petrijet al.,
1995). Mutation of RSK2 (ribosomal S6 kinase-2 that actisa€REB by phospho-
rylation at serine 133) results in Coffin-Lowry syndrome (daer and Young, 2002).
Both syndromes exhibit severe mental retardation. MutaifdvieCP2, as mentioned
above, results in Rett syndrome, a developmental disotdercterized by mental re-
tardation and defects in socialization. Since Timothy sgnte and Rett syndrome
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are autism spectrum disorders, it is possible that defacgstivity-dependent gene
transcription might be a cause of autism (Greer and Gregnl2&08). Taken to-

gether, investigation of neuronal activity-regulated eyexpression would expand
our understanding how environment shapes the nervousmsystd how impairment

in this process may lead to disorders of cognition.

1.5 The role of BDNF in neurological and psychiatric disordes, obesity
and cancer. Therapy options involving neurotrophins

1.5.1 Alzheimer’s disease

Alzheimer’s disease (AD), also called Alzheimer diseaseil8 Dementia of the
Alzheimer Type (SDAT) or simply Alzheimer’s, is the most caomon cause of de-
mentia in elderly. AD is incurable and degenerative, it agiosed in people over 65
years of age although the less-prevalent early-onset Albcanr much earlier. By
the year 2010, there were more than 35 million sufferersdwade (Querfurth and
LaFerla, 2010). AD is predicted to affect 1 in 85 people glgbly 2050 (Brook-
meyeret al., 2007). In the early stages, the most commonly recognizeghsym is a
short-term memory loss. As the disease advances, symptaioslé confusion, irri-
tability and aggression, mood swings, language breakdtmmg;term memory loss.
Eventually, gradual loss of bodily functions leads to dg&herfurth and LaFerla,
2010).

AD is considered to be a protein misfolding disease (pra#op since protein
abnormalities have been described in AD and are used toiexfdaauses. Patho-
logical features of AD include i) extracellular plagues®amyloid peptide (4)
and dystrophic neurites in neocortex; ii) intracellulaurwibrillary tangles; iii) loss
of neurons, synapses, and white matter in the cerebralxcarté certain subcorti-
cal regions; iv) inflammation and oxidative brain damage g@uth and LaFerla,
2010; Blennowet al., 2006). The 'amyloid hypothesis’ suggests that extratallu
aggregates of B cause of AD. & peptides consist of 36—43 amino acids and are
natural metabolic products that originate from protealysi the amyloid precursor
protein (APP) (Haasat al., 1993). Monomers of B40 are much more prevalent than
the aggregation-prone and damaginfsAspecies. APP is sequentially cleaved by
beta-site APP—cleaving enzyme 1 (BACE-Besecretase) angsecretase - a protein
complex containing presenilins, nicastrin, anterior ghardefective 1 (APH-1), and
presenilin enhancer 2 (PEN-2) (Haass and Selkoe, 2007)thanédPP processing
pathway that include cleavage hysecretase is considered to be non-amyloidogenic
since it precludes B formation (Lammichet al., 1999). The proteases neprilysin
(Kanemitsuet al., 2003) and insulin-degrading enzyme (Ciual., 1998) also regu-
late levels of A in the brain by degrading f\monomers and oligomers and overex-
pression of these enzymes prevents plaque formation (iregsat al., 2003). An
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imbalance between production and clearance Bfp&ptides causes [Ato accu-
mulate, and this excess may be the initiating cause of ADsiBlogic levels of
AB may be important for controlling excitatory transmissiandgpreventing neu-
ronal hyperactivity (Kamenetat al., 2003), however, oligomers of[Aare toxic to
synapses (Walsé al., 2005). Neuronal activation rapidly increasef gecretion at
the synapse. B can form voltage-independent cation channels in lipid nmemmds
(Arispe et al., 1993) resulting in calcium uptake and degeneration ofitesu(Lin

etal., 2001).

Mutations associated with early-onset familial AD (FADgaominantly inher-
ited and are found in the APP gene itself (Haeisal., 1994) or in the PSEN1 and
PSEN2 genes (Selkoe and Kopan, 2003). Transgenic mice xpetss a mutant
form of the human APP gene develop fibrillar amyloid plaques Alzheimer’s-like
brain pathology with spatial learning deficits (Ganetsal., 1995; Masliahet al.,
1996; Hsiaocet al., 1996). Also, apolipoprotein E isoform 4 (APOE4) - the major
genetic risk factor for AD - leads to excess amyloid buildaphe brain (Polvikoski
et al., 1995) as well as synaptic and cytoskeletal alterationgimons (Maslialet al .,
1995). The ‘amyloid hypothesis’ is further supported by shedies of Down’s syn-
drome (DS) patients and DS animal models. The APP gene itekbam the chro-
mosome 21. People with DS have trisomy 21 (three copies ohotisome 21), thus
having an extra APP gene copy, and exhibit AD by 40 years of(higstor et al.,
2007). Recently, amyloid model has been updated. N-APP,-tarrNinal fragment
of APP that is cleaved from APP by BACE-1 has been shown tgerigrheuronal
death by binding to a neuronal death receptor 6 (DR6, alsawkras TNFRSF21)
(Nikolaevet al., 2009). In this model, B plays a complementary role, by disturbing
synaptic function.

The ‘tau hypothesis’ suggests that tau protein abnorreslitiitiate the disease
onset. In this model, hyperphosphorylated tau begins toeagde. Eventually,
neurofibrillary tangles are formed inside neurons (Goeeest., 1991), the micro-
tubules disintegrate collapsing the neuron’s transpastesy (Igbal and Grundke-
Igbal, 2005). This may result in malfunctions in synaptansmission and neuronal
death (Chun and Johnson, 2007; Khlistuneval., 2006). Abnormal tau molecules
impair cognition (Santacruet al., 2005; Oddcet al., 2006). Tau mutations do not
occur in AD, but increased levels of tau phosphorylated reathine residues T181
and T231, and total soluble tau in the cerebrospinal fluidetate with the decline in
cognition (Wallinet al., 2006).

The neuronal degeneration in AD is also suggested to be dtleetdefects in
cholesterol metabolism (Bu, 2009). Cholesterol hypothiss together the apolipopro-
tein E (APOE) genetic risk, Bproduction and aggregation, and vasculopathy of AD.
A single APOE4 allele increases the risk by a factor of 4, aslAPOEA4 alleles in-
crease the risk by a factor of 19 (Strittmatter and Roses6)198POE transports
cholesterol in the CNS. APOEA4 is a pathological chaperor@mpting A3 deposi-
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tion (Golabeket al., 1996) and tau phosphorylation (Waetgal., 1998). Itis the least
effective of the three apolipoproteins in promoting normmambrane lipid turnover
and the uptake of lipoprotein particles. However, trialsttivere conducted to re-
duce free cholesterol levels have not been effective irtrtreat of AD (Querfurth
and LaFerla, 2010).

Synaptic impairment and the role of BDNF in Alzheimer’s disease

In AD, the number of synapses decreases at the early stdge difease in the cortex
and hippocampus, and the remaining synapses show compgnsairease in size
(Scheffet al., 1990, 2007). As the disease advances, synapses are ldgt,lpdy

in the dentate gyrus of the hippocampus and in the neocditeKdsky and Scheff,
1990; Masliahet al., 1993). In cultured cortical neuronsBAnterferes with LTP by
intervening with PKA/CREB (Vitoloet al., 2002), Ras/ERK and PI3-K/AKT path-
ways (Tonget al., 2001) and downregulates BDNF expression (Tengl., 2004).

In late-stage AD, levels of neurotrophins (especially BDI4Rd their receptors are
severely reduced in cholinergic neurons in the basal faiel{Connoret al., 1997),

in hippocampus and several cortical areas (Philgpsl., 1991) . Disturbance in
synaptic transmission occurs partially due to the endeiytof NMDAR (Snyder
et al., 2005) and AMPAR (Hsielet al., 2006) and the impaired release of neuro-
transmitters. Moreover, high amounts of truncated TrkBptéors have been found
in the AB plaques (Connoet al., 1996). Mureret al. (1999) demonstrated that in
AD brains neurons containing neurofibrillary tangles diticantain BDNF, whereas
most intensely BDNF labeled neurons were devoid of tandlesproBDNF and ma-
ture BDNF are also decreased in the cortex and hippocampb giatients (Peng
et al., 2005; Michalski and Fahnestock, 2003). In rat corticalroes, it has been
shown that /8140 binds to the p78™R neurotrophin receptor, inducing apoptosis
(Yaar et al., 1997; Sotthibundhwt al., 2008). Also, APP has been shown to bind
p73 TR and cause apoptosis in neuroblastoma cells (Fombenak, 2009). A3

or hyperphosphorylated tau can potentially interfere \BIPNF mRNA localization
into dendritic compartments (Tapia-Arancilgizal., 2008).

Finally, CREB phosphorylation has been reported to be imredain AD patients
(Yamamoto-Sasaldt al., 1999). A3 blocks nuclear translocation of phosphorylated
CREB (Arvanitiset al., 2007). In human neuroblastoma cells, it has also been re-
ported that oligomeric 814> decreases phospho-CREB and BDNF exon IV and VI
MRNA (Garzon and Fahnestock, 20073 Bas been shown to interfere with synaptic
function through binding to several receptors such as amding alcohol dehy-
drogenase (ABAD), receptor for advanced glycation end yctsd(RAGE) andx-7
nicotinic acetylcholine receptors (Aranagbal., 2004; Takumaet al., 2005; Dineley
et al., 2001). Following A8 binding to these receptors, CREB phosphorylation is
decreased and LTP is impaired.

42



Treatment of Alzheimer’s disease

Clinical trials ofy-secretase inhibitor, vaccination witfAand monoclonal antibod-

ies against various [Bepitopes are in progress. The vaccine was found to clear the
amyloid plaques in early human trials, but it did not have aigyificant effect on
dementia (Holmest al., 2008). Moreover, in a phase lla trial vaccination resuited
encephalitis, and showed no cognitive or survival benefiphase Il trial of passive
immunization resulted in vasogenic cerebral edema in saatierggs. Phase 1l tri-

als of two monoclonal antibodies againgd Are under way (Querfurth and LaFerla,
2010). Trials of small-molecule inhibitors offfAe.g., scylloinositol) and tau oxida-
tion and aggregation inhibitors (e.g., methylene blue)usrder way (Querfurth and
LaFerla, 2010).

The L-VGCC blocker, MEM 1003, is in a phase Il trial, and mettiae, an
NMDA-receptor blocker, is approved by the Food and Drug Adstiation. In
AD, synthesis of the neurotransmitter acetylcholine isiced! (Geula and Mesulam,
1995). A potential treatment for AD, the cholinesterasehitor drug ladostigil, in-
duced BDNF expression as well as APP processing{ggcretase by inducing the
PKC and MAPK cascades (Yogev-Falatltal., 2006) and prevented memory deficits
in rats (Shohanet al., 2007). However, although cholinesterase inhibitors mapr
neurotransmission and provide moderate relief in AD, tloese lefficacy over time
(Raschettiet al., 2007). The use of agonists and modulatorsi-af nicotinic acetyl-
choline receptors is under investigation (Querfurth anBdrka, 2010).

Dysfunctional mitochondria in AD release free radicals eadse oxidative stress
(Smith and Perry, 1995). Subsequently, increases in memahrarmeability to cal-
cium, other ionic imbalances, and impaired glucose trams@dark et al., 1996)
enhance neurodegeneration. However, trials of AD treatrbgmntioxidants have
generally failed (Pratico, 2008). Removal of divalent alets potentially harmful
because they serve as co-factors in multiple essentiaheatay reactions. In a pilot
phase Il trial, PBT2, a safe compound derived from clioguthat attenuates metal
proteins (Adlarcet al., 2008) showed some efficacy.

Glucose intolerance and type 2 diabetes are known to begkdagtors in AD
(Craft et al., 1998; Arvanitakiset al., 2004). Resistance to insulin makes neurons
energy-deficient and impairs synaptic plasticity. Morepkiggh serum glucose levels
up-regulate the tau kinase, glycogen synthase kinBg@akashima, 2006) and re-
duce levels of insulin-degrading enzyme in the brain in ADgKet al., 2003). Treat-
ment with thiazolidine drugs (peroxisome-proliferatatizated receptor (PPAR) ag-
onists, which activate insulin-responsive gene transonipprevented AD-associated
changes and cognitive decline in transgenic mice (Pedetseén 2006) and had sig-
nificant effects in subpopulations of patients with AD (Risd al., 2006).

Finally, neurotrophin therapy is being developed for AD. Rape | study okx
vivo gene therapy was reported: genetically modified cells thptess NGF have
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been transplantated into the brains of AD patients (Tuddyeisal., 2005). BDNF
induces rapidn vitro dephosphorylation of tau protein in neural cells (Elliettl.,
2005). Exogenous application of BDNF can rescue neuromns fieath by preventing
AP and tau-induced neurodegeneratiorvitro andin vivo (Tapia-Arancibiaet al.,
2008). However, in humans, brain neurotrophin administnainduces strong side
effects as pain and weight loss (Schulte-Herbriiggeal., 2007; Weinrebet al.,
2007) limiting its usage as a therapeutic molecule. Thelehgé for future research
will be to develop therapeutic strategies aimed at boogtimpgenous BDNF or/and
TrkB activity, which would prevent dementia (Tapia-Ardpiaiet al., 2008).

1.5.2 Parkinson’s disease

Parkinson’s disease (PD) is a progressive neurodegeredigorder caused by death
of dopaminergic neurons in the substantia nigra (SN), a midtstrucure that pro-
vides dopamine input to the striatum (a forebrain strugtute PD, the balance in
the inhibitory/excitatory transmission in these braiustures is lost, which leads to
disability to control movement. The main symptoms of PD dffecdlty in initiat-
ing movements, slowness of movements, stiffness, and treleurons in PD con-
tain Lewy bodies — abnormal aggregatesabypha-synuclein associated with other
proteins such as ubiquitin (Engelender, 2008), neurofitdrpeotein, andal pha B-
crystallin. Tau proteins may also be present (Ishizaina., 2003).

Reduced BDNF expression in the PD brain has been observé isubstantia
nigra pars compacta (SNpc) (Howedisal., 2000), as well as in the striatum (Mogi
et al., 1999; Parairet al., 1999). The total number of neurons containing BDNF is
significantly reduced (Parag al., 1999), and the surviving dopaminergic neurons in
PD express less BDNF (Howeksal., 2000). Furthermore, almost all dopaminergic
neurons containing Lewy bodies are immunoreactive for BDfEgesting that en-
dogenous BDNF protein expression is not sufficient for prirtg neurons from the
degenerative process in PD. TrkB mRNA levels do not show hapge per surviving
neuron in the SN of the PD brains (Benistyal., 1998).

Treatment of Parkinson’s disease

Treatments that relieve the symptoms and increase dopegingansmission in
striatum have been helpful at the initial treatment stage)dier on patients experi-
ence severe complications such as L-DOPA-induced dyskirfe), motor fluctu-
ations and hallucinations (Fabbridial., 2007). Therefore, non-dopaminergic drug
development could provide great benefit for PD patients (URwussek, 2008).
Adenovirus (AdV), adeno-associated virus (AAV), herpeaex virus (HSV)
and lentivirus (LV) vectors have recently been used fordfaming genes to specific
brain regions (Mandeét al., 2008). Phase | clinical trials have been conducted to
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deliver glutamic acid decarboxylase (GAD) gene, that gats synthesis of GABA,
directly into neurons of the human subthalamic nucleus aithadeno-associated
virus (AAV) vector (Kaplittet al., 2007). In patients with PD, activity of the sub-
thalamic nucleus is increased mainly because of the redaé&Aergic input from
the globus pallidus. Therefore, increased GABA synthesigcdccompensate for this
deficiency. The 1 year follow-up of this therapy reported haAV-GAD treatment
was safe and well tolerated by patients with advanced Picied thalamic activ-
ity. However, GAD gene therapy did not exhibit a strong disemodifying effect
(Kaplitt et al., 2007).

Increasing evidence suggests that programmed cell dgaipt(@ic-like cell death)
is a key cell death mechanism in the selective loss of dopangim neurons in PD
(Hirschet al., 2000). Recently, the anti-PD monoamine oxidase-B inbibitrasag-
iline — has been shown to possess neuroprotective acilifieregulating the Bcl-2
family of proteins (thus protecting mitochondrial viabili and by inducing BDNF
via activating PI3K/Akt pathway (Weinreé& al., 2007; Sagkt al., 2007). Rasagi-
line showed beneficial effects in PD patients, and confeigificant symptomatic
improvement (Biglaret al., 2006). The fact that injured dopaminergic neurons re-
spond to exogenous BDNIiR vivo (Hagg, 1998; Tsukaharet al., 1995) and that
TrkB mRNA expression is normal in PD patients, suggests Riatpatients could
benefit from a rationally designed BDNF therapy (Hu and Rkis2@08).

1.5.3 Huntington’s disease

Huntington’s disease (HD) is a fatal, dominantly inheritexirodegenerative disor-
der with onset in midlife. It is characterized by psychiatrcognitive and motor
dysfunctions. HD is caused by an excessive repetition oftA6 trinucleotide in
exon 1 of the huntingtin gene, which results in the producté a protein bearing
a polyglutamine (polyQ) expanded tract in its N-terminugisimutation leads to a
widespread brain neurodegeneration with specific losgiatatand cortical neurons
(Zuccato and Cattaneo, 2007). It has been suggested thsglugaminases (TGases)
play a critical role in the pathogenesis of HD because thegszlink huntingtin and
catalyse the formation of aggregates. As TGase activitycieased in HD brain, they
represent an attractive therapeutic target in HD (Gentitk @ooper, 2004; Hoffner
and Djian, 2005).

Studies showed that BDNF is involved in the development of Btiatal neurons
in the brain require BDNF for their activity and survival. Btoof the BDNF acting
in the striatum is of cortical origin (Zuccato and Cattan2@)7). Huntingtin muta-
tion in HD reduces the transcriptional activity of BDNF protars, thus decreasing
protein production in the cerebral cortex (Zuccettal., 2001, 2005). Obstructed an-
terograde and retrograde vesicle transport of BDNF prdteim cortical neurons to
striatal neurons has also been observed (Gauthidr, 2004). Wild-type huntingtin
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might act as a facilitator of RE1/NRSE-containing neurayexte transcription in the
nervous system (Zuccatb al., 2003). It retains REST/NRSF in the cytoplasm, thus
reducing REST/NRSF binding within BDNF promoter Il and aling BDNF gene
transcription (Zuccatet al., 2003). However, mutated huntingtin causes the patho-
logical entry of REST/ NRSF into the nucleus where it can limthe RE1/NRSE
site and lead to BDNF promoter Il repression. Also, mutatedtingting downreg-
ulates the levels of synapsin-1, cholinergic receptor, sewkral other genes in the
cerebral cortex (Zuccate al., 2003).

Also, the transcriptional activity of BDNF promoters IV aM is affected in
cell and mouse models of HD (Zuccatbal., 2001, 2005). However, the mecha-
nism of inactivation of BDNF promoters IV and VI in HD is stiinknown. Several
findings suggested that CBP can be sequestered into mutatimdtin aggregates
(Nuciforaet al., 2001; McCampbelkt al., 2000). Reduced CREB phosphorylation
may also contribute to the reduced transcription from BDMémwter 1V (Gines
et al., 2003). Moreover, CREB co-activator TAFII-130 interactghamutant hunt-
ingtin, which might impair BDNF IV transcription (Dunadi al., 2002). It has been
reported that heterozygous HD patients carrying BDNF Mielehave a later age
of onset compared with homozygous Val/Val BDNF patientdbgkthet al., 2005).

It was shown that mutant huntingtin impairs post-Golgiftcking of BDNFR but
not of BDNRyet, impairing regulated secretion of BDN4 and reducing activity-
dependent release of BDNr (del Toroet al., 2006). Finally, mutant huntingtin
affects TrkB levels in HD (Ginést al., 2006). This fact has to be taken into account
when designing therapeutic strategies based on modulatiBDNF levels.

Treatment of Huntington’s disease

In parallel to the development of the lentiviral deliveryBRIDNF (Bemelmant al .,
1999), cells that express and continuously release BDNFRfat doses have been
applied to protect striatal neurons from neurotoxic damagaouse models of HD
(Ryu et al., 2004). Also, small-molecule BDNF analogues with improypéérma-
cokinetic properties and the ability to penetrate the blbmdn barrier (BBB) are
being developed. Cyclic peptides that mimic BDNF threeaetisional structure and
bind to TrkB receptor have been designed. Preliminary stutiave demonstrated
that such BDNF mimetics act as BDNF agonists that promotestimeival of cul-
tured sensory neurons, although their proteoliyic stgtéihd their ability to activate
TrkB receptors still require analysis (Fletcher and HugRe€6).

The usage of antidepressants that affect BDNF levels sushlastive serotonin
reuptake inhibitors (SSRIs) (Nibuyat al., 1996) and lithium (Chuang, 2004) have
been studied in treating HD (Zuccato and Cattaneo, 2007pt&en might have pro-
tective effects on striatal and cortical neurons by adtiggtAMP and CREB which
leads to BDNF upregulation (Tardie al., 2006). However, clinical studies failed
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to prove SSRIs useful for non-depressed HD patients (Ceamab, 1997). Lithium
induces the expression of BDNF in cortical neurons (Fukanebtl., 2001). Also,
lithium inhibits GSK-3beta, which is involved in apoptotell death, and induces
beta-catenin whose overxpression protects cells frommhbtantingtin-induced tox-
icity (Carmichaelet al., 2002). However, lithium did not have consistent effect on
motor functions and did not improve survival in mouse modeH® (Wood and
Morton, 2003).

Memantine (Marvanovat al., 2001) and riluzole (non-competitive inhibitors of
NMDA receptor) (Mizutaet al., 2001; Katoh-Sembet al., 2002) have recently been
shown to increase BDNF levels. A 2-year study of 27 HD pasiewas carried out
in order to investigate the effectiveness of memantine Iayieg disease progres-
sion. The results suggest that memantine treatment maydbel urs slowing-down
HD progression (Beistest al., 2004). Another trial has found that riluzole causes
transient motor improvement in human HD patients (Sepgi., 2001).

Cystamine is a competitive inhibitor of TGase activity. ifhits the aggregation
of proteins with an expanded polyQ tract (lgaraghal., 1998; de Cristofaret al.,
1999). It has been shown to relieve symptoms and improvevaliim HD mice
(Dedeogluet al., 2002; Karpuijet al., 2002), limiting the decrease in brain weight,
brain volume and neuronal atrophy (Dedeoglwal., 2002). Recent findings have
linked cystamine and its reduced form, cysteamine (a drpgoapd by the FDA), to
BDNF. It was found that cystamine increases the levels dffleack DnaJ domain-
containing protein 1b (HSJ1B), whose levels are decreasétDi patients. HSJ1B
inhibits the polyQ-induced death of striatal neurons androwmal dysfunction by
stimulating BDNF secretion through the formation of clatkroated vesicles con-
taining BDNF (Borrell-Pagest al., 2006). It has been suggested that cystamine
increases BDNF secretion from the Golgi, and that this effelblocked by reducing
HSJ1B levels or by overexpressing transglutaminase. digdrcystamine doses have
been evaluated in HD patients, which encourages usingroysteand cysteamine for
treatment HD (Zuccato and Cattaneo, 2007). Finally, inimQiREST/NRSF, the si-
lencer of BDNF promoter I, could be the target of the thetdjoedesign in the future
(Zuccato and Cattaneo, 2007).

1.5.4 Epilepsy

Epilepsy is a chronic heterogeneous neurological disditaraffects~50 million
people worldwide regardless of age and gender (Bialer anitie\\#010). It is char-
acterized by recurrent spontaneous seizures. Epilepsheacquired after a brain
insult such as trauma, infection, stroke or tumour. Theridek forms of epilepsy
can be caused by genetic mutations in ion channel genes\(&iab, 1998; Biervert
et al., 1998) or neurotrasmitter receptor genes (Bertrand, 2B8alacet al., 2001),
although other genes and environmental factors can medplenotypic expression
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of epilepsy (age at onset, duration of seizures, respamssgeto antiepileptic drugs)
(Gourfinkel-Anet al., 2004). However, for many epilepsy cases, genes whose muta-
tions cause the disease are unknown.

It is a central idea of epilepsy field that seizures resulinfismbalance between
exitation and inhibittion (Moshé, 2000). The understagddf the molecular mecha-
nisms that underlie epilepsy has come from exploring thenagisms of antiepileptic
drugs (AEDs) action. Voltage-gated sodium channels in ttanbare the molec-
ular targets of numerous AEDs. Drugs that enhance GABA tecequbtype A
(GABAA)-mediated inhibitory neurotransmission and 42 potassium chanel lig-
ands gabapentin (GBP) (Neurontin; Pfizer) and pregabaimidd; Pfizer) are also
effective anticonvulsants (Rogawski, 2006). Levetiraoet{Keppra; UCB) and its
structural analogue brivaracetam bind to synaptic vegjtteoprotein 2A (SV2A)
that coordinates synaptic vesicle exocytosis and neunainédter release (Lynott al.,
2004; Kaminskiet al., 2009). Felbamate limits NMDAR, and topiramate attenuates
AMPAR and kainate receptor activity (Bialer and White, 210

Expression levels of BDNF mRNA and protein increase as aeamuence of
seizures in several animal models of epilepsy includinglikig (repeated small elec-
trical or chemical stimulation to the brain) (Ernfatsal., 1991), kainic acid (Rudge
et al., 1998), and pilocarpine treatment (Metdal., 1996; Poulsemt al., 2004), es-
pecially in the hippocampus. Elevated levels of BDNF mRNAaf{hernet al., 1996)
and protein (Takahaskt al., 1999) have been detected in hippocampal and temporal
lobe tissues of human patients with temporal lobe epileppsyas suggested that re-
duced TrkB activation may inhibit the development of kindli(Kokaiaet al., 1995)
and that signaling via TrkB promotes epileptogenesis (Bitlal., 1999). Further-
more, compared with wild-type animals, truncated TrkB sgamnic mice have less
severe seizures with later onset and lower mortality (eélenet al., 2002). Trans-
genic mice that over-express BDNF have more severe seiguresponse to kainic
acid and some display spontaneous seizures (€rall., 1999). However, chronic
intrahippocampal infusion of BDNF inhibits hippocampatdiing, reduces the dura-
tion of seizures (Larmedt al., 1995; Reibekt al., 2000b) and decreases TrkB levels
by 80% (Knuselet al., 1997). The antiepileptogenic role of BDNF might be due
to the up-regulation of neurotransmitter neuropeptide PYN)N(Reibelet al., 2000a;
Croll etal., 1994). NPY was shown to inhibit hippocampal seizures in@hadimals
(Woldbyeet al., 1997). Moreover, NPY has a potent and prolonged presynapti
hibitory effect on excitatory synaptic transmission in lamdentate gyrus (Colmers
and Bahh, 2003).

Despite many available AEDs, none is considered to be telialzuring epilepsy.
Also, pharmacoresistant epilepsy forms that cannot béetlday any existing AED
represent a challenge for drug design. Also, drugs withalé sffects are being
sought for (Bialer and White, 2010). Carefully designed egen stem cell ther-
apy to induce neurogenesis and enhance neuroprotectiom astractive strategy
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for antiepilepsic therapy. Induction of antinecrotic andi-@apoptotic genes, neu-
rotrophins, and neuropeptides could provide benefits foeips with epilepsy (Vez-
zani, 2007).

1.5.5 Depression

Depression is a mental iliness that affects approximaté¥ df the population and is
a major cause of disability worldwide (Kozisekal., 2008). In depressed individu-
als, decline in hippocampal function and reduced hippoedrmgll volume has been
observed (Warner-Schmidt and Duman, 2006). Also, chroméss decreases the
neurogenesis of dentate granule cells in the adult hipppaamrand multiple antide-
pressant drugs increase both cell proliferation and neuregjs in this brain region
(Malberg and Blendy, 2005). Most of the stress models thatsdese adult neuroge-
nesis also decrease the expression of BDNF (Duman, 2004gcredse in the levels
of BDNF is seen in the hippocampus and prefrontal cortex gireksed patients
(Chenet al., 2001; Karegest al., 2005b). Also, serum levels of BDNF are decreased
in depression and antidepressant treatment appears tsedhés reduction (Karege
et al., 2005a; Shimizwet al., 2003). CREB mRNA levels and protein phosphory-
lation are also reduced in postmortem brain samples of depdepatients (Yamada
et al., 2003). CREB is considered to mediate BDNF induction bydepiessants
(Nestleret al., 2002). Direct infusion of BDNF into the midbrain (Siuciak al.,
1997), hippocampus (Shirayaregal., 2002), or into the lateral ventricles (Hoshaw
et al., 2005) induces behavioral responses that mimic antidean¢gffects in animal
models of depression. In contrast, infusion of BDNF into katral tegmental area
(VTA) produces a depression-like phenotype and over-egiwa of dominant nega-
tive TrkB in the nucleus accumbens (NAc) produces an antissant effect (Eisch
et al., 2003). In addition, BDNF Met allele has been associateth tie reduced
susceptibility to depression (Pezawgisal., 2008). Taken together, BDNF role in
depression is complex and brain region specific (Hu and Ru2668). Mechanisms
of depression seem to involve dysfunction in activity-leted neuronal networks in
amygdala circuitry, where BDNF plays an essential role (@ast al., 2007).

Treatment of depression

First antidepressants increased the synaptic concemtrafiamine neurotransmit-
ters, either by inhibiting their metabolism or blocking nenal reuptake. However,
these two classes of antidepressants are associated guitficsint side effects and
potentially serious adverse reactions. Currently, thegesaveral treatment options
for depression, including antidepressants, electrodsiveutherapy (Koziselet al.,

2008), cognitive behavioral therapy, interpersonal pstfaérapy, and a combination
of nondrug and pharmacologic options. Newer drugs inclhéestlective serotonin
reuptake inhibitors, which are now considered the drugshofce in the treatment
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of depression. However, the precise mechanisms underdjitigepressant actions
are largely unknown. Many antidepressant drugs acutetg@se monoamine levels,
but they produce long-term changes that go beyond just emfgaserotonergic or
noradrenergic neurotransmission (Dunghal., 1994). Among the longterm targets
of antidepressant treatments may be the regulation of treptons such as BDNF
(Koziseket al., 2008). Recently it has been shown that statin therapy shaséd
clinically to reduce plasma cholesterol levels is assediavith a reduced risk of
depression. Statins can induce tPA and inhibit plasminagsivator inhibitor-1,
the major inhibitor of tPA. It is therefore possible thattsts could act through the
tPA-plasminogen pathway increasing cleavage of proBDNmaure BDNF thus
achieving an antidepressant effect (Tsai, 2007b).

1.5.6 Drug addiction

Although it is not known with certainty what causes drug atidn, it has been hy-
pothesized that long-term changes that occur within thaasreeward circuitry are
important. In particular, adaptations in dopaminergicroas of the ventral tegmen-
tal area (VTA) in the midbrain and in their target neuronsha forebrain striatum
structure, nucleus accumbens (NAc), are thought to alterdgividual’s responses to
drug and natural rewards (Russtaal., 2009). These changes lead to drug tolerance,
reward dysfunction, escalation of drug intake, and evéigteampulsive use. Most
classes of addictive substances, when administered chatbynialter structural plas-
ticity throughout the brain’s reward circuitry (NestleQ@L; Koob and Moal, 2005).
Opiates have been shown to decrease the number and comypleaé@ndritic spines

in NAc, medial prefrontal cortex, and hippocampus, and trelse the overall soma
size of VTA dopaminergic neurons, with no effect on non-dojpeergic neurons in
this brain region (Sklair-Tavrost al., 1996; Nestler, 1997). There is an exception to
these findings: morphine has been reported to increase spinker on cortical neu-
rons (Robinsoret al., 2002). In contrast to opiates, stimulants such as ampligtam
and cocaine have been shown to consistently increase temsgines and complex-
ity in NAc medium spiny projection neurons, VTA dopaminergieurons, and pre-
frontal cortex pyramidal neurons, with no decrease in stinat plasticity (Robinson
and Kolb, 1997; Norrholnet al., 2003; Sartet al., 2007).

Drugs of abuse act by changing gene expression in certain kegions. For
example, acute and chronic exposure to amphetamine antheadgers the expres-
sion of Fos family and other immediate early genes in thatstm. Fos family pro-
teins are rapidly and transiently induced in striatum folltg acute administration
(Graybielet al., 1990; Younget al., 1991). However, chronic drug exposure desen-
sitizes the induction of the genes (Hogeal., 1992) and leads to the accumulation
of AfosB, a truncated splice variant of the FosB gene that app@amediate en-
hanced sensitivity and drive for cocaine and other drugsoéa in animal models
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of drug addiction (Nestler, 2001; Peakmairal., 2003; Colbyet al., 2003). In con-
trast, BDNF gene expression is activated chronically batagately (McClung and
Nestler, 2003). Animal and clinical studies confirm thatre@ased BDNF activity
in the brain may be implicated in the pathogenesis of drugctidd. BDNF infu-
sion into rat midbrain enhances the rewarding effects o&ic@cwhile in contrast,
cocaine-conditioned place preference was decreasedambkggous BDNF knock-
out mice (Hallet al., 2003). Furthermore, in humans plasma BDNF concentrations
methamphetamine users were significantly increased cadpeith controls (Tsai,
2007a). Similarly to depression, BDNF levels in drug addicis up-or downregu-
lated depending on the brain region (Russal., 2009).

Histone modifications have been shown to differentiallyutatg gene expression
in acute and chronic drug administration. Acute effects afaine are associated
predominantly with acetylation of H4 at cFos and FosB gendfile chronic co-
caine robustly induced levels of H3 acetylation at the Fas8@dk5 promoters, and
BDNF promoter Il (Kumaret al., 2005). H3 modifications at BDNF promoter I
are very long-lasting and even increase over the coursetbfivawal (Kumaet al.,
2005). This is interesting considering that the levels ofNBDprotein in the stria-
tum increase further during withdrawal (Grimenal., 2003). The knowledge on the
mechanisms of drug-induced changes in the brain shouldidethe development of
novel therapeutic agents that normalize the plasticityded by drugs of abuse and
thereby reverse the addiction process in humans.

1.5.7 Schizophrenia

Schizophrenia is a severe disorder occurring in up to 1%epptpulation worldwide
(Roth 2009). The risk of developing schizophrenia are iasee by several candidate
genes that interact with severe obstetric complicationsd@émuset al., 2008). It is
believed that the influence of the environmental factorsésted through epigenetic
mechanisms, such as DNA methylation and histone modifitgtizvhich contribute
to the regulation of gene activity in the CNS. Candidate gehat might be epige-
netically modified in schizophrenia include RELN, DRD2, DRO5AD1, MAOA,
COMT, BDNF, and others (Roté& al., 2009b).

Studies using neuroimaging in schizophrenia patientgaidd altered neural pro-
liferation and migration, delayed myelination, and redlsgnapse number in the
brain (Heckers, 1997). People diagnosed with schizoparasually experience a
combination of positive (i.e. hallucinations, delusionacing thoughts), negative
(i.e. apathy, lack of emotion, poor or nonexistant sociakfioning), and cognitive
(disorganized thoughts, difficulty concentrating andffoiving instructions, diffi-
culty completing tasks, memory problems) symptoms. Theadope hypothesis of
schizophrenia postulates that hypofunction of the cdrtical prefrontal dopamine
systems contributes to the negative symptoms and coguitdgrders, and that hy-

51



peractivity of the subcortical and limbic dopamine systeaugses positive symptoms
in schizophrenia (Abi-Dargham, 2004). Postmortem stutiege shown reduced
GABA uptake in the hippocampus and amygdala and in the teahportex (Simp-
sonet al., 1989). Decreased glutamate decarboxylase GAD65 and GALRINA
expression has been observed in the prefrontal cortex &ed peocortical areas in
schizophrenics (Akbarian and Huang, 2006).

There is growing evidence that neurotrophin levels areugisd in schizophrenia
(Shoval and Weizman, 2005). Some post-mortem studiestrémeirBDNF levels
are decreased in the hippocampus and increased in the alecebtex of patients
with schizophrenia (Durangt al., 2001). Increased truncated TrkB expression and
decreased BDNF/TrkB signaling in the frontal cortex haverbeeported in mouse
models of schizophrenia (Pillai and Mahadik, 2008). Otheport that BDNF and
TrkB mRNA levels are decreased in the prefrontal cortex ofilan patients (Weickert
etal., 2005, 2003). Several studies also points to altered plasmatrophin levels in
patients with schizophrenia (Toyookhal., 2002). Also, data suggest that Val66Met
polymorphism in BDNF may help to distinguish endophenosypé schizophrenia
(Liou et al., 2004). Moreover, BDNF is known to regulate the expressioGAD-
related proteins (Arenag al., 1996).

Treatment of schizophrenia

The prevention of neuropathological processes in schismid is currently a ma-
jor goal of therapy (Pillai and Mahadik, 2008). All currenttisychotic drugs act
primarily through dopamine receptors. The existing drugspmorly tolerated and
have equally low efficiency (Lieberman, 2007). Since sgblirenia is a heteroge-
neous group of disorders there is a critical need for stutksgyned to identify other
molecular targets for therapeutics. Increasing reportslysfunctions observed in
BDNF/ TrkB signaling in schizophrenia indicate that vasaomponents of this sys-
tem may serve as such molecular targets (Pillai and Maha0i8). All currently
known antipsychotics may upregulate BDNF levels when éegdébr a short period
of time, but long-time treatment does not sustain brain BD&Uels (rather down-
regulates its expression in the brain). Since for the manage of schizophrenia
antipsychotics must be used in very-long-term (over 10-€#Ys), it is important to
investigate the possible ways by which BDNF levels can béasmed in the brain
(Pillai and Mahadik, 2008). Currently, in addition to contienal antipsychotics,
add-on therapy is being searched for that could support BDbction in the brain.
Erythropoietin (Ehrenreickt al., 2007), cysteamine (Patal., 2007) and omega-3
fatty acids (Young and Conquer, 2005) are strong candidatebe add-on therapy
of schizophrenia that also modulate BDNF levels.
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1.5.8 Obesity

Obesity confers considerable risk for diabetes, cardmyas disease, stroke and
some cancers (McMillamt al., 2006). It was shown that BDNF is important for
energy homeostasis in rodents and in humans. Obese phesayg found in het-
erozygous BDN mice (Lyonset al., 1999) and in selective BDNF-hypothalamic
knock-down in adult mice (Ungest al., 2007). This mature-onset obesity is as-
sociated with hyperphagia, hyperleptinemia, hyperim&utiia and hyperglycemia.
BDNF is believed to act primarily within the hypothalamusrégulate energy in-
take downstream of the leptin—proopiomelanocortin siggapbathway (Xuet al.,
2003). Both peripheral and central administration of BDNfer@ases food intake,
increases metabolism and leads to weight loss in miceg{éL1, 2003; Kernieet al.,
2000; Pelleymountest al., 1995). Also, acute intracerebroventricular adminigtrat
of BDNF impoves hyperinsulinemia and hyperglycemia in diaomice (Nakagawa
et al., 2002). Moreover, in humans, similar symptoms are assatiaith the func-
tional loss of one copy of the BDNF gene (Gretyal., 2006) and with a mutation in
the BDNF receptor NTRK2 gene (Gray al., 2007; Yeoet al., 2004). In humans,
gene deletions causing haploinsufficiency of the WT1 and ®4&nes on chromo-
some 11p13, approximately 4 Mb centromeric to BDNF (11pil4ekult in Wilms’
tumor, aniridia, genitourinary anomalies, and mentalrdztdon (WAGR) syndrome
(Hanet al., 2008). Hyperphagia and obesity have been observed in acauybgf
WAGR syndrome patients. Among persons with the WAGR syné,dBDNF hap-
loinsufficiency is associated with lower levels of serum Bbahd with childhood-
onset obesity. The critical region for the childhood-orassity in WAGR syndrome
was found to be located within 80 kb of BDNF exon 1 (Hal., 2008).

A gene therapy strategy for obesity has been proposed bgt@a¢2009). BDNF
was delivered to the mouse models of obesity and diabetesAvyvactor carrying
two expression cassettes: one constitutively driving BCEHE the other driving a
specific microRNA which targeted BDNF (Ca al., 2009). The microRNA ex-
pression was controlled by a promoter responsive to agelatied protein. As body
weight decreased and agouti-related protein was inducietpRNA expression was
activated, inhibiting BDNF expression. The results showted BDNF transfer pre-
vented diet-induces obesity and hyperinsulinemia, hgpériemia, hyperglycemia
and dyslipidemia that associate with diet-induced obg$§igoet al., 2009). Also,
administration of TrkB agonist resulted in hypophagia amiblvt loss in mice. How-
ever, in Rhesus monkeys the effect was depending on the nialddiveery of the ag-
onist: centrally administered TrkB agonists showed sin@laorexigenic effect as in
mice, however, peripheral injections increased appetiteledy weight (Linet al.,
2008a). Taken together, carefully designed BDNF therapyahgreat potential in
alleviating obesity and diabetes.
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1.5.9 Cancer

Neuroblastoma patients whose tumors have elevated lel/&&B and BDNF have
a poor prognosis (Aoyamet al., 2001; Nakagawarat al., 1994). Also, high ex-
pression of TrkB in Wilm’s tumor is a poor prognostic markEggertet al., 2001).
Neuroblastoma cells that survive repeated exposures tbosyt agents express in-
creasing levels of BDNF, suggesting that the BDNF signalsaiction pathway con-
tributes to a multidrug-resistant phenotype (Matsunebtal., 1995). In tumor cells
expressing low levels of TrkB receptor the effects of cytatarugs were decreased
if cells were in a BDNF-rich environment, and vise versa (&ehal., 1996). TrkB
has been shown to play a key role in metastasis of tumor ¢&MNF stimulates tu-
mor cell disaggregation and increases the ability of TrkBressing neuroblastoma
tumor cells to invade through the extracellular matrix (@dpet al., 2008). There are
reports on the role of TrkB in the survival of malignant B lyngeytes (D’Onofrio
et al., 2000), prostate (Weeraratetal., 2000), lung (Riccet al., 2001), breast can-
cer cells (Cameron and Foster, 2008), and head and neckgy@iuuet al., 2007).

It has been suggested that tumor cells secreting BDNF aeetabihduce angio-
genesis, therefore, promoting tumor cells invasivenegssarvival (Kermankt al.,
2005). Most reports have pointed to the importance of th&/RKK/Akt pathway
in mediating invasiveness and resistance of malignans ¢elbnoikis (anchorage-
dependent cell death) (Thiedktal., 2009). Most strategies to treat cancer have been
aimed at targeting the Trk tyrosine kinase domain. Howewere are currently no
reported inhibitors that selectively block TrkA or TrkB kise activity. Cephalon’s
CEP-701(lestaurtinib) inhibits Trks, FIt3, and PKC, it@ph Il studies are in progress
(Thieleet al., 2009).

1.5.10 Neuropathic pain and spinal cord injury

Neuropathic pain is a chronic condition that is caused byhamy or dysfunction in
the nervous system. There are multiple causes of neuropathi such as mechanical
nerve injury, metabolic disfunctions (alcoholic neurdpaBeriberi), viral infections
(herpes, AIDS), neurotoxicity, ischaemia, chronic digeédiabetes, malignancies,
multiple sclerosis, etc). Neuropathic pain severely affepuality of life. However,
present therapies such as non-steroidal anti-inflammalarys (NSAIDS), opioids,
anticonvulsants, anti-arrhythmics, tricyclic antideggants and topical agents have
modest efficacy in most patients, are palliative rather thamative, and their side
effects represent significant limitations (Settal., 2003). Neurotrophic factors rep-
resent attractive drug candidates, as they have the paiténtstop or reverse the
pathological changes in the nervous system. BDNF has beglicated as a central
pain modulator sensitizing the spinal neurons (kekal., 1999). Therefore, blocking
BDNF action could be used in reducing neuropathic pain. thitash to modulating
pain, BDNF also participates in the spinal cord repair. BOMfvery by gene ther-
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apy is a promising option for enhancing axonal regeneratidime injured spinal cord
(Bleschet al., 2002).

1.5.11 Conclusions

So far, the results of clinical trials using neurotrophinsiéurodegenerative diseases
both inthe PNS and CNS have been disappointing. BDNF thdrapyet unresolved
problems: i) targeting BDNF to specific cells in the braif;controlling exogenous
BDNF levels; iii) crossing the BBB (Poduslo and Curran, 199@) side effects
such as epilepsy, weight gain, downregulation of TrkB byseike BDNF; v) poor
stability (serum half-life of minutes or less) (Poduslo abdrran, 1996; Weinreb
et al.,, 2007). The solution to attenuate neurodegeneration woellddministering
drugs that selectively modulate endogenous BDNF expnessithe brain regions
with reduced BDNF levels without flooding the brain with BDN¥¥ development
of efficient BDNF mimetics. Thorough investigation of BDNpeession regulation
must be carried out in order to design successful therapsesiies in the future.

1.6 Transgenic mouse models for studying BDNF expression

Various BDNF transgenic constructs have been used to shedegulation of rodent
BDNF gene expression in transgenic animals. Plasmid-besaestructs in which
BDNF proximal promoter sequences were fused to the chldnempol acetyl trans-
ferase (CAT) reporter gene were used to investigate tispaeific, axotomy-, and
neuronal activity-induced transcription of the rat BDNFhgein transgenic mice
(Timmusket al., 1995). However, using these transgenes had certain shurgs:
they failed to recapitulate BDNF expression in the dented@gje cells, granule cells
of the cerebellum and in the heart, as well as displayedivelathigh reporter ac-
tivity in the striatum where endogenous rat BDNF levels wargy low (Timmusk
etal., 1994). These findings suggested that given transgenitraotslacked impor-
tant regulatory elements responsible for a proper spatjaession of BDNF. Even
though multiple regulatory elements have been identifiethénBDNF gene, not all
of them have been testaavivo. To date, the role of NRSE in the regulation of BDNF
promoter | and Il (Timmuslet al., 1999) and the role of CRE in activation of BDNF
promoter IV (Honget al., 2008) has been established in transgenic mice. However,
the effects of many other regulatory elements in the BDNFedeawve not been yet
describedn vivo. Furthermore, data on human BDNF regulation is still migsin

A recent study reported BDNF-EGFP transgenic mice with 185AC construct
carrying human BDNF genomic fragment (spanning from 45 kitrgam of exon
| to 33 kb downstream from coding exon), where human BDNF rgpdiequence
was patrtially replaced with the EGFP reporter gene (Guilieehal., 2007). These
transgenic mice failed to fully recapitulate endogenousNBI2xpression, indicating
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that the 145-kb BDNF fragment did not contain all necessegylatory elements for
its proper spatial expression. Also, BDNF regulatory radias been discovered 850
kb upstream of the human (Grayal., 2006) and mouse (Sheé al., 2007) BDNF
genes that causes obesity, cognitive impairment and hgfpata when disrupted.
The critical region for childhood-onset obesity in the WAGdrome was found to
be located within 80 kb of BDNF exon 1 (Hahal., 2008). These data proves that
large transgenic constructs should be used for identifyieqy proximal an distant
regulatory elements in the BDNF gene.

Alternative vectors for transgenesis need to be used wheegehe is too large to
be accommodated in a conventional plasmid-based vectayeliasert clones can be
produced with the P1 bacteriophage (P1) (Sternberg, 189Qrtificial chromosome
(PAC) (loannouet al., 1994), bacterial artificial chromosome (BAC) (Shizwgal .,
1992), or yeast artificial chromosome (YAC) (Burkeal., 1987) cloning systems.
The choice of the cloning vector depends on the size of the tgehe expressed and
the distance of the regulatory elements within the genesloed clones typically con-
tain genomic inserts up to 100 kb (loannaiwal., 1994), BACs up to 300 kb (Shizuya
et al., 1992), and YAC vectors up to 2 Mb (Burlket al., 1987). The preparation of
YAC DNA, however, is more difficult, with DNA being suscepgbto shearing dur-
ing in vitro manipulations. Because of their stability and the fact thay have been
used to map and sequence human and mouse genomes, BACHyguemesent the
most completely characterized and commercially availablgerce of large genomic
fragments. Transgenic mice generated with modified BACs Ipaoven valuable for
studyingcis-elements that act at a distance to regulate tissue-spacificdevelop-
mental patterns of gene expression (Antetchl., 1997; Johret al., 2001). Because
BACs are more likely to include all the necessary regulailgments (i.e., locus
control regions and enhancers) to obtain a dose-dependdrhtggration-site inde-
pendent transgene expression (Yahgl., 1997; Heintz, 2001), modified BACs are
the most advantageous constructs to be used to generatgenén mice (Yang and
Gong, 2005).
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2 AIMS OF THE THESIS

The aim of this doctoral research was to gain insight intosthgcture and transcrip-
tional regulation of the BDNF gene. In pursuing this goal thiélowing steps were
taken:

1. Comprehensive analysis of mouse and rat BDNF gene steuatal expression
pattern in various brain regions and peripheral organs.ly&isof the regu-
lation of rodent BDNF transcription by neuronal activitydahy chromatin
remodeling drugs.

2. Microarray meta-coexpression analysis of BDNF co-esgica conservation
and a search for conserved transcription factor bindimg silmong co-expressed
genes.

3. Generating BAC transgenic mouse models to dissect tgseefic and neu-
ral activity-regulated expression of the human BDNF genansgenic mice
and to discover novel proximal and distal regulataigtelements in the rodent
BDNF genein vivo.
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3 MATERIALS AND METHODS

Detailed description of materials and methods is proviaetthé publications of this
thesis. Briefly, the following methods were used in the pnesg study:

3.1 Gene sequence analysis

Mouse and rat BDNF gene structumresilico analysis was performed using NCBI
and UCSC genomic, mRNA and EST databases (Publication} I-1V

3.2 RNA isolation, cDNA synthesis, RT-PCR

Publications I, IlI, IV

3.3 5" RACE analyses of transcription initiation sites

To determine the transcription start sites of BDNF tramsri5’ rapid amplifica-
tion of cDNA ends (RACE) and nested PCR was performed. RAQHEymts were
sequenced and aligned to mouse and rat genomic sequenbdisgftan 1).

3.4 Cell culture and animal experiments

Rat glioma C6 and mouse neuroblastoma Neuro2A cells waatettavith 5-Aza-2'-
deoxycytidine (5-AzadC) or with trichostatin A (TSA) to dyme the effects of DNA
methylation and histone acetylation on BDNF transcript{ublication 1). Adult
male Sprague-Dawley rats were injected with the kainic asigreviously described
(Metsiset al., 1993). Animals were sacrificed 1, 3, 6, 12, and 24 hr podtireat
(Publication ). Kainic acid or phosphate-buffered salivees administered intraperi-
toneally to adult transgenic mice. Only animals with indii¢éenic-clonic seizures
were selected for analysis (Publications Il and IV). Alliraal experiments were
performed according to the norms of the local Ethical Conteaibf Animal Experi-
mentation.
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3.5 Microarray datasets and data filtering

Homo sapiens, Mus musculus andRattus norvegicus microarray datasets were down-
loaded from Gene Expression Omnibus (GEO). Affymetrix G&hips experiments
were selected that comprised a minimum of 16 samples. Datadech conained
BDNF Detection call = Absent in more than 30% of the samplesewe&cluded from
the analysis. Samples in each dataset were split into subsefor sub-subsets ac-
cording to the experimental conditions (i.e. normal tissiisease tissue, control,
treatment, disease progression, age, etc) (Publication I

3.6 Differential expression analysis

Kruskal-Wallis test was used to measure differential esgiom of BDNF across sub-
sets in each dataset. The false discovery rate approach){Z&8applied at the 0.05
level as it is described by Benjamini and Hochberg (1995pl(iBation II).

3.7 Co-expression conservation analysis

Standard Pearson correlation coefficient (PCC) was caémlilacross samples for
each subset separately following a resampling bootstramaph. A threshold value
of r = 0.6 was used to retrieve a list of probe sets that werexpoessed with the
BDNF probe set. Genes whose co-expression with BDNF in tbresore subsets
was found to be conserved between human, mouse, and raitwi@asan input list
for the g:Profiler (Publication II).

3.8 Motif discovery

Combinations of over-represented transcription factodinig sites (TFBS) in the
conserved correlated genes were searched for using DiRted@nd Ovcharenko,
2008) and CONFAC (Karanam and Moreno, 2004) tools (Pulidicdt).

3.9 Generation of BAC transgenic mice

BAC clones containing human or rat BDNF locus were modifiddgi®ed/ET ho-

mologous recombination i&. coli (Publications Il and 1V). Modified BACs were
tested for the absence of rearrangements using EcoR\ttastranalysis and pulsed
field gel electrophoresis. Integrity of the reporter gens wanfirmed by BAC se-
guencing. BAC DNA was purified and transfected into COS-Tsae$ing DEAE-

dextran. To assay for the reporter activity, EGFP expresgias visualized using
fluorescence microscopy and lacZ reporter activity waetessingp-galactosidase
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assay. BAC DNA was purified for microinjection, separatethim low-melt agarose
gel using pulsed field electrophoresis, and purified fronr@gm Transgenic mice
were generated by injection of BAC DNA into CBAXC57BI/6 meugronuclei in
the Karolinska Center for Transgene Technologies (Swe(fublications 11l and
V).

3.10 Genotyping
Founder mice carrying the BAC transgene were identified bR R@alysis of ge-

nomic DNA. Transgene copy number was analyzed by slot-blbtitlization of ge-
nomic DNA (Publications Il and V).

3.11 Ribonuclease protection assay

Publications Il and IV

3.12 In situ hybridization

Publications Il and IV

3.13 Quantitative real-time PCR

Publications Il and IV
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4 RESULTS AND DISCUSSION

4.1 Mouse and rat BDNF gene structure and expression revist

More than fifteen years ago BDNF gene structure and the esiprepattern of its
alternative transcripts was described for the first timeain(Timmusket al., 1993).
The interest towards this molecule has been growing sirexe thhe involvement of
BDNF in important physiological processes and numerousahagical disorders has
stimulated research. This is proved by the fact that in teeylaars BDNF gene or-
ganization has been studied also in human (Aoyenah, 2001; Mariniet al., 2004;
Liu et al., 2005; Pruunsilcet al., 2007), zebrafish (Heinrich and Pagtakhan, 2004),
seabass fish (Tognaddt al., 2010), and frog (Kidanet al., 2009). However, the struc-
tural organization of the rodent BDNF gene has not beeneadvisnce four BDNF
5 noncoding exons spliced to a commaonc8ding exon and four promoters were
first discovered in the rat BDNF gene. The numeration of BDXéne proposed by
Timmusk and colleagues has been used by the scientific coitymuniill recently.
However, the results of this doctoral research showed tbasmand rat BDNF gene
structure and expression is much more complex than has lseeptad before.

Back in 1993, the rat BDNF gene structure was determinedyssinoh methods as
screening cDNA libraries by hybridization with BDNF codisgguence probe to ex-
plore BDNF exon-intron structure, and RNase protectioma$s map transcription
initiation sites for alternative BDNF mRNAs. Southern béotalysis andn situ hy-
bridization were used to detect BDNF mRNA expression pattat that time, full rat
genome sequence was not yet available. Taking advantagerefup-to-date molec-
ular biology techniques, bioinformatics tools and the lamlity of mouse and rat full
genome sequences, we have revised rat BDNF gene struci@eaaribed mouse
BDNF gene that has not been studied until now. We identified BBNF exons and
promoters and showed that novel BDNF promoters exhibitidisspecific and neu-
ral activity-dependent regulation. According to our dateuse and rat BDNF gene
structure is identical, having at least eighhbncoding exons (exons I-VIII). In each
BDNF transcript, one '5exon is spliced to the protein coding exon. In addition, we
identified a novel BDNF transcript that contains the%tended protein coding exon
(exon IXA). We suggest a new numbering system for mouse anBD&lF exons.
With regard to the old nomenclature (Timmugtkal., 1993), former exon Il corre-
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sponds to exon 1V, exon IV is now exon VI, and the coding exaviausly called
exon V is now exon IX.

All 5’ exons are controlled by distinct promoters as evidencedAgRanalysis
as well as the expression analysis data. We have mappedrtpdios initiation sites
for the novel exons and, using RT-PCR, showed that BDNFsltese transcripts are
differentially expressed in various brain parts and nouaraktissues. Nevertheless,
exons that are closely located in the genome are expresseditinilar manner: ex-
ons I, Il, and Il (cluster 1) have brain-enriched expresspatterns and exons IV, V,
and VI (cluster Il) are widely expressed in nonneural tissae well as in the brain.
This observation suggests that different tissue-spedfalatory mechanisms might
exert transcriptional control over these two promoterteltss Proximal regions of
BDNF promoters | and IV contain binding sites for upstreaimstatory factor 1/2
(USF1/2) (Tabuchkt al., 2002; Cheret al., 2003b). Currently, USF1/2 is consid-
ered to control calcium-dependent expression of BDNF ptersdn concert with
other calcium-responsive transcription factors upon oeair activation. However,
USF1/2 have been also shown to recruit histone methyleesasé activity, histone
acetyltransferase, and ATP-dependent nucleosome remgaeimplexes to insula-
tor sequences blocking gene silencing (Wetstl., 2004; Huangget al., 2007). It has
been shown that basal tissue-specific expressianggectrin gene in erythroid cells
is regulated by USF1/2 binding witho-spectrin exon 1’ that functions as insulator
with a barrier-element activity (Gallaghet al., 2009). Barrier elements mark the
boundary between euchromatin and heterochromatin. Adfhdliey do not directly
affect the level of expression of a given gene, they are thbtaggbe responsible for
preventing the spread of heterochromatin into the genentaiaing the open chro-
matin structure for optimal expression (Grewal and Moa2603). Therefore, it can
be hypothesized that two BDNF promoter clusters are segghiat a region of hete-
rochromatin, and USF1/2 binding relieves this silencin@ ilssue-specific manner,
probably by recruiting different barrier protein compleX©kiet al., 2004) at BDNF
I and IV promoters. This means that USF1/2 might have mone dne role in BDNF
expression: not only it can be activity-dependent regulat@ DNF expression in re-
sponse to elevated calcium levels, but also regulate BDISRItissue-specific tran-
scription.

It has been established earlier in variaasvitro and in vivo models that rat
BDNF expression is regulated by neuronal activity througltiam-mediated path-
ways (Greer and Greenberg, 2008). BDNF exon | and exon I\&strguts (exons
| and Il according to Timmusk and colleagues (Timmuslal., 1993)) had previ-
ously been characterized as the most highly induced BDNF ARRiind BDNF I
transcript being more moderately activated in responsaittake treatment of the rat
brain (Metsiset al., 1993; Timmuslet al., 1995). Later, several calcium-responsive
elements and transcription factors that regulate thesaqters had been character-
ized (Timmusket al., 1999; Tabuchét al., 2002; Tacet al., 2002; Cheret al., 2003b;
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Shiehet al., 1998). Here we report that novel rat BDNF promoters are disdiffer-
entially regulated by neuronal activity in the rat hippogars. We show that BDNF
promoters V, VII, VIII, and IXA are upregulated upon kainagzeptor activation by
kainic acid and that the induction magnitude is comparabtbat of BDNF promot-
ers |, Il and IV. Future characterization of the regulatoegisences and transcription
factors mediating regulation of novel BDNF transcripts iffedent disease models
is important for understanding BDNF gene regulation anddts in pathological
conditions.

The role of histone modifications and epigenetic DNA modiitss in the activ-
ity of BDNF promoters has been investigated by several sgudNeuronal activity-
dependent activation of BDNF gene is mediated by decreapé&l r@ethylation of
BDNF promoter IV DNA and the release of a repressor complexaining methyl-
cytosine binding protein MeCP2, histone deacetylases HDAGd HDAC2, and
corepressor mSin3A (Martinowiot al., 2003). In cultured neurons, depolarization
induced histone H3 and H4 acetylation at BDNF promoter IV al., 2003a;
Martinowichet al., 2003).1n vivo, seizures (Tsankow al., 2004), epilepsy (Huang
et al., 2002), antidepressants (Tsanka&al., 2006), and cocaine exposure (Kumar
et al., 2005) have been demonstrated to increase acetylation ahtH314 at BDNF
promoters IV and VI, upregulating BDNF mRNA levels. In aditi, REST/NRSF
which recruits multiple cofactors including HDAC1, HDACand mSin3A (for re-
view see (Ballas and Mandel, 2005) to repress its targetsyeragatively regulates
BDNF gene expression by binding to NRSE/RE1 element in BDK#mpter I
(Palmet al., 1998; Timmuslet al., 1999; Ballas and Mandel, 2005). We showed that
the DNA demethylating agent 5-AzadC evoked robust activatif BDNF gene ex-
pression in C6 rat glioma cells and more moderate activatidieuro2A mouse neu-
roblastoma cells in a promoter-specific manner. Inductioexon I, 111, 1V, V, VI,
and IXA mRNAs was observed in C6 cells, whereas only exon lexwh 11l mRNA
levels increased in Neuro2A cells. Furthermore, in C6 drltshot in Neuro2A cells,
inhibition of histone deacetylation by TSA up-regulated kkvels of BDNF exon llI,
exon VII, and exon IX transcripts. The results presentechis $tudy suggest the
contribution of histone modifications and DNA methylatianBDNF promoters to
the regulation of BDNF gene expression in the cells of neanal glial origin under
basal conditions. It is remarkable, that BDNF promoterpoaded to the 5-AzadC
and TSA treatment differently in neural and nonneural dakd. It could be hy-
pothesized that in neural cells, epigenetic silencing oNBDpromoters by histone
modification can be relieved only following neuronal adiiva and calcium influx.
However, in nonneural cells the regulatory mechanisms oNBRxpression can be
different.

Human BDNF gene structure and expression had been alsedtogiour group
(Pruunsildet al., 2007) in parallel with the rodent BDNF. The results showet hu-
man and rodent BDNF gene structure was largely similar. Hogyoof human and
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rodent BDNF 5exons ranges from 95 - 45%, being 95% for exon |, 93% for exon I
62% for exon Ill, 91% for exon 1V, 79% for exon V, 86% for exon, 5% for exon
VIl and 84% for exon VIII. The expression pattern of human Bbiesembles rodent
in the way that cluster | exons (I-1ll) seem to be brain-sfiecwhile cluster 1l exons
(IV-VI) are also expressed in non-neural tissues (Prudreibl., 2007). However,
several differences have been discovered between orgainiyiuman BDNF has
two human-specific exons (Vh and VIIIh) that have not beeeratet in rodents; ii)
unlike rodent exon VIII, human exon VIl is not driven by a segte promoter, but
is always spliced together with exon V; iii) more complexiaplg has been observed
in human BDNF — several alternative transcripts contaigeetfto four exons spliced
together; iv) human exon VIl splice donor site contains G@lentides instead of
the conventional GU sequence; v) human exon IX, which erctdteBDNF protein
and 3 UTR, is subjected to alternative internal splicing andfanscription initiation
upstream of exon IX that leads to the generation of the trgsgtscontaining variants
of exon IX (IXbd and IXabd) that have not been found in roderts human tran-
scripts containing exons I, VII, and VIII could potentiallad to alternative human
prepro-BDNF proteins with longer N-termini since they @ntupstream in-frame
translation initiation codons (in rodents only exon | camsan-frame ATG). Finally,
we report that, in contrast with the human BDNF locus (&iwl., 2005; Pruunsild
et al., 2007), mouse and rat BDNF loci do not contain BDNFOS geneNBDppo-
site strand) which encodes BDNF antisense RNAs. IntegdgtiBDNFOS ESTs are
also not available for chimpanzee and rhesus monkey althbighly homologous
sequences are present in the genomes of these animalsugpéesss that antiBDNF
could have evolved during primate/hominid evolution, as Wweoposed also by Liu
et al. (2005). This finding demonstrates that the regulation of BIf¢ne expression
by antisense-BDNF RNAs is a human-specific phenomenon angegrone more
time that the regulation of rodent and human BDNF genes nuiiier substantially.

4.2 Meta-coexpression conservation analysis of microaryadata pro-
vides insight into brain-derived neurotrophic factor regulation

Developments in microarray technologies and bioinforasa#illow scientists nowa-
days to utilize genome-wide gene expression data to imastigene regulatory
mechanisms using system biology approaches. Publiclyailaimicroarray data
contains human genome-wide gene expression profiles ithresad disease and un-
der many other conditions, thus being a valuable sourcefofriration in human
gene expression studies. Little is known about the reguiaif human BDNF gene
expressionn vivo. The regulation of BDNF expression is complex due to its iplt
activity-dependent and tissue-specific promoters. Thuelyais of BDNF gene co-
expression with other genes under various experimentalitons using microarray
data could provide insight into the regulation of this coexpiene.

64



Meta-coexpression analysis uses multiple experimentagdss) to make more
reliable predictions about gene co-expression than caulthdde using only a single
data set. Meta-coexpression analysis postulates thatgrdated genes display sim-
ilar expression patterns across various conditions. &ksardies have successfully
applied meta-analysis approach to get insight into varlbalgical processes. For
instance, microarray meta-analysis of aging and celldaescence led to the obser-
vation that the expression pattern of cellular senescemsesimilar to that of aging
in mice but not in humans (Wennmalehal., 2005). Data from a variety of laborato-
ries was integrated to identify a common transcriptionathiesponse to pathogens
(Jenner and Young, 2005). Also, meta-coexpression stindies displayed their ef-
ficiency to predict functional relationships between ggivesife et al., 2005). How-
ever, co-expression alone does not necessarily imply galagon. Thus, analy-
sis of evolutionary conservation of co-expression couplitth the search for over-
represented motifs in the promoters of co-expressed gereepawerful criterion to
select the genes that are co-regulated from a set of cossqugienes (Causteral .,
2003; Stuaret al., 2003).

It is a common practice in meta-coexpression studies tsasseexpression by
calculating the gene pair correlations after merging thastds (Stuargt al., 2003)
or by confirming the re-occurrence of significant correlagiacross datasets (Lee
et al., 2004). However, it has been shown recently that genes eaalrdifferential
co-expression patterns across subsets in the same daagegéne pairs that are
correlated in normal tissue might not be correlated in cemeetissue or might be
even anti-correlated) (Chat al., 2005). We performed meta-coexpression conser-
vation analysis of 80 publicly available microarray datasesing a novel ‘subset’
approach to discover genes whose expression correlatesBRINF in mouse, rat
and human. We divided datasets into subsets with bioldgicataningful sample
content (e.g. tissue, gender or disease state subsetb)zezhao-expression with
BDNF across samples separately in each subset and confinmdidks across sub-
sets. Then, we analyzed conservation in co-expressionelkatituman, mouse and
rat, and sought for conserved transcription factor bindiitgs (TFBSs) in BDNF
and BDNF-correlated genes. We found a total of 84 genes wdmsapression with
BDNF was conserved in all three organisms. Analysis of thedf 84 conserved
BDNF-correlated genes using g:Profiler showed signifigdot p-values for all the
genes and revealed that these genes fall under Gene On{@djycategories re-
lated to BDNF actions. Statistically significant GO catégemof genes included: i)
MY C- associated zinc finger protein (MAZ) targets (44 genes; 1.82 x 10-°); ii)
signal transduction (36 genep,= 3.51 x 1079): iii) nervous system development
(17 genesp = 5.27 x 1078); iv) Kruppel-box protein homolog (KROX) targets (18
genes,p = 1.21 x 10~%); v) transmembrane receptor protein tyrosine kinase path-
way (7 genesp = 3.56 x 10~°); vi) dendrite localization (5 genep,= 1.82x 107°).
According to the GO database, conserved BDNF-correlate@ geoducts partic-
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ipate in axonogenesis (BAIAP2), dendrite development (RBNynaptic plastic-
ity and synaptic transmission (DBN1, KCND2, MBP, NPTX1, NR4and SNCA),
regeneration (GAS6, PLAUR), regulation of apoptosis (XI&dAown as BIRC4),
KLF10, NEFL, PLAGL1, PRKCE, SCG2, SNCA, and TBX3), skeletaliscle de-
velopment (MYH9, PPP3CA, and TBX3) and angiogenesis (ANGPBAIAP2,
CYR61, MYH9, SCG2, SERPINE1 and TBX3). Out of 84, 24 BDNFretated
genes are related to cancer and 14 are involved in neuralogisorders. Accord-
ing to the literature, more than 20 out of 84 conserved catedl genes have been
reported to have functional interaction (direct or via otheteins) or co-regulation
with BDNF. IGFBP5 (Hausmad al., 2006), NR4A2, RGS4 (Schmidt-Kastretral .,
2006) and DUSP1 (Kworet al., 2004) have been previously reported to be co-
expressed with human or rodent BDNF. Other gene produats, &s1FGFR1 (Soto
et al., 2006) and SNCA (Kohnet al., 2004) are known to regulate BDNF expression.
Proprotein convertase PCSK1 is implied in processing oBWOIF (Marcinkiewicz

et al., 1998). PTPRF tyrosine phosphatase receptor associatedNWRK2 and
modulates neurotrophic signaling pathways (Yah@l., 2006). Thyroid hormone
receptor alpha (THRA) induces expression of BDNF recepfbRK2 (Pastokt al.,
1994). Expression of such BDNF-correlated genes like EGRllgk et al., 2005),
MBP (Djalali et al., 2005), NEFL (Kitagawat al., 2005), NPTX1 (Ringt al., 2006),
NTRK2, SERPINE1 (yan Sud al., 2006), SCG2 (Fujitat al., 1999), SNCA (von
Bohlen und Halbaclet al., 2005) and TCF4 (also known as ITF2) (Carter, 2007) is
known to be regulated by BDNF signaling. CCND2, DUSP1, DUSFGR1 and
RGS4 gene expression is altered in cortical GABA neuronkérabsence of BDNF
(Glorioso et al., 2006). SCG2 protein is found in neuroendocrine vesiclasian
cleaved by PCSK1 - protease that cleaves pro-BDNF (Lati@b., 1998). BDNF
and NTRK2 signaling affect SNCA gene expression and alghaedein deposition

in substantia nigra (& al., 2005). ATF3 gene is regulated by EGR1 (Bottabal.,
2005), which expression is activated by BDNF (Poklal., 2005).

We applied DIRE (Gotea and Ovcharenko, 2008) and CONFACgam and
Moreno, 2004) motif-discovery tools to search for statedty over-represented TF-
BSs among conserved BDNF-correlated genes. Using DiREjsgevkred two reg-
ulatory regions at the human BDNF locus that were enriche@FBSs. The first
regulatory region spans 218 bp and is located 622 bp upstwéaoman BDNF exon
| transcription start site. The second putative regulategjon is 1625 bp long and lo-
cated 2915 bp downstream of the BDNF stop codon. Significaati@presentation
of binding sites for WT1, KROX, ZNF219, NkB, SOX, CREB, OCT, MYOD and
MEF2 transcription factors was reported by DIRE in BDNF ardNB--correlated
genes. CONFAC results overlapped with DIRE results and esstgd additional
novel regulatory elements in human BDNF promoters and ekdXsand in BDNF
3 UTR, which were highly conserved among mammals and oveesepted in the
BDNF-correlated genes. It is remarkable, that the TFBSsodexred in the BDNF
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gene are highly conserved: most of the TFBSs are 100% catsarmammals from
human to armadillo, and some are conserved in vertebratesHuman to fish.

As detected by g:Profiler, 44 out of 84 conserved correlageet g identified in this
study including BDNF carry MAZ transcription factor bindjsites. Motif discovery
analysis revealed putative binding sites for MAZ in BDNFmater Vh and in exons
IIl and 1V, suggesting that cluster Il of BDNF promoters canregulated by MAZ.
MAZ is a transcriptional regulator of muscle-specific geireskeletal and cardiac
myocytes (Himedat al., 2008). BDNF mRNA expression in the heart is driven by
promoters IV, Vh and VI (Pruunsildt al., 2007). Therefore, it is possible, that MAZ
can drive tissue-specific expression of these promotefwihé¢art.

Our analysis revealed that Wilms’ tumor suppressor 1 (Wdrdcription factor
binding sites are overrepresented in the BDNF-correlaggatg. WTL1 binding sites
were detected in BDNF promoter I, in IRS2 (insulin receptobstrate 2), EGR1,
BAIAP2 (insulin receptor substrate p53) and PURA promaoéegrdin 19 other genes.
WT1 acts as an oncogene in Wilms’ tumor (or nephroblastogl@mas (Hashiba
et al., 2007) and various other human cancers (Yaingl., 2007). WT1 regulates
the expression of several factors from the insulin-likewgtofactor signaling path-
way (Werneret al., 1993). Gene deletions causing haploinsufficiency of thelWT
and PAX6 genes on chromosome 11p13, approximately 4 Mbaraetic to BDNF,
result in the Wilms’ tumor, aniridia, genitourinary anomeal and mental retardation
(WAGR) syndrome. The critical region for childhood-onségesity associated with
the WAGR syndrome was shown to be located within 80 kb of BDXénel (Han
et al., 2008). Also, high expression of TrkB in Wilm’s tumor is a pgarognostic
marker (Eggerét al., 2001). Moreover, WT1 might have a role in neurodegenaratio
observed in Alzheimer's disease brain (Lowllal., 2003). We propose that WT1
may control BDNF promoter | as well as regulate IRS2, BAIAR® ather correlated
gene expression.

KROX family (EGR1-EGR4) transcription factors’ bindingess were abundant
in the promoters of BDNF and BDNF-correlated genes. KROXlinig motif was
detected in BDNF promoter V and EGR2 binding site was fourBIMNF promoter
IV. Also, correlation of EGR1 gene expression with BDNF wasserved in hu-
man, mouse and rat. EGR1 is involved in the maintenance gfterm potentiation
(LTP) and is required for the consolidation of long-term nogyn(Jonet al., 2001),
whereas EGR2 is necessary for Schwann cell differentiadiwh myelination (Na-
garajanet al., 2001; Ghislain and Charnay, 2006). Since BDNF plays a fsogmit
role in these processes, it would be intriguing to study tgulation of BDNF by
EGR factors.

BDNF promoters 1I-V and exons Il, IV and IX contain highly s®rved potential
BRN2 (POU3F2) binding sequences. BRN2 is driving expressfdhe EGR2 gene
- an important factor for controlling myelination in Schwecells (Nagarajaset al.,
2001; Ghislain and Charnay, 2006). BRN2 also activates thenpter of the Notch
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ligand Delta, regulating neurogenesis (Castral., 2006). Considering a prominent
role of BDNF in myelination and neurogenesis, BRN2 mighfilts tasks in part
by regulating BDNF gene expression.

Several transcription factors that were identified in oudgtas potential regu-
lators of human BDNF gene have been previously shown to aggubdent BDNF
transcriptionin vitro andin vivo. CREB, USF1/2 (Tabuclet al., 2002) and MEF2
(Flavell et al., 2008) have been shown to regulate rat BDNF promoter |. U5SF1/
(Chenet al., 2003b), CREB (Taet al., 1998; Shielet al., 1998), MEF2 (Hongt al .,
2008), CaRF (Taet al., 2002; Shiefet al., 1998) and MeCP2 (Chest al., 2003a;
Martinowich et al., 2003) have been shown to regulate rat BDNF promoter IV upon
calcium influx into neurons. Rat BDNF promoter Il has alsovetdnduction by
neuronal activity, though to a lesser extent compared t@thmoters | and IV (Aid
et al., 2007; Metsist al., 1993). REST/NRSF was established to bind to the palin-
dromic NRSEin BDNF promoter Il (Timmusket al., 1993) and to repress basal
and activity-dependent expression of the BDNF gene frommpters Il and invitro
andin vivo in trasngenic mice (Palr al., 1998; Timmuslket al., 1999). However,
calcium responsive elements have not been yet studied infFB@bimoter 1. It was
believed that its induction is regulated by the elementatkxtin the promoter |. Our
analysis of human BDNF detected CREB and USF binding sitB®INF promoter |,
USF and MEF2 binding sites in the promoter Il, and USF, MER2 @GREB binding
sites in the promoter IV. We suggest that MEF2 and USF elesrmaight contribute
to BDNF promoter Il induction by neuronal activity. In addit, we have detected
conserved TCF4 (also known as ITF2) binding sequences inlBpimoter 1V, and
in exon 1. It has been shown that calcium-sensor protein@dlin can inhibit TCF4
factor activity (Saarikettet al., 2004). Preliminary experimental evidence (Sepp and
Timmusk, unpublished data) suggests that TCF4 transamiffiictor is involved in the
regulation of BDNF transcription. TCF4 might play in coriceith CREB, MEF2
and other transcription factors to modulate BDNF levelkfoing neuronal activity.

The results of BDNF transgenic studies (Timmuslal., 1995) showed that not
only promoter regions but alsd 8 TR region downstream of the coding exon is
required for cell-specific and activity-dependent expms®f the rat BDNF gene.
The primary sequence of BDNFBTRs is highly conserved between human, mouse,
rat and zebrafish (Heinrich and Pagtakhan, 2004). It wassiiost zebrafish BDNF
3 UTR was responsible for the cell-specific expression oféperter gene (Heinrich
and Pagtakhan, 2004). We discovered that human BDNFT®& sequence contains
highly conserved potential binding sites for TCF4 (ITF2RMS2 (POU3F2), NF«B
and MEF2.

In summary, the support of our bioinformatics findings byexkmental evidence
reported in the literature strongly suggests that the piaienegulatory elements dis-
covered in the human BDNF locus using microarray data aisaiyay be involved
in the regulation of BDNF expression.
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4.3 BAC transcgenic mice reveal regulatory regions in the raand hu-
man BDNF locus

To date, NRSE role in the regulation of BDNF promoters | an(lfimmusket al.,
1999) and the role of CRE in activation of BDNF promoter IV (et al., 2008)
has been established in transgenic mice. However, thegi@many other regula-
tory elements in BDNF gene have not been yet described/o. Furthermore, data
on human BDNF regulation is still insufficient. Disturbaade BDNF gene expres-
sion have been implicated in a variety of human neurologitsdrders. Although
the regulation of the rodent BDNF gene has been extensivedstigated in trans-
genic animals, for the human BDNF gemevivo studies have been largely limited to
postmortem analysis.

Various BDNF transgenic constructs have been used to shegdwegulation of ro-
dent BDNF gene expression vivo in transgenic animals. Plasmid-based constructs
in which BDNF proximal I, Il, IV and VI promoter sequences ¢acding to the
new nomenclature) were fused to the chloramphenicol atetykferase (CAT) re-
porter gene were used to investigate tissue-specific, ayet@nd neuronal activity-
induced expression of rat BDNF promoters in transgenic nfifégexmusk et al.,
1995). However, these transgenes failed to recapitulatdlBBxpression in the
dentate granule cells, granule cells of cerebellum andeénhiart, as well as dis-
played high reporter activity in the striatum where endaysnBDNF levels were
relatively low (Timmusket al., 1994). These findings suggested that given transgenic
constructs lacked certain regulatory elements respané$iblthe tissue-specific ex-
pression of BDNF.

The most serious limitation of conventional transgenicstautts carrying up to
20 kb genomic DNA is the positional effects, that is when egpion of the trans-
gene is influenced by its integration site. The positiona#fenay reveal itself in
different ways, including lack of transgene expressiotg@c transgene expression
(unintended sites of expression), mosaic expression @mdybset of cells express
the transgene), and extinction (diminishing transgenessgion in successive gener-
ations) (Yang and Gong, 2005). The most important causeéhéoposition effects is
the lack of important regulatory elements in the genomigrirant. Bacterial artificial
chromosome (BACSs) clones currently represent the most l=ieip characterized
source of large genomic fragments. BACs are more likely tduigte all the nec-
essary regulatory elements for an integration-site indeépet transgene expression
(Yanget al., 1997; Heintz, 2001). Thus, modified BACs are the most adwpetus
constructs to be used to generate transgenic mice (Yang angl, G005).

A recent study reported generation of human BDNF-EGFP @¢iemis mice using
a 145 kb YAC clone (spanning from 45 kb upstream of BDNF exan33 kb down-
stream of coding exon), where hBDNF coding sequence wamibareplaced with
EGFP reporter gene (Guillemet al., 2007). Three out of five transgenic founder
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lines obtained in that study expressed transgenic mRNAdm#rvous system and
one showed relatively weak expression in the heart. Alsd\BBegulatory locus has
been discovered 850 kb upstream of the human (@ral., 2006) and mouse (Sha
et al., 2007) BDNF genes that is responsible for obesity, cognitimpairment and
hyperactivity. Finally, the critical region for childhoezhset obesity in the WAGR
syndrome was shown to be located within 80 kb of BDNF exon In(élal., 2008).
These data proves that distant regulatory elements in théfBf®ne are essential for
its proper expression.

We have generated and analysed BAC transgenic mice car2@ingb of the rat
BDNF locus or 168 kb of the human BDNF locus. Rat BDNF-BAC edrBDNF-
BAC) encompassing the genomic region from 13 kb upstreamXIB exon | to
144 kb downstream of BDNF coding exon was modified to replaed8DNF protein
coding sequence of exon IX with the lacZ reporter gene. Irhilmaan BDNF-BAC
(hBDNF-BAC) transgenic construct spanning from 84 kb wgzstn of exon | to 17
kb downstream of exon IX, enhanced green fluorescent pr{Est-P) was inserted
into the C-terminus of BDNF generating BDNF-EGFP fusionontgr gene.

Only one founder line was obtained using rBDNF-lacZ-BACstouct. We demon-
strate that rBDNF-lacZ-BAC transgene recapitulates eadogs BDNF expression
in the brain, heart and lung, indicating that regulatoryredats governing BDNF
MRNA expression in these tissues are located within the mancegion from 13
kb upstream of rat BDNF exon | to 144 kb downstream of rat BD#itmg exon.
However, rBDNF-lacZ-BAC transgene expression, unlikegkpression of endoge-
nous BDNF mRNA, was not detected in the thymus, liver, kidaeg skeletal mus-
cle. In the claustrum and hypothalamus, rBDNF-lacZ mRNAreggion levels were
relatively lower than endogenous BDNF mRNA levels. Alsothe granular cell
layer of the olfactory bulb, caudate putamen, and nucleasrabens, high levels of
rBDNF-lacZ mRNA were detected, whereas endogenous moudFBDRNA was
not expressed.

Out of three analyzed founder lines carrying hBDNF-EGFREBransgene, one
line (C3) largely recapitulated human BDNF mRNA expressfooughout the brain
as well as in the thymus, lung, skeletal muscle and testisinéer line E1 mim-
icked human BDNF mRNA expression in some brain regions, dsalia thymus,
lung and kidney. Founder line E4 expressed transgene otiheithymus and testis.
These results show integration site-dependent express$itire transgene and sug-
gest that given BAC constructs do not contain necessaryaittsielements to protect
the transgene from the influence of the genomic regions figntkie transgene inte-
gration site.

Human BDNF-EGFP-BAC failed to drive EGFP reporter gene eggion in the
heart. Since expression of rBDNF-lacZ mRNA was detectedhéniteart of trans-
genic mice, this suggested that distant heart-specificlatgy elements could be
potentially located in the’®f the gene, from 17-144 kb downstream of BDNF cod-
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ing exon. The results of Guillemot and colleagues (Guillestal., 2007), narrow
this region down to 17-33 kb downstream from BDNF coding examce their trans-
gene spanning from 45 kb upstream of BDNF exon | to 33 kb dawast of coding
exon also drove the expression of BDNF-EGFP mRNA in the hieaoine of the
founder lines. However, this hypothesis should be treatigl @aution, since BAC
and YAC transgenes demonstrate position effect, therefardtiple founder lines
must be analysed before comparing different transgenistaod

Neither hBDNF-EGFP-BAC nor rBDNF-lacZ-BAC could direcatrsgene ex-
pression to the granule cells of dentate gyrus in the hipppca suggesting that
BDNF expression in this brain region is controlled by distagulatory elements lo-
cated further than 84 kb upstream of BDNF exon | or 144 kb déneas of BDNF
coding exon. It is noteworthy, that granule cells in the dgetgyrus (together with
olfactory bulb granule cells) are two major cell populaidhat undergo neurogen-
esis in the adulthood (reviewed in Balu and Lucki, 2009). réfare, it is important
to determine the regulatory regions that drive BDNF exnoesm these cells. Inter-
estingly, both rat and human BAC transgenes exhibitedquaatily high expression
in the testis of transgenic mice. One possible explanatidhat the integration sites
of these transgenes belong to the euchromatin regionsctipiisnaly active during
spermatogenesis.

Unfortunately, we could not detect EGFP and lacZ reporteteims in the brains
of the transgenic mice neither with fluorescence microseopgal staining assay
nor with Western blot analysis. This could be explained Wail levels of the re-
porter proteins as transgenic mMRNA levels were about tdidgler than endogenous
BDNF mRNA.

Neuronal activity-induced promoter-specific expressibthe transgene mRNA
in the rBDNF-lacZ-BAC mice mimicked the induction of the pestive promoters of
endogenous BDNF in the adult cerebral cortex and hippocampilso, we showed
that kainic acid differentially induced alternative hBDNEGFP transcripts in the
cortex and hippocampus. The induction pattern of human BE#ifrscripts upon
neuronal activation was consistent with the induction guattof respective BDNF
MRNAS in mouse and rat: pronounced induction of human preradt IV and IX
as well as moderate induction of promoters Il and Il was oles#2 This is the first
report on human BDNF promoter induction by neuronal agtiwitvivo in transgenic
animals. Several calcium-responsive elements have besiopsly identified in the
rat BDNF gene (Timmuskt al., 1999; Tabuchgt al., 2002; Tacet al., 2002; Chen
etal., 2003b; Shielet al., 1998), however, human BDNF gene regulation by neuronal
activity has not been studied yet. Since in our mouse modebktgiene activation
mimics that of the endogenous BDNF, this model can be usedidy she regulation
of human BDNF gene by neuronal activityvivo.

In summary, our mouse models represent useful tools fdréudtudying of prox-
imal and distal regulatory elements in the rat and human BDélte.
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CONCLUSIONS

1. Mouse and rat BDNF gene structure is similar, the genegbeimprised of
eight 3 noncoding exons (exons I-VIII). In each BDNF transcripte &@exon
is spliced to the protein coding exon IX. Furthermore, alive BDNF tran-
script containing 5extended protein coding exon (exon IXA) has been iden-
tified. All 5’ exons are controlled by distinct promoters that exhibiues
specific and neuronal activity-dependent regulationivo. Also, chromatin
remodeling drugs differentially affect the activity of BBNbromoters in neu-
ral and non-neural cell lines.

2. Several structural and functional differences existveeh rodent and human
BDNF gene. The most prominent difference is that mouse arn@D&F loci
do not encode antisense-BDNF RNAs (BDNFOS gene). This stgj¢feat the
regulation of rodent and human BDNF might differ substdiytia

3. Meta-coexpression conservation analysis of microadata proposed novel
regulatory elements in the human BDNF gene. We hypothelsaeranscrip-
tion factors MAZ, EGR, WT1, TCF4 (ITF2), MYOD, MEF2, BRN2 (REF2)
and several others might control the expression of BDNF dsageBDNF-
correlated genes.

4. BAC transgenic mice carrying 207 kb of the rat BDNF locusl6B kb of
the human BDNF locus were generated and characterized yaseiesent a
useful tool for studying rat and human BDNF regulationvivo. The trans-
genes largely recapitulated the expression of endogenDM-BNRNA in the
brain and peripheral tissues. Also, neuronal activityeshelent regulation of
the transgene transcription was similar to the endogen@IsMBin the adult
cerebral cortex and hippocampus.
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Brain-derived neurotrophic factor (BDNF) has important
functions in the development of the nervous system and
in brain plasticity-related processes such as memory,
learning, and drug addiction. Despite the fact that the
function and regulation of rodent BDNF gene expression
have received close attention during the last decade,
knowledge of the structural organization of mouse and
rat BDNF gene has remained incomplete. We have iden-
tified and characterized several mouse and rat BDNF
transcripts containing novel 5 untranslated exons and
introduced a new numbering system for mouse and rat
BDNF exons. According to our results both mouse and
rat BDNF gene consist of eight 5’ untranslated exons
and one protein coding 3’ exon. Transcription of the gene
results in BDNF transcripts containing one of the eight 5’
exons spliced to the protein coding exon and in a tran-
script containing only 5" extended protein coding exon. We
also report the distinct tissue-specific expression profiles
of each of the mouse and rat 5" exon-specific transcripts in
different brain regions and nonneural tissues. In addition,
we show that kainic acid-induced seizures that lead to
changes in cellular Ca* levels as well as inhibition of DNA
methylation and histone deacetylation contribute to the dif-
ferential regulation of the expression of BDNF transcripts.
Finally, we confirm that mouse and rat BDNF gene loci do
not encode antisense mRNA transcripts, suggesting that
mechanisms of regulation for rodent and human BDNF
genes differ substantially. © 2006 Wiley-Liss, Inc.

Key words: BDNF; exon; promoter; DNA methylation;
histone deacetylation; calcium; kainic acid

Brain-derived neurotrophic factor (BDNF) is a mem-
ber of the neurotrophin family consisting of small secreted
proteins that play important roles in the development of
the nervous system in vertebrates (for recent reviews see
Bibel and Barde, 2000; Binder and Scharfman, 2004; Chao
et al., 2006). BDNF supports the survival and differentia-
tion of specific populations of embryonic neurons in vivo,
and growing evidence indicates that BDNF is also
involved in several functions in adulthood, including neu-
ronal homeostasis and brain plasticity-related processes
such as memory, learning (Tyler et al,, 2002; Yamada
et al,, 2002), and drug addiction (Bolanos and Nestler,
2004). Alterations in BDNF expression in specific neuron
subpopulations contribute to various pathologies, includ-
ing depression, epilepsy, and Alzheimer’s, Huntington’s,

© 2006 Wiley-Liss, Inc.

and Parkinson’s diseases (Bibel and Barde, 2000; Murer
et al.,, 2001; Binder and Scharfman, 2004; Castren, 2004;
Cattaneo et al., 2005; Russo-Neustadt and Chen, 2005).

In addition to BDNF, the neurotrophin family in-
cludes nerve growth factor, neurotrophin-3, and neuro-
trophin-4/5 (Binder, 2004). All neurotrophins bind to
p75NFR receptor but selectively interact with their indi-
vidual high-affinity protein kinase receptors of the frk
(tropomyosin-related kinase) family (Kaplan and Miller,
2000; Chao, 2003; Teng and Hempstead, 2004). BDNF
mediates its biological effects via TrkB and p75NF™
receptors. Binding of mature BDNF protein to TrkB and
p75 R promotes cell survival, neurite outgrowth, syn-
aptic transmission, plasticity, and cell migration (Dechant
and Barde, 2002). Uncleaved precursor BDNF protein
(pro-BDNF) has altered binding characteristics and dis-
tinct biological activity in comparison with mature
BDNEF protein (Lee et al., 2001; Teng et al., 2005).

In mouse and rat, BDNF mRNA is expressed
throughout development and differentially in adult tissues
(Ernfors et al.,, 1990; Hofer et al., 1990; Hohn et al.,
1990). In the brain, BDNF mRNA and protein expres-
sion becomes detectable during embryonic development,
reaching the highest levels by days 10—14 postnatally and
decreasing thereafter. In the adult animal, BDNF is ex-
pressed throughout the brain, with the highest levels in
the neurons of hippocampus (Ernfors et al., 1990; Hoter
et al., 1990; Kawamoto et al., 1996; Conner et al., 1997;
Yan et al., 1997). Neuronal BDNF expression is affected
by many stimuli, such as y-aminobutyric acid (GABA)-
ergic and glutamatergic neurotransmission and membrane
depolarization through calcium-mediated pathways (Zafra
et al., 1990, 1991; Ghosh et al., 1994; Shieh and Ghosh,
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1999; West et al., 2001). BDNF gene expression is con-
trolled by multiple activity-dependent and tissue-specific
promoters. Four BDNF promoters have been previously
identified in rat (Metsis et al., 1993; Timmusk et al.,
1993; Timmusk et al., 1995), each driving the transcrip-
tion of BDNF mRNAs containing one of the four 5’
noncoding exons (I, II, III, or IV) spliced to the common
3’ coding exon. Several transcription factors contributing
to the regulation of BDNF promoters have been charac-
terized. Among these factors are cAMP-responsive ele-
ment binding protein (CREB; Shich et al., 1998; Tao
et al., 1998; Tabuchi et al., 2002) and upstream stimula-
tory factors 1/2 (USF1/2; Tabuchi et al., 2002; Chen
et al., 2003b), which regulate BDNF promoters I and III.
In addition, calcium-responsive transcription factor (CaRF)
has been found to mediate BDNF transcription through
binding to BDNF promoter III upon neuronal activation
(Tao et al., 2002). Chromatin remodeling by DNA methyl-
ation and histone deacetylation also plays an important role
in cell-specific and activity-dependent regulation of BDNF
gene by recruiting global repressors such as REST/NRSF
to promoter II (Palm et al., 1998; Timmusk et al., 1999;
Zuccato et al., 2003) and MeCP2 to promoter III (Chen
et al., 2003a; Martinowich et al., 2003).

Unraveling the regulation of BDNF gene expression
is important for understanding its contribution to nervous
system function and pathology. Provided that BDNF
actions are most frequently modeled in rodents, detailed
knowledge of the structural organization of rodent BDNF
genes would be imperative. We undertook this study to
specify the structure and expression of BDNF gene in
mouse and rat. We show that rodent BDNF gene structure
and expression are more complex than initially characterized
(Timmusk et al., 1993) and that novel, as yet unidentified
regulatory sequences may contribute to cell-specific and ac-
tivity-dependent regulation of rodent BDNF expression.

MATERIALS AND METHODS
DNA and Amino Acid Sequence Analysis

Mouse and rat BDNF gene structure in silico analysis was
performed using genomic, mRNA and EST databases (http://
www.ncbi.nlm.nih.gov and http://genome. ucsc.edu). Align-
ment tools available at http://www.ncbi. nlm.nih.gov as well as
software provided by the BIIT group at the University of Tartu,
Estonia, were used for homology searches and analysis. AntiHunter
software (available at http://bio.ifom-firc.it/ ANTIHUNTER/)
was used to search for opposite-strand transcripts in mouse and
rat BDNF genomic region.

RNA Isolation, cDNA Synthesis, RT-PCR

Total RNA from developing and adult mouse and rat total
brain and brain regions and nonneural tissues was purified by
RNAwiz (Ambion, Austin, TX) as recommended by the manu-
facturer. DNase treatment of total RINA was perfomed by using a
Turbo DNA-Free Kit (Ambion) according to the manufacturer’s
instructions. Five micrograms of total RNA from different tissues
was used for first-strand synthesis using oligo(dT) and SuperScript
III First-Strand synthesis system (Invitrogen, Carlsbad, CA). To

analyze expression of BDNF transcripts, reverse primer specific
for 3 BDNF coding exon and forward primers specific for 5
noncoding exons were used. To identify homologues of human
antisense BDNF exons in mouse and rat, primers were designed
corresponding to mouse and rat BDNF genomic regions that
showed significant homology with human exons. Total RNA
was normalized to the expression of ubiquitously expressed
HPRT gene. All primers used in the study are listed below,
where m designates mouse, r, rat; h, human; for, forward; rev,
reverse; and Arabic numbers BDNF exons as follows: mrBDNFI,
GTGTGACCTGAGCAGTGGGCAAAGGA; mrBDNFII,
GGAAGTGGAAGAAACCGTCTAGAGCA; mBDNFIII,
GCTTTCTATCATCCCTCCCCGAGAGT; rBDNFIII,
CCTTTCTATTTTCCCTCCCCGAGAGT; mrBDNFIV,
CTCTGCCTAGATCAAATGGAGCTTC; mrBDNFV,
CTCTGTGTAGTTTCATTGTGTGTTC; mBDNEFVI,
GCTGGCTGTCGCACGGTTCCCATT; rBDNEFVI,
GCTGGCTGTCGCACGGTCCCCATT; mrBDNFVII,
CCTGAAAGGGTCTGCGGAACTCCA; mrBDNEFVIII,
GTGTGTGTCTCTGCGCCTCAGTGGA; mBDNFIXA,
CCCAAAGCTGCTAAAGCGGGAGGAAG; 1BDNFIXA,
CCAGAGCTGCTAAAGTGGGAGGAAG; hmrHPRT for,
GATGATGAACCAGGTTATGAC; hmrHPRTrev, GTC-
CTTTTCACCAGCAAGCTTG; and mrBDNFrev, GAA-
GTGTACAAGTCCGCGTCCTTA.

To analyze expression of mouse and rat exons I-IV-,
exon VI-, and exon IXA-specific transcripts, cDNA was ampli-
fied in a total volume of 25 pl with 35 cycles of PCR using
HotFire polymerase system (Solis BioDyne, Estonia). An anneal-
ing temperature of 60°C was used for all primer combinations.
Because of relatively low expression levels of BNDF mRNAs
containing exons V, VII, and VIII, a more robust HotStartTaq
Master Mix kit (Qiagen, Chatsworth, CA) was used for cDNA
amplification for 40-45 PCR cycles. All RT-PCR reactions
were performed in triplicate. PCR products were resolved in
1.2% agarose gel and visualized by staining with ethidium bro-
mide. PCR fragments were subsequently excised from the gel,
cloned by using pCRII-TOPO cloning system (Invitrogen), and
subjected to sequence analysis.

5" RACE Analyses of Transcription Initiation Sites

To determine the transcription start sites of novel BDNF
transcripts, 5 rapid amplification of cDNA ends (RACE) was per-
formed by using the GeneRacer kit (Invitrogen) according to the
manufacturer’s instructions. PCR amplification was performed
with a HotStartTaq Master Mix kit (Qiagen) and GeneRacer 5’ for-
ward primer and reverse primers specific for exons III, V, VII, VIII,
and IXA. Then, nested PCR was performed to increase the spec-
ificity and sensitivity of RACE by using GeneRacer 5 nested
primer and nested primers specific for exons III, V, VII, VIIL,
and IXA. RACE products were analyzed in a 2% gel and cloned
into the pCRII-Topo vector (Invitrogen) for sequence analysis.
Primers used for RACE analysis are listed below: rBDNFIIIR -
ACE, TCAATGAAGCATCCAGCCCGGCA; rBDNFIIINested,
CGGAACTCTCGGGGAGGGAAAATA; rBDNFVRACE,
GAACACACAATGAAACTACACAGAG; rBDNFVIIRACE,
CTAAAGAGGTGCGCTGGATGGACAGAG; rBDNFVII-
Nested, GGACCTGGAGTTCCGCAGACCCTTT; rBDNEF-
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VIIIRACE, CCATTTTCAGCAATCGTTTGTTCAGC;
rBDNFVIIINested, GAGACACACACCACAGCCTTTCTC;
rBDNFIXARACE, GAGTAAACGGTTTCTAAGCAA-
GTG; and rBDNFIXANested, CTTCCTCCCACTTTAG-
CAGCTCTG.

Cell Culture and Animal Experiments

Rat glioma C6 and mouse neuroblastoma Neuro2A cells
were plated 16 hr before treatment in DMEM (Invitrogen) con-
taining 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100
pg/ml streptomycin). Trichostatin A (TSA) and 5-aza-2'-deoxy-
cytidine (5AzadC) were purchased from Sigma-Aldrich (St.
Louis, MO). Neuro-2A and C6 cells were treated for 48 hr with
5AzadC (1 pM) or with TSA (333 nM) to analyze the effects of
5AzadC and TSA on the expression of BDNF.

Adult male Sprague-Dawley rats were injected with the
glutamate analog kainic acid as previously described (Metsis
et al., 1993). Animals were sacrificed 1, 3, 6, 12, and 24 hr
posttreatment. Total RINA from hippocampi was extracted by
using RNAwiz RNA Isolation Reagent (Ambion) according
to the manufacturer’s recommendations. All animal experi-
ments were performed according to the norms of the local Eth-
ical Committee of Animal Experimentation.

RESULTS

New Nomenclature for Mouse and
Rat BDNF Gene

BDNF gene is transcribed from multiple promoters
located upstream of distinct 5’ noncoding exons to pro-
duce a heterogeneous population of BDNF mRNAs.
Although this conserved feature of BDNF has been
described for several species, including human (Liu et al.,
2005), mouse (Hayes et al., 1997), rat (Timmusk et al.,
1993), and zebrafish (Heinrich and Pagtakhan, 2004),
detailed analyses of rodent BDNF gene structure have not
been performed. In rat, four 5’ noncoding exons (I-1V)
that are spliced to the common 3’ coding exon (Fig. 1A)
have previously been identified (Timmusk et al., 1993).
For mouse, only homologues of rat BDNF exons I and II
have been reported (Hayes et al., 1997). In silico analysis
of mouse and rat BDNF gene structure performed in the
present study showed that BDNF exons III and IV are
present and expressed in mouse as well. Moreover, a
number of EST and mRNA sequences aligned to the
locations of potential novel BDNF exons and the respec-
tive sequences turned out to be highly conserved in rat
and mouse genome. Furthermore, analysis of BDNF 5/
RACE products from human hippocampal RNA re-
vealed additional novel exons (Kazantseva et al., unpub-
lished), the sequences of which were also conserved in
mouse and rat genomes. Identification of rodent BDNF
transcripts containing novel exons by RT-PCR and sub-
sequent cloning and sequencing confirmed the bioinfor-
matic analyses data. Together our results show that both
rat and mouse BDNF gene contains eight 5’ noncoding
exons and one 3’ protein coding exon. All exon—intron
junctions display conventional splice-donor and -acceptor
sites. A new nomenclature was assigned to mouse and rat
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BDNF exons (Fig. 1B). In both mouse and rat genomes,
the locations of novel BDNF exons are as following: exon
I (corresponding to rat exon Ia described by Bishop
et al., 1994) is located 0.6 kb downstream of previously
described exon II, exon V is 0.25 kb downstream of exon
IV (exon IV is the former exon III according to Timmusk
et al., 1993), exon VII is located 0.6 kb downstream of
exon VI (exon VI corresponds to exon IV in Timmusk
et al. 1993), exon VIII is 13.5 kb upstream of the protein
coding exon, and exon IXA is a 5’ extended variant of the
protein coding exon (Fig. 1B). Homology of human and
rodent BDNF 5 exons ranges from 95% to 45%, reaching
95% for exon I, 93% for exon II, 62% for exon III, 91%
for exon IV, 86% for exon VI (corresponds to exon V in
human according to Liu et al., 2005), and 45% for exon
VII (corresponds to exon VIA in human according to Liu
et al., 2005). All exons that have been defined in human
(Liu et al., 2005) are also expressed in mouse and rat,
except for human exons VIIB and VIII. Rodent exons V,
VIII, and IXA have not been previously described in
human (Liu et al., 2005), but according to our data these
exons are expressed in human as well (Kazantseva et al.,
unpublished). Rat BDNF gene has been suggested to
undergo cryptic splicing within exon II (Timmusk et al.,
1995). In agreement with the recently updated version of
GenBank’s submission (AY057907), our results show that
usage of alternative splice donor sites (A, B, and C in Fig.
1B) within BDNF exon II leads to three different exon II
transcript variants in both in mouse and rat.

Expression Analysis of Mouse and
Rat BDNF Transcripts

Rat BDNF transcripts containing exons I, II, IV
(former III), and VI (former IV) and their tissue-specific
expression profiles have previously been described (Tim-
musk et al., 1993), whereas there are no data on the
expression of the novel rat BDNF exons V, VII, VIII,
and IXA, and only limited data are available on the
expression patterns of rat exon III (Bishop et al., 1994).
Furthermore, although promoter regions upstream of
mouse BDNF exons I and II have been described (Hayes
et al., 1997), no data are available for the expression of
mouse BDNF transcripts containing exons I-IXA. In the
present work, RT-PCR analysis of the expression profiles
of all BDNF transcripts was carried out in developing and
adult brain as well as in peripheral tissues of mouse and
rat (Fig. 2).

Expression of rat exon I BDNF mRNA, which was
previously described as a brain-specific transcript (Tim-
musk et al.,, 1993), was also observed at low levels in
several nonneural tissues, including testis, lung, thymus,
liver, and spleen (Fig. 2B). Expression of mouse exon I
transcripts was detected in addition to brain only in thy-
mus (Fig. 2A). In adult mouse and rat brain, BDNF exon
I mRNAs were expressed in all regions studied, with the
lowest levels in cerebellum. In developing mouse and rat
brain, low levels of BDNF exon I transcripts were ex-
pressed at embryonic (E) days 13 and 15, the expression
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Fig. 1. Exon/intron structure and alternative transcripts of mouse and  untranslated regions are shown as open boxes. Each of the eight 5

rat BDNF genes. A: Rat BDNF gene structure as described by Tim-
musk et al. (1993). Exons are shown as boxes and introns are shown as
lines. B: The new arrangement of exons and introns of mouse and rat
BDNEF genes as determined by analyzing genomic and mRNA sequence
data using bioinformatics, 5 RACE, and RT-PCR. The schematic rep-
resentation of BDNF transcripts in relation to the gene is shown below
the gene structure. Protein coding regions are shown as solid boxes and

levels peaked at postnatal (P) day 1 in mouse and embry-
onic day 21 in rat and decreased slightly during postnatal
development (Fig. 2A,B). BDNF exon II mRNA splice
variants A, B, and C revealed differential expression pat-
terns in brain both in mouse and in rat, and their expres-
sion was not detected in peripheral tissues. In cerebellum,
exon ITA transcript was the most abundant; in hippocam-
pus, all three exon II splice variants were expressed at
similar levels. Overall brain-specific expression pattern of
mouse and rat novel BDNF exon III transcripts resembled
that of BDNF exon II (Fig. 2A,B). In murine nonneural
tissues, low levels of exon III transcripts were detected
only in spleen and kidney, and, in rat, exon III transcripts
were detected in thymus. BDNF exon IV and exon VI
mRNAs (formerly exons III and IV, Timmusk et al.,
1993) were observed at significant levels in developing
mouse and rat brain already at E13, the earliest develop-
mental stage studied. Both in mouse and in rat, BDNF

untranslated exons is spliced to the common 3’ protein coding exon IX.
In addition, transcription can be initiated in the intron before the protein
coding exon, which results in IXA transcripts containing 5" extended
coding exon. Each transcription unit may use one of the two alternative
polyadenylation signals in the 3’ exon (arrows). For exon II, three differ-
ent transcript variants, ITA, IIB, and IIC, are generated as a result of using
alternative splice-donor sites in exon II (arrows marked A, B, and C).

exon IV and exon VI mRNA levels increased gradually
during embryonic and postnatal development and de-
creased slightly in adult brain. In adult brain, exon IV and
exon VI transcripts were detected in all analyzed brain
regions both in mouse and in rat. Exon IV and exon VI
transcripts exhibited wide patterns of expression in mouse
and rat nonneural tissues, with the highest levels in heart
and lung (Fig. 2A,B).

In both mouse and rat, BDNF novel exons V, VII,
and VIII, were expressed at relatively low levels during
brain development, broadly in adult peripheral tissues,
and differentially in adult brain regions (Fig. 2A,B). In
spite of the fact that mouse BDNF mRNA containing
exons VII and VIII in the same transcript has been submit-
ted to NCBI GenBank (AY231132), we failed to detect
similar mRINAs in any of mouse or rat tissue studied.

Expression of the novel BDNF exon IXA tran-
scripts was detected in rodent brain during embryonic

Journal of Neuroscience Research DOI 10.1002/jnr



EXON

EXON

EXON

EXON

EXON

EXON

EXON

EXON

EXON
HPRT

EXON

EXON

EXON

EXON

EXON

EXON

EXON

EXON
EXON

HPRT

development as well as in adulthood. In mouse adult

BDNF Gene Structure in Rodents

529

MOUSE BRAIN PERIPHERAL ORGANS
m
§§ 2
E oz Emﬁag
UE 58@ S wr Mow =T
cEBdsgHg.8 HHsgEaglE
Mmoo o+ o =T - njmzn Em%m EED
- - - & - W H 4 O 9K H O B O %] EmHmH
L I = S = T = T = TR = *) m O QO = E QO O | | BH A oM
r S il emmem——————— =
C
I-=EReT BEESTEEEL- - T T
II ;* I=;'-
v aetre — NSRS - - =<5
v e e D e e - e [ —
V- e ———————
VI e R —— S e =
VI S ST T TEsEss s hmEmEEe,
e eeee eeee————— -
P e e Eeeee
RAT BRAIN PERIPHERAL ORGANS
m
.- ;
B g w = 5 8
SE, EE5B8 3 a wa.EE
[ P g BoH JENWE
Ao BHoH m &G B\ u B O Q gﬁﬂ
m O o~ ~ o [=VEN < "R = - 1 a &4 e Z2 0 Em 5] - A
N o~ M o~ oo™ H & O H H O @ O K 23] E E oo M H
{5 I - T S I - PR < T+ 1} s O U uw B =E O U A E = - R | B moM
z - TN PSS - s e
i S =TI oo
i d
Y e e—ee——-—- — - — — — | e e
¥ =Tl WSS e & e e—--
VI e e
VII Rese@dE B - = - - . PFESsETTE
VI e e e ST
XA eeemae= PEs  @=&. BSOS

Fig. 2. Expression analysis of mouse and rat BDNF mRNAs. Semiquantitive RT-PCR analysis of tis-
sue-specific expression of mouse (A) and rat (B) BDNF transcripts and control HPRT mRNA was
performed in developing and adult brain and in peripheral organs. E, embryonic day; P, postnatal day.

rat adult brain, exon IXA expression was detected at

brain, exon IXA-containing transcripts were expressed high levels in hippocampus, olfactory bulb, colliculus,

at similar levels in all brain regions (Fig. 2A), whereas, in
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EXON III
A
TCCCTCCTTCC CTTCTTCTAC TCCATC! TITCATTTTCTCT‘TTECTCNCATCGCCCEACGATTCTCGC 100
B
TGGATAGTTCTTTATGTTTTGGGTGATTTTI‘GTTTTTTGTTTGTTT&;TTTTTTTTTTTTTMTTTTTACCCCTTTCTATTTTCCCTCCCCGAGAGTTC 200
CGGGCTCTGGCTTGGAGGGCTCCTGCTTTCTCAAGGGAAGGGGAGCCGCTGAGACTGCGCTCCACTCCCTGCCGGGCTGGATGCTTCATTGAGCCCAGS T 300
r RACE primer
ccgagtcaggeggggtaactcagggaaggg 230
EXON V
AGAGGTC 'Aw:Tmccnuccccocacagcmmwmwﬂcm 100
primer
TGTGTGTTCGCTTTTTCTAGCTCTGTGGTGCGGGAAGGTGCGGGAAGO Lyt gtctgggagcaggygcgagy 170
RACE primer
EXON VII

CTCTG

TCTCTTTTCCTGGGTAT

A

TTGGC

CAGGCTGT T&CTGCACCTGCTTTCTAGGGAGTATTACMGCTTCTTACAAGTCCA 100

AGGTCAACATAACTAGGAACTTGGGATCATTCT TGTCACTGGGACCTGAAAGGGTCTGCGGAACTCCAGGTCCCACAGCTTGTATCCGACCCTCTCTGT i

CCATCCAGCGCACCTCTTTAGGCATCCTCCAGAGGAAGTGAAAGTTTTGACTTTCATCCGGGAS taga t tyy

RACE primer = mer

EXON VIII

A

CATTAAGCTGCAAATAAGGAGCGCTTTCCTGTACATTGC

GATTGCTGAAAATGGTGTCATAAAGgLgagcaacazagaactagta

STAAGCAATTAARAGAAGTTATAGAGTTGGATGCAAGCGTAACCCGAAGGACAA 100
CTGGATGTGTGGAAGCACCAGTTTTCTCCATGTGCTCAGGCTAATCCTCGTTAATACTCAGAACGTTGAGTTTCTACGGAATGGGTTGCATGTCCATACA 200

[TGTTTTGGTATCTACCCACACACTTTCATGTGGTATGACTGTGCATCCCAGGAGAAAGGCTGTGGTGTGTGTCTCTGCGCCTCAGTGGAGCTGAACAAAC 300

B

—

T AC.

GTGTGATTGTGTTTC'

AAGCCACAGTGCCGT!

A
TCTAGC \IIA-)C'l'J\CTGTTTCBCJ\CCACACA'I‘TCC'l'ACCMGGACTGTGCTGCTGACTT’GMGMGAWACTATTCCACTTGCAGTTGTTGC 100
GGCGTGAACAGAGATCATTAAAAATTAAACCCCCAGAGCTGCTAA
TGCTTAGAAACCGTTTACTCTC!BGCTTACATGTMATCTTGAGGAAMCACTG(’;;TGTC;‘;;&GTTTATATTMGCTACA 300
RACE pr T
TACAGCACGGTAACTGACATTGATTTGTGTCCCCTGCAGCTGGAGTGGATCAGTAAGACATTAAAAAAAAAAGARAAAGAAAAAAAGAAAGAAAAAAGGT 400

*
CTGAAATTACAAGCAGATGGGCCACATGGTGTCCCCAAGAAAGTAAGGTCTAACCTGTTCTGTGTCTGTCTCTGCTTCCTTCCCACAGTTCCACCAGGTG  sop

GGGG 200

Fig. 3. Identification of the transcription start sites for BDNF new
exon III, V, VII, VIII, and IXA mRNA:s in rat. 5" Rapid amplification
of cDNA ends (5" RACE) was performed to determine the transcrip-
tion start sites for novel BDNF transcripts. Major transcription initiation
sites (short arrows) are located at 152 bp and 230 bp for exon III (arrows
marked A and B), at 81 bp for exon V and at 277 bp and 286 bp for
exon VIII (arrows marked A and B) upstream of the 3’ end of the re-

(Fig. 2B). In rodent nonneural tissues, relatively high
levels of exon IXA transcripts were observed in heart
and lung.

Identification of the Transcription Start Sites for
BDNF New Exons III, V, VII, and VIII in Rat

The transcription initiation sites for rat BDNF exons
I, II, IV, and VI have been determined earlier (Timmusk
et al., 1993). To identify the transcription start sites for
novel BDNF transcripts, 5’ rapid amplification of cDNA

spective exon and at 476 bp and 363 bp upstream of the major splice
acceptor site of the coding exon (asterisk) for exon IXA. For exon VII,
the 5’end of the longest EST is shown as a putative transcription initia-
tion site, because 5 RACE did not result in any specific products as a
result of very low levels of exon VII transcripts. Exon sequences are in
boldface; intron sequences are in lowercase letters. The locations of pri-
mers that were used in 5 RACE are indicated with long arrows.

ends (5 RACE) from rat hippocampal RNA was per-
formed by using antisense primers specific for exons III,
V, VII, VIII, and IXA. Sequencing analysis of different
RACE clones showed that major transcription initiation
sites are located at 152 bp and 230 bp for exon III, at 81 bp
for exon V, at 277 bp and 286 bp for exon VIII upstream
of the 3’ end of the respective exon, and at 476 bp and
363 bp for exon IXA upstream of the major splice site of
this exon (Fig. 3). None of the identified 5 exons con-
tains upstream open reading frames, so the usage of these
5'UTRs will apparently not affect amino acid composition

Journal of Neuroscience Research DOI 10.1002/jnr
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Fig. 4. Differential regulation of BDNF gene expression by DNA
methylation and histone deacetylation. The role of DNA methylation
in transcriptional activity of BDNF promoters was investigated by
treating rat C6 glioma and mouse Neuro2A neuroblastoma cells with
1 UM 5-Aza-deoxycytidine (5AzadC) for 48 hr. The effects of inhibi-
tion of histone deacetylation was studied by treating Neuro2A and C6
cells with 300 nM trichostatin A (TSA) for 48 hr. Muscarinic acetyl-
choline receptor M4 gene and constitutive hypoxanthine-phosphori-
bosyltransferase (HPR'T) gene were used as reference genes.

of the protein product. Because of the very low expression
levels, we failed to map the transcription start site for rodent
BDNEF exon VII. However, 5 RACE analysis of rodent
exon VII homologue in human showed that transcription
initiation site for this exon is located at 285 bp upstream
of its 3" end (Kazantseva et al., unpublished). These data
strongly suggest that, similarly to BDNF exon [, II, IV, and
VI mRNAs (Timmusk et al.,, 1993), novel exon III, V,
VII, VIII, and IXA mRNAs are also transcribed from sepa-
rate promoters.

Differential Regulation of BDNF Expression by
DNA Methylation and Histone Deacetylation

Provided that methylation of the cytosine residues
in the CpG dinucleotides in genome and posttranslational
modifications of histones in the nucleosome establishes
epigenetic codes for gene regulation in different tissues,
including nervous system (Hsieh and Gage, 2004; Ballas
and Mandel, 2005), we investigated the potential role of
chromatin structure on transcriptional activity of BDNF
promoters. By treating rat C6 glioma cells and mouse
Neuro2A neuroblastoma cells with the DNA methyltrans-
ferase inhibitor 5AzadC or with the histone deacetylase
(HDAC) inhibitor TSA for 48 hr, we examined the role
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of DNA methylation and histone acetylation, respectively,
in the regulation of BDNF gene expression.

We observed robust activation of the expression of
BDNEF exon I and IV as well as novel exon V, VIII, and
IXA transcripts in rat C6 glioma cells after 5AzadC treat-
ment (Fig. 4). Expression of exons III and VI in C6 cells
was moderately induced by inhibition of DNA methyla-
tion. Expression of BDNF exon I and exon IIT transcripts
in Neuro2A cells was significantly induced following
5AzadC treatment, whereas there was no change in the
levels of other BDNF mRNAs (Fig. 4). In Neuro2A cells,
TSA treatment failed to relieve repression of any of the
BDNF promoters. However, in C6 cells, inhibition of
histone deacetylation by TSA increased the levels of
BDNF exon III, exon VII, and exon IXA transcripts.
Muscarinic acetylcholine receptor gene M4 was used as a
reference because its expression has been shown to be
regulated by 5AzadC in various cell lines, other than C6
and Neuro2A, in a cell-type-specific manner (Lunyak
et al., 2002; Wood et al., 2003). Our findings suggest that
DNA methylation and histone deacetylation could play a
role in silencing of BDNF gene in a promoter- and cell-
specific manner both in C6 and Neuro2A cells.

Activity-Dependent Regulation of Rat BDNF
Exon-Specific mRNAs in the Hippocampus by
Kainic Acid-Induced Seizures

Glutamate analogue kainic acid induces a rise in in-
tracellular Ca®" levels and differential activation of four
previously characterized BDNF promoters in the hippo-
campus and cerebral cortex of adult rat brain (Timmusk
et al,, 1993). We examined whether expression of the
BDNF mRNAs containing novel 5 exons is regulated by
kainic acid 1, 3, 6, 12, and 24 hr after drug administra-
tion. The results revealed difterential regulation patterns
for BDNF transcripts. BDNF exon I and IV transcripts
(exons I and III according to Timmusk et al., 1993) have
previously been characterized as the most highly induced
BDNF mRNAs in response to kainic acid treatment. It
was remarkable that in our experiments not only were
these BDNF transcripts induced by kainate but also the
levels of novel exon V, VII, VIII, and IXA mRNAs were
up-regulated peaking at 3—6 hr posttreatment and rapidly
down-regulated to basal levels thereafter (Fig. 5). The
levels of exon IV transcripts remained elevated at 3—24 hr
posttreatment. BDNF transcripts with exon IIA, IIB, and
IIC exhibited differential expression profiles in response
to kainite treatment. The levels of exon IIC transcripts
were markedly elevated at 3 hr, peaked at 6 hr, and de-
creased at 12—24 hr after kainate treatment. Expression
levels of exon 2A and exon 2B transcripts increased mod-
erately at 3 hr, dropped at 6 hr, and reached basal levels at
24 hr posttreatment (Fig. 5). In contrast, the expression
levels of BDNF exon III and exon VI mRNAs did not
change at any time point studied (Fig. 5). These results
agree with the previous reports on the transcript-specific
regulation of rat BDNF mRNAs in response to kainate-
induced seizures (Timmusk et al., 1993; Sathanoori et al.,
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Fig. 5. Activity-dependent regulation of BDNF exon-specific

mRNAs in rat hippocampus by kainic acid-induced seizures. The
effect of kainate-induced seizures on the expression of different BDNF
transcripts in the hippocampus of adult rat brain was examined. Adult
rats were injected subcutaneously with kainic acid (8 mg per kg body
weight) and sacrificed 1, 3, 6, 12, and 24 hr posttreatment. Total
RNA was extracted, and semiquantitative RT-PCR was performed.
Untreated rat hippocampus RINA was used as a control.

2004) and provide the first evidence that the novel
BDNF mRNAs are differentially regulated by kainic acid.
Our data strongly suggest that as yet unexplored regula-
tory elements within BDNF gene contribute to the activ-
ity-dependent regulation of BDNF mRNA expression.

Antisense-BDNF Transcripts Are Not
Expressed in Mouse and Rat

It was shown recently (Liu et al., 2005) that protein
noncoding antisense transcripts are expressed from human
BDNF gene locus. Analyses of mouse and rat BDNF gene
loci with the AntiHunter software tool (Lavorgna et al.,
2004) did not reveal any BDNF antisense transcripts from
EST databases. Moreover, alignment of human antisense
BDNF exons sequences with mouse and rat EST databases
at NCBI did not reveal any rodent ESTs homologous to
human antisense BDNF transcripts. Failure to find anti-
sense ESTs transcribed from mouse and rat BDNF gene
loci could be explained by the fact that, although EST
databases are growing rapidly, they are still undersampling
the full mammalian transcriptome. Therefore, we aligned
the sequences of human antisense BDNF exons with the
respective regions of mouse and rat BDNF genomic
sequence. Interestingly, sequences with significant homol-
ogy to human antisense exons, though present in chim-
panzee genome, were missing from mouse and rat
genomes. RT-PCR analysis with mouse- and rat-specific

primers annealing to the very short regions of homology
with human antisense transcripts failed to detect expression
of antisense BDNF transcripts in mouse and rat tissues.
Therefore, we concluded that antisense BDNF transcripts
are human- or primate-specific, as was proposed earlier by
Liu and colleagues (2005).

DISCUSSION

Since the purification of BDNF protein, definitive
evidence has emerged for its central role in mammalian
brain development, physiology, and pathology. However,
the structural organization of rodent BDNF gene has not
been revisited since four 5’ exons were first discovered and
nomenclature of exons established for rat BDNF gene
(Timmusk et al., 1993). This numeration of BDNF exons
is currently widely used by the scientific community. In
the present work, we show, however, that mouse and rat
BDNF gene structure is much more complex than was
accepted before. According to our data, mouse and rat
BDNEF genes consist of a common 3’ exon that encodes
the pro-BDNF protein and at least eight 5 noncoding
exons (exons I-VIII). In each BDNF transcn'}at, one 5
exon is spliced to the protein coding exon. All 5" exons are
controlled by distinct promoters as evidenced by our
RACE analysis of the 5 ends of these exons, as well as
expression analysis data. In addition, we identified a novel
BDNF transcript both in mouse and in rat that contains
only exon IXA, the 5 extended protein coding exon.
Here we suggest a new numbering system for mouse and
rat BDNF exons. With regard to the old nomenclature
(Timmusk et al., 1993), former exon III corresponds to
exon IV, previous exon IV is now exon VI, and the cod-
ing exon previously called exon V is now exon IX.

Pro-BDNF, a 32-kDa precursor, undergoes cleavage
to release mature 14-kDa BDNF protein as well as a minor
truncated form of the precursor (28 kDa). Secreted pro-
BDNF activates a heteromeric receptor complex of p75
and sortilin to initiate cell death (Teng et al., 2005) and
binds to p75 in hippocampal neurons to enhance long-
term depression (Woo et al., 2005). Studies suggest that
proneurotrophins account for a significant amount of the
total neurotrophins secreted extracellularly, particularly in
CNS neurons (Farhadi et al., 2000; Mowla et al., 2001). In
mouse, rat, and human, exon [ transcripts contain an in-
frame AUG that can serve as an alternative translation ini-
tiation codon, extending the prepro- region of BDNF by
eight amino acids (Timmusk et al., 1993). It can be
hypothesized that additional amino acids in the N-termi-
nus of prepro-BDNF can aftect the intracellular trafficking
of BDNF and play a role in pro-BDNF secretion. In
human, BDNF 5’ exons VIB and VII (according to Liu
et al., 2005) can contribute to alternative BDNF protein
isoforms, because exon VIB can add 15 amino acids to the
N-terminus of prepro-BDNF, and exon VII can undergo
alternative in-frame splicing leading to the mature BDNF
protein isoform that lacks 48 amino acids internally (Liu
et al., 2005). None of the novel rodent BDNF exons in-
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cludes an in-frame ATG, predicting that for these tran-
scripts translation is initiated from the BDNF coding exon.

BDNEF is the most abundant and widely distributed
neurotrophin in the mammalian CNS. In addition to re-
fining expression patterns of BDNF transcripts that have
been identified earlier, results of this study also show that
mouse and rat BDNF novel exons III, V, VII, VIII, and
IXA are differentially expressed in adult brain and in pe-
ripheral tissues. In general, exons that are closely located
in the genome are expressed in a similar manner: exons I,
II, and III have brain-enriched expression patterns and
exons IV, V, and VI are widely expressed also in nonneu-
ral tissues. However, 5 RACE analysis of transcription
initiation sites of rat and mouse BDNF new exons and in
silico analysis of the regions upstream of these exons (data
not shown) suggest that their expression is driven by dis-
tinct novel tissue-specific and development- and activity-
regulated promoters.

It has been established earlier by using difterent cellu-
lar and animal models that BDNF gene is regulated by
neural activity through calcium-mediated pathways (Shich
and Ghosh, 1999; West et al., 2001; Mellstrom et al.,
2004) and that BDNF transcripts containing exons I, II,
and IV are differentially regulated. BDNF exon I and exon
IV transcripts (exons I and III according to Timmusk
et al., 1993) have previously been characterized as the
most highly induced BDNF mRNAs in response to kainate
treatment and KCl-mediated membrane depolarization in
embryonic cortical neuron cultures (Tao et al., 1998). Sev-
eral calcium-responsive elements and transcription factors
binding to these elements have been characterized in the
promoter regions upstream of these exons (Timmusk et al.,
1999; Tabuchi et al., 2002; Tao et al., 2002; Chen et al.,
2003b). Here we show that BDNF exon V, exon VII,
exon VIII, and exon IXA transcripts are also regulated by
kainic acid and that the induction magnitude is comparable
to that of BDNF exon I and IV transcripts. In light of our
findings, it is attractive to speculate that differential regula-
tion of nine BDNF exon mRNAs would become apparent
in different neurodegenerative diseases in which BDNF
levels are altered (Phillips et al., 1991; Mogi et al., 1999;
Parain et al., 1999; Zuccato et al., 2001). Also, differential
regulation of BDNF mRNAs can take place for example in
depression, stress, exercise, and learning (Cotman and
Berchtold, 2002; Tyler et al., 2002; Hashimoto et al., 2004;
Russo-Neustadt and Chen, 2005). Future characterization
of the regulatory sequences and transcription factors media-
ting regulation of novel BDNF transcripts in different dis-
ease models is important for understanding BDNF gene
regulation and its contribution to pathology.

The role of chromatin remodeling in the activity of
different BDNF promoters has been investigated in several
recent studies. Neuronal activity-dependent activation of
BDNEF gene is mediated by decreased CpG methylation of
BDNF promoter IV and release of a repressor complex
containing methyl-cytosine binding protein MeCP2, his-
tone deacetylases HDAC1 and HDAC2, and corepressor
mSin3A (Chen et al., 2003a; Martinowich et al., 2003). It
has also been shown that histone modifications at specific
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BDNEF promoters are involved in chromatin remodeling
during electroconvulsive seizures (Tsankova et al., 2004)
and cocaine-induced plasticity (Kumar et al., 2005) in rat
and in a mouse model of depression and antidepressant
treatment (Tsankova et al., 2006). In addition, zinc finger
transcription factor REST/NRSF (Chong et al., 1995;
Schoenherr and Anderson, 1995), which recruits multiple
cofactors including HDAC1, HDAC2, and mSin3A (for
review see Ballas and Mandel, 2005) to repress its target
genes, negatively regulates BDNF gene expression by
binding to NRSE/RE1 element in BDNF promoter II
(Palm et al., 1998; Timmusk et al., 1999; Bruce et al.,
2004; Ballas et al., 2005). The present study showed that
the DNA demethylating agent 5AzadC evoked robust
activation of BDNF gene expression in C6 rat glioma cells
and more moderate activation in Neuro2A mouse neuro-
blastoma cells in a transcript-specific manner: induction of
exon I, III, IV, V, VIII, and IXA mRNAs was observed in
C6 cells, whereas only exon I and exon III mRNA levels
increased in Neuro2A cells. Furthermore, in C6 cells, inhi-
bition of histone deacetylation by TSA up-regulated the
levels of BDNF exon III, exon VII, and exon IX tran-
scripts. The results presented in this study suggest the con-
tribution of histone modifications and methylation of
BDNF promoters to the regulation of BDNF gene tran-
scription and open up possibilities for addressing these phe-
nomena in more detail.

Finally, we report that, in contrast with the human
BDNF gene locus (Liu et al., 2005), mouse and rat
BDNEF gene loci do not encode antisense mRNA tran-
scripts. These findings demonstrate that regulation of
BDNF gene expression by antisense-BDNF transcripts
clearly is a human- or primate-specific phenomenon and
suggest that regulation of rodent and human BDNF gene
differs substantially. Human-specific antisense transcripts
have been reported for the tumor suppressor gene ret fin-
ger protein 2 (RFP2; Baranova et al., 2003) and for the
human protocadherin (PCDH) locus (Lipovich et al.,
2006). BDNF has important roles in development, partic-
ularly of the nervous system, and plays a central role in
brain plasticity-related processes, underscoring the possi-
ble role of antisense BDNF gene in regulation of BDNF
expression across primates manifesting in specific behav-
ioral phenotypes.

During the preparation of this paper, an article by
Liu and colleagues examining the gene structure and ex-
pression of BDNF in rodents was published (Liu et al.,
20006). However, our study increases the understanding of
rodent BDNF gene loci, in that we present several novel
data that are complementary to the results of Liu and col-
leagues. 1) We identified an additional 5’ exon, exon V
that was not been reported by Liu et al. Thus, both mouse
and rat BDNF genes consist of at least eight 5’ exons
spliced to the 3’ coding exon. In addition, we identified a
novel BDNF transcript, exon IXA mRNA, consisting of
only the 5’ extended protein coding exon. 2) We deter-
mined the transcription initiation sites for novel exons (III,
V, VII, VIII, and IXA), showing that these exons are tran-
scribed from distinct promoters. 3) Our data show that
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exon VIII (exon VII according to Liu et al.) is driven by a
separate promoter. Liu and colleagues’ data argue that tran-
scripts containing exons VII and VIII (exons VI and VII
according to Liu et al.) share the same promoter. 4) Our
expression analysis data for all BDNF transcripts includes a
wider range of tissues and brain structures analyzed both in
rat and in mouse. 5) Liu et al. studied the regulation of
some BDNF transcript expression in brain upon adminis-
tration of cocaine. Our data show activity-dependent reg-
ulation of rat BDNF mRNAs by kainic acid-induced seiz-
ures in rat hippocampus. Moreover, we report differential
regulation of the expression of BDNF transcripts by DNA
methylation and histone deacetylation. Taken together,
the results of the present study on mouse and rat BDNF
gene structure and tissue-specific expression provide new
challenges and opportunities to identify mechanisms regu-
lating the activity of novel BDNF promoters that contrib-
ute to the expression levels of BDNF and possibly also to
the changes in BDNF expression in neurodegenerative
and neuropsychiatric disorders.
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Abstract

Background: Alterations in brain-derived neurotrophic factor (BDNF) gene expression contribute
to serious pathologies such as depression, epilepsy, cancer, Alzheimer's, Huntington and
Parkinson's disease. Therefore, exploring the mechanisms of BDNF regulation represents a great
clinical importance. Studying BDNF expression remains difficult due to its multiple neural activity-
dependent and tissue-specific promoters. Thus, microarray data could provide insight into the
regulation of this complex gene. Conventional microarray co-expression analysis is usually carried
out by merging the datasets or by confirming the re-occurrence of significant correlations across
datasets. However, co-expression patterns can be different under various conditions that are
represented by subsets in a dataset. Therefore, assessing co-expression by measuring correlation
coefficient across merged samples of a dataset or by merging datasets might not capture all
correlation patterns.

Results: In our study, we performed meta-coexpression analysis of publicly available microarray
data using BDNF as a "guide-gene" introducing a "subset” approach. The key steps of the analysis
included: dividing datasets into subsets with biologically meaningful sample content (e.g. tissue,
gender or disease state subsets); analyzing co-expression with the BDNF gene in each subset
separately; and confirming co- expression links across subsets. Finally, we analyzed conservation in
co-expression with BDNF between human, mouse and rat, and sought for conserved over-
represented TFBSs in BDNF and BDNF-correlated genes. Correlated genes discovered in this study
regulate nervous system development, and are associated with various types of cancer and
neurological disorders. Also, several transcription factor identified here have been reported to
regulate BDNF expression in vitro and in vivo.

Conclusion: The study demonstrates the potential of the "subset" approach in co-expression
conservation analysis for studying the regulation of single genes and proposes novel regulators of
BDNF gene expression.
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Background

The accumulation of genome-wide gene expression data
has enabled biologists to investigate gene regulatory
mechanisms using system biology approaches. Recent
developments in microarray technologies and bioinfor-
matics have driven the progress of this field [1]. Moreover,
publicly available microarray data provide information
on human genome-wide gene expression under various
experimental conditions, which for most researchers
would be difficult to access otherwise.

BDNF (brain-derived neurotrophic factor) plays an
important role in the development of the vertebrates'
nervous system [2]. BDNF supports survival and differen-
tiation of embryonic neurons and controls various neural
processes in adulthood, including memory and learning
[3], depression [4], and drug addiction [5]. Alterations in
BDNF expression can contribute to serious pathologies
such as epilepsy, Huntington, Alzheimer's, and Parkin-
son's disease [6]. Alteration in BDNF expression is associ-
ated with unfavorable prognosis in neuroblastoma |7],
myeloma [8], hepatocellular carcinoma [9] and other
tumors [10]. Apart from brain, expression of alternative
BDNF transcripts has been detected in a variety of tissues
(such as heart, muscle, testis, thymus, lung, etc.) [11,12].
Numerous studies have been conducted to unravel the
regulation of BDNF expression in rodents and human.
Data on the structure of human [11] and rodent
[12]BDNF gene have been recently updated. Nevertheless,
little is known about the regulation of human BDNF gene
expression in vivo. Unraveling the regulation of BDNF
expression remains difficult due to its multiple activity-
dependent and tissue-specific promoters. Thus, analysis of
the gene expression under various experimental condi-
tions using microarray data could provide insight into the
regulation of this complex gene.

Meta-coexpression analysis uses multiple experiments to
identify more reliable sets of genes than would be found
using a single data set. The rationale behind meta-coex-
pression analysis is that co-regulated genes should display
similar expression patterns across various conditions.
Moreover, such analysis may benefit from a vast represen-
tation of tissues and conditions [13]. A yeast study
showed that the ability to correctly identify co-regulated
genes in co-expression analysis is strongly dependent on
the number of microarray experiments used [14]. Another
study that examined 60 human microarray datasets for co-
expressed gene pairs reports that gene ontology (GO)
score for gene pairs increases steadily with the number of
confirmed links compared to the pairs confirmed by only
a single dataset [15]. Several studies have successfully
applied meta-analysis approach to get important insights
into various biological processes. For instance, microarray
meta-analysis of aging and cellular senescence led to the
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observation that the expression pattern of cellular senes-
cence was similar to that of aging in mice, but not in
humans [16]. Data from a variety of laboratories was inte-
grated to identify a common host transcriptional response
to pathogens [17]. Also, meta-coexpression studies have
displayed their efficiency to predict functional relation-
ships between genes [18]. However, co-expression alone
does not necessarily imply that genes are co-regulated.
Thus, analysis of evolutionary conservation of co-expres-
sion coupled with the search for over-represented motifs
in the promoters of co-expressed genes is a powerful crite-
rion to identify genes that are co-regulated from a set of
co-expressed genes [19,20].

In co-expression analysis, similarity of gene expression
profiles is measured using correlation coefficients (CC) or
other distance measures. If the correlation between two
genes is above a given threshold, then the genes can be
considered as «co-expressed» [1]. Co-expression analysis
using a «guide-gene» approach involves measuring CC
between pre-selected gene(s) and the rest of the genes in a
dataset.

It is a common practice in meta-coexpression studies to
assess co-expression by calculating the gene pair correla-
tions after merging the datasets [20] or by confirming the
re-occurrence of significant correlations across datasets
[15]. However, it has been shown recently that genes can
reveal differential co-expression patterns across subsets in
the same dataset (e.g. gene pairs that are correlated in nor-
mal tissue might not be correlated in cancerous tissue or
might be even anti-correlated) [21]. Therefore, assessing
co-expression by measuring CC across merged samples of
a dataset or by merging datasets may create correlation
patterns that could not be captured using the CC measure-
ment.

In this study, we performed co-expression analysis of pub-
licly available microarray data using BDNF as a "guide-
gene". We inferred BDNF gene co-expression links that
were conserved between human and rodents using a
novel "subset" approach. Then, we discovered new puta-
tive regulatory elements in human BDNF and in BDNF-
correlated genes, and proposed potential regulators of
BDNF gene expression.

Results

We analyzed 299 subsets derived from the total of 80
human, mouse and rat microarray datasets. In order to
avoid spurious results that could arise from high-through-
put microarray analysis methods, we applied successive
filtering of genes. Then, we divided datasets into subsets
with biologically meaningful sample content (e.g. tissue,
gender or disease state subsets), analyzed co-expression
with BDNF across samples separately in each subset and
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confirmed the links across subsets. Finally, we analyzed
conservation in co-expression between human, mouse
and rat, and sought for conserved TFBSs in BDNF and
BDNF-correlated genes (Figure 1).

Data filtering

Gene Expression Omnibus (GEO) from NCBI and
ArrayExpress from EBI are the largest public peer reviewed
microarray repositories, each containing about 8000
experiments. In order to avoid inaccuracies arising from
measuring expression correlation across different microar-
ray platforms [13] we used only Affymetrix GeneChips
platforms for the analysis. Since ArrayExpress imports
Affymetrix experiments from GEO http://www.ebi.ac.uk/

microarray/doc/help/GEO_data.html, we used only GEO

database to retrieve datasets.

A study examining the relationship between the number
of analyzed microarray experiments and the reliability of
the results reported that the accuracy of the analysis pla-
teaus at between 50 and 100 experiments [14]. Another
study demonstrated how the large amount of microarray
data can be exploited to increase the reliability of infer-
ences about gene functions. Links that were confirmed
three or more times between different experiments had
significantly higher GO term overlaps than those seen
only once or twice (p < 10-15) [15]. Therefore, we per-
formed meta-coexpression analysis using multiple experi-
ments to increases the accuracy of the prediction of the co-
expression links.

Since BDNF served as a guide-gene for our microarray
study, qualitative and quantitative criteria were applied
for selection of the experiments with respect to BDNF
probe set presence on the platform [see Additional file 1:
BDNF probe sets|, BDNF signal quality and expression
levels. In addition, non-specific filtering [19] was per-
formed to eliminate the noise (see Methods/Microarray
datasets). Consequently, 80 human, mouse and rat micro-
array experiments (datasets) from Gene Expression Omni-
bus (GEO) database met the selection criteria. Each
dataset was split into subsets according to the annotation
file included in the experiment [see Additional file 2:
Microarray datasets and Additional file 3: Subsets]. In
summary, 299 subsets were obtained from 38 human, 24
mouse and 18 rat datasets. From 38 human datasets, 8
were related to neurological diseases (epilepsy, Hunting-
ton's, Alzheimer's, aging, encephalitis, glioma and schizo-
phrenia) and contained samples from human brain;
another 9 datasets contained samples from human "nor-
mal" (non-diseased) tissues (non-neural, such as blood,
skin, lung, and human brain tissues); 12 datasets had
samples from cancerous tissues of various origins (lung,
prostate, kidney, breast and ovarian cancer). The rest 9
datasets contained samples from diseased non-neural tis-
sues (HIV infection, smoking, stress, UV radiation etc.).
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Out of 24 mouse datasets, 5 datasets were related to neu-
rological diseases (brain trauma, spinal cord injury,
amyotrophic lateral sclerosis, and aging); 15 datasets con-
tained normal tissue samples (neural and peripheral tis-
sues); 1 dataset contained lung cancer samples; 3 datasets
were related to non-neural tissues' diseases (muscle dys-
trophy, cardiac hypertrophy and asthma). Among 18 rat
datasets, 11 datasets were related to neurological diseases
(spinal cord injury, addiction, epilepsy, aging, ischemia
etc), 5 datasets were with "normal tissue samples" compo-
sition and 2 datasets examined heart diseases [see Addi-
tional file 2: Microarray datasets|.

According to Elo and colleagues [22] the reproducibility
of the analysis of eight samples approaches 55%. Selecting
subsets with more than eight samples for the analysis
could increase the reproducibility of the experiment how-
ever reducing the coverage, since subsets with lower
number of samples would be excluded. Thus, we selected
subsets with a minimum of eight samples for the analysis,
in order to achieve satisfactory reproducibility and cover-
age. The expression information for human, mouse and
rat genes obtained from GEO database, information
about BDNF probe names used for each dataset, informa-
tion about subsets derived from each experiment, and
data on correlation of expression between BDNF and
other genes for each microarray subset has been made
available online and can be accessed using the following
link: http://www.bio.lmu.de/~pavlidis/bmc/bdnf.

Differential expression of BDNF across subsets

Since the study was based on analyzing subsets defined by
experimental conditions (gender, age, disease state etc) it
was of biological interest to examine if BDNF is differen-
tially expressed across subsets within a dataset. We used
Kruskal-Wallis test [23] to measure differential expres-
sion. The results of this analysis are given in the Addi-
tional files 4, 5 and 6: Differential expression of the BDNF
gene in human, mouse and rat datasets.

Co-expression analysis

Since the expression of BDNF alternative transcripts is tis-
sue-specific and responds to the variety of stimuli, seeking
for correlated genes in each subset separately could help
to reveal condition-specific co-expression. The term "sub-
set" in this case must be understood as "a set of samples
under the same condition".

We derived 119 human, 73 mouse and 107 rat subsets
from the corresponding datasets. Pearson correlation
coefficient (PCC) was chosen as a similarity measure since
it is one of the most commonly used, with many publica-
tions describing analysis of Affymetrix platforms
[13,24,25]. PCC between BDNF and other genes' probe
sets was measured across samples for each subset sepa-
rately. From each subset, probe sets with PCC 1 > 0.6 were

Page 3 of 20

(page number not for citation purposes)



BMC Genomics 2009, 10:420 http://www.biomedcentral.com/1471-2164/10/420

Download Affymetrix microarray datasets:
Human, mouse and rat from GEO

‘ ~ 30 000 probe sets per platform

Check datasets for BDNF expression:
m BDNF probe set presence on the platform
B BDNF CALL = PRESENT in > 70% of samples

|

Non—specific filtering of data in each dataset:
W Exclude genes with missing values in > 1/3 of samples
m Column—average imputation
B Two—fold expression change from the
average in > 5 samples

|

Dividing datasets into subsets

Co—expression analysis
Pearson correlation coefficient — resampling

~ 9 000 BDNF—correlated genes per species

Co—expression link confirmation

BDNF—correlated 3+ genes
~ 2400 in human

~ 1800 in mouse

~ 740 in rat

Co—expression conservation analysis:
BDNF—correlated genes in human — mouse — rat

~80 conserved BDNF—correlated genes

Discovery of over—represented TFBSs in conserved
BDNF—correlated genes; DIRE and CONFAC

Novel potential regulators of BDNF expression

Figure |

Microarray data analysis flowchart. Altogether, 80 human, mouse and rat Affymetrix datasets were analyzed (dataset
selection criteria: > |6 samples per dataset; BDNF detection call PRESENT in more than 70% of the samples). Data was sub-
jected to non-specific filtering (missing values and 2-fold change filtering). Thereafter, datasets were divided into 299 corre-
sponding subsets. Co-expression analysis in human, mouse and rat subsets allowed the detection of genes that co-expressed
with BDNF in more than 3 subsets (~1000 genes for each species). As a result of co-expression conservation analysis, 84 genes
were found to be correlated with BDNF in all three species. Discovery of over-represented motifs in the regulatory regions of
these genes and in BDNF suggested novel regulators of BDNF gene expression.
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selected. It was demonstrated by Elo and colleagues [22]
that in the analysis of simulated datasets a cutoff valuer =
0.6 showed both high reproducibility (~0.6 for profile
length equal to 10) and low error. A "data-driven cutoff
value" approach has been rejected because it is based on
the connectivity of the whole network, whereas we
focused only on the links between BDNF and other genes.
A lower threshold of 0.4 generated a list of genes that
showed no significant similarities when analyzed using
g:Profiler tool that retrieves most significant GO terms,
KEGG and REACTOME pathways, and TRANSFAC motifs
for a user-specified group of genes [26]. The value r = 0.6
was chosen over more stringent PCC values because the
lengths of the expression profiles were not too short
(mean profile length ~17, standard deviation ~12). More-
over, the PCC threshold higher than 0.6 was not justified
since we performed further filtering by selecting only con-
served correlated genes, thus controlling the spurious
results.

Each probe set correlation with BDNF that passed the
threshold was defined as a "link". It has been previously
shown that a link must be confirmed in at least 3 experi-
ments (3+ link) in order to be called reliable [15]. There-
fore, we selected (3+) genes for evolutionary conservation
analysis, narrowing the list of correlated genes to elimi-
nate the noise. g:Profiler analysis of these genes revealed
that the results are statistically significant (low p-values)
and the genes belong to GO categories that are relevant to
biological functions of BDNF. For example, the list of
human genes produced the following results when ana-
lyzed with g:Profiler (p-values for the GO categories are
given in the parenthess): nervous system development
(5.96-102t), central nervous system development
(3.29-1097), synaptic transmission (4.40-10-!1), genera-
tion of neurons (1.58-1008), neuron differentiation
(1.02-1006), neurite development (4.11-107), heart
development (1.67-10%9), blood vessel development
(5.51-1014), regulation of angiogenesis (7.16-109),
response to wounding (1.32-10-!1), muscle development
(1.53-1019), regulation of apoptosis (1.65-1097), etc.

We have used r = 0.6 as a "hard" threshold value for the
CC. A disadvantage of this approach is that there will be
no connection between BDNF and other genes whose cor-
relation with BDNF is 0.59 in a specific dataset [27]. Using
multiple datasets was expected to remedy this effect. An
alternative approach would be to use "soft" threshold
approaches [27]. According to the soft threshold
approach, a weight between 0 and 1 is assigned to the con-
nection between each pair of genes (or nodes in a graph).
Often, the weight between the nodes A and B is repre-
sented by some power of the CC between A and B. How-
ever, other similarity measures may be used given that
they are restricted in [0, 1]. A drawback of the weighted
CC approach is that it is not clear how to define nodes that
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are directly linked to a specific node [27] because the
available information is related only to how strongly two
nodes are connected. Thus, if neighbors to a node are
requested, threshold should be applied to the connection
strengths. Alternatively, Li and Horvath [28] have devel-
oped an approach to answer this question based on
extending the topological overlap measure (TOM), which
means that the nodes (e.g. genes) should be strongly con-
nected and belong to the same group of nodes. However,
this analysis requires the whole network of a set of genes.
In the current analysis, we did not construct the co-expres-
sion network for all the genes of microarray experiments.
Instead, we focused on a small part of it i.e. the BDNF
gene and the genes linked to BDNF. Therefore, TOM anal-
ysis was not possible using our approach.

To see how the "weighted CC" method would affect the
results of our study we used a simplified approach.
Instead of applying "hard" threshold (0.6) for the CC we
measured the strength of all the connections between
BDNEF and all the genes in a microarray experiment. The
connection strength s;= [(1 + CC;)/2]>, where CC; denotes
the CC between BDNF and the gene j, is between 0 and 1
and b is an integer. In order to define b, analysis of the
scale-free properties of the network is required. However,
we used the value 6. Great b values give lower weight to
weak connections. Then we calculated the average
sj(ave(s;)) among all the subsets. Finally, we sorted the
genes based on their ave(s;) and calculated the overlap of
the top of this list with our results for each species (human
mouse and rat). When restricting the top of the weighted
CC list to the same number of genes that we have
obtained for the 3+ list for each species, we observed that
the top-weighted CC genes overlap extensively with the 3+
list (overlapping > 80%) for each species. Therefore, even
though the "soft" and "hard" thresholding approaches are
considerably different we observe quite extensive overlap
of the results. We would like to stress that we did not
apply the full weighted CC and TOM methodology since
it would require the construction of the whole network
which was beyond the aims of our study. However, such
investigation of the whole co-expression network could
contribute to the understanding of BDNF regulation and
function.

Correlation conservation and g:Profiler analysis

Co-expression that is conserved between phylogenetically
distant species may reveal functional gene associations
[29]. We searched for common genes in the lists of 2436
human, 1824 mouse and 740 rat genes (3+ genes, whose
expression is correlated with BDNF). From these genes,
490 were found to be correlated with BDNF in human
and mouse, 210 correlated with BDNF in human and rat,
and 207 conserved between mouse and rat [see Addi-
tional file 7: Conserved BDNF-correlated genes]. We
found a total of 84 genes whose co-expression with BDNF
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Table |I: BDNF-correlated genes conserved between human, mouse and rat.

GO category Conserved correlated genes
protein tyrosine  ANGPTI BAIAP2 DUSPI EPHA4 EPHAS EPHA7 FGFRI GAS6 KALRN IRS2 NTRK2
kinase PW *
PTPRF FP106
dendrite DBNI FREQ GRIA3 KCND2 NTRK2
localization*
signal ANGPTI CREM DUSP6 EPHAS FGFRI IGFBP5 KALRN NR4A2 PDE4B PRKAG2 PTPRF TBX3
transduction®
BAIAP2 CXCL5 EGRI EPHA7 GAS6 IL6ST KLFI0 NTRK2 PENK PRKCB RGS4 ZFP106
COLIIAI DUSPI EPHA4 FGFI3 GRIA3 IRS2 MYH9 OoDZ2 PLAUR PRKCE SCG2
hsa-miR-369-3p*  COLIIAI DBCI DCN DUSPI GAS6 ITF-2 KLF10 NEURODé PENK TRPC4
TF: ATF3 ATPIBI CCND2 COLIIAI DBNI DLGAP4 EPHA7 GAS6 GRIA3 IL6ST IRS2
CCCGCCCCCR KCND2
CCCC (KROX) *
KLFI10 NFIA NPTXR PCSK2 SNCA THRA
TF: ATF3 CCND2 DBCI DUSPé FREQ ITF-2 MBP NPTXR PCSKI PTGS2 THRA
GGGGAGGG
(MAZ/SPI1) *
BAIAP2 COL4AS DBNI EGRI GRIA3 KALRN MDM2 NR4A2 PDE4B PTPRF TRPC4
BASPI CREM DLGAP4  EPHAS HNI KLF10 NFIA NTRK2 PRKCBI PURA VCAN
CAMK2D CXCL5 DUSPI EPHA7 IRS2 LMO7 NPTXI OLFMI PRSS23 TBX3
NS development*  BAIAP2 EPHA4 FGFI3 IRS2 MBP NEURODé NR4A2 OLFMI PTPRF SMARCA4 TBX3
DBNI EPHA7 FGFRI KALRN NEFL NPTXI NTRK2  PCSK2 PURA SNCA
angiogenesis ANGPTI BAIAP2 CYR6I1 MYH9 SCG2 SERPINEI TBX3
apoptosis/ BIRC4 KLFI10 NEFL PLAGLI PRKCE SCG2 SNCA TBX3
anti-apoptosis
cell cycle CAMK2D COROIA DUSPI MDM2 MYH9 PPP3CA
synaptic DBNI KCND2 MBP NPTXI NR4A2 SNCA
transmission/
plasticity

GO categories marked with a star (¥) have been reported as statistically significant for this gene list by g:Profiler analysis tool. Human gene names are given representing mouse and rat orthologs

whenever gene names for all three species are not the same. GO - gene ontology, PW - pathway, TF - transcription factor, NS - nervous system.
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was conserved in all three organisms (Table 1) [see also
Additional file 7: Conserved BDNF-correlated genes].

Due to a variety of reasons (e.g. sample size of a dataset/
subset, probe set binding characteristics, sample prepara-
tion methods, etc.), when measured only in one dataset/
subset, some of the co-expression links might occur by
chance. Checking for multiple re-occurrence of a link is
expected to reduce the number of false-positive links.
More importantly, the conservation analysis should fur-
ther reduce the number of artifacts. However, since our
analysis comprised a multitude of subsets it was impor-
tant to estimate the statistical significance of the results.
To tackle this problem, we created randomized subsets
similarly to what was described by Lee and colleagues [15]
and calculated the distribution of correlated 3+ links for
each species separately. The results showed that our co-
expression link confirmation analysis resulted in a signif-
icantly higher number of links compared to the rand-
omized data (p-value < 0.005 for each species). However,
it should be mentioned that the number of 3+ links
remained quite high in the randomized datasets: for
human subsets it constituted about 58% of the observed
3+ links, for mouse about 43% and for rat 21%. These
results justify the subsequent co-expression conservation
analysis step. Indeed, in random human, mouse and rat
subsets the number of correlated 3+ links was only about
9% of the discovered conserved BDNF-correlated links
(that is ~7.5 genes out of 84).

Analysis of the list of 84 conserved BDNF-correlated genes
using g:Profiler showed significantly low p-values for all
the genes and revealed significant GO categories related to
BDNF actions [see Additional file 8: g:Profiler analysis].
Statistically significant GO categories included: i) MYC-
associated zinc finger protein (MAZ) targets (44 genes, p =
1.82-100%); 1ii) signal transduction (36 genes, p =
3.51-100); iii) nervous system development (17 genes, p
=5.27-1008); iv) Kruppel-box protein homolog (KROX)
targets (18 genes, p = 1.21-1094); v) transmembrane
receptor protein tyrosine kinase pathway (7 genes, p =
3.56-100°¢); vi) dendrite localization (5 genes, p =
1.82-10-05) (Table 1).

According to the Gene Ontology database, conserved
BDNF-correlated gene products participate in axonogene-
sis (BAIAP2), dendrite development (DBN1), synaptic
plasticity and synaptic transmission (DBN1, KCND2,
MBP, NPTX1, NR4A2 and SNCA), regeneration (GASG,
PLAUR), regulation of apoptosis (XIAP (known as
BIRC4), KLF10, NEFL, PLAGL1, PRKCE, SCG2, SNCA, and
TBX3), skeletal muscle development (MYH9, PPP3CA,
and TBX3) and angiogenesis (ANGPT1, BAIAP2, CYRG61,
MYH9, SCG2, SERPINEI and TBX3) (Table 1). Out of 84,
24 BDNF-correlated genes are related to cancer and 14 are
involved in neurological disorders (Table 2).

http://www.biomedcentral.com/1471-2164/10/420

Interactions among correlated genes

We searched if any of the correlated genes had known
interactions with BDNF using Information Hyperlinked
over Proteins gene network (iHOP). iHOP allows navigat-
ing the literature cited in PubMed and gives as an output
all sentences that connect gene A and gene B with a verb
http://www.ihop-net.org/[30]. We constructed a "gene
network" using the iHOP Gene Model tool to verify
BDNF-co-expression links with the experimental evi-
dences reported in the literature (Figure 2). For the URL
links to the cited literature see Additional file 9: iHOP ref-
erences.

According to the literature, 17 out of 84 conserved corre-
lated genes have been reported to have functional interac-
tion or co-regulation with BDNF (Figure 2A). IGFBP5
[31], NR4A2, RGS4 [32] and DUSP1 [33] have been pre-
viously reported to be co-expressed with human or rodent
BDNF. Other gene products, such as FGFR1 [34] and
SNCA [35] are known to regulate BDNF expression. Pro-
protein convertase PCSK1 is implied in processing of pro-
BDNF [36]. PTPRF tyrosine phosphatase receptor associ-
ates with NTRK2 and modulates neurotrophic signaling
pathways [37]. Thyroid hormone receptor alpha (THRA)
induces expression of BDNF receptor NTRK2 [38]. Finally,
expression of such genes like EGR1 [39], MBP [40]|, NEFL
[41], NPTX1 [42], NTRK2, SERPINEI [43], SCG2 [44],
SNCA [45] and TCF4 (also known as ITF2) [46] is known
to be regulated by BDNF signaling. CCND2, DUSPI,
DUSP6, EGR1 and RGS4 gene expression is altered in cor-
tical GABA neurons in the absence of BDNF [47].

iHOP reports the total of 250 interactions with human
BDNF. In order to assess the probability of observing 17/
84 or more functional interactions between BDNF and
other genes, we had to make an assumption regarding the
total number of human genes that iHOP uses. A lower
number of total genes would result in higher p-values
whereas a higher number of total genes would produce
lower p-values. We assumed that the total number of
human genes is N = 5000, 10000, 20000 or 30000. Fur-
thermore, the total number of genes linked to BDNF is m
= 250 based on iHOP data. Thus, the p-values were
obtained using the right-tail of the hypergeometric proba-
bility distribution. For N = 5000, 10000, 20000 or 30000,
the p-values are 1.0 x 1007, 1.7 x 10-12, 1.3 x 1017, 1.18 x
10-20 respectively.

By analyzing the iHOP network indirect connections with
BDNTF could be established for the genes that did not have
known direct interactions with BDNF (Figure 2B). For
example, SCG2 protein is found in neuroendocrine vesi-
cles and is cleaved by PCSK1 [48] - protease that cleaves
pro-BDNF. BDNF and NTRK2 signaling affect SNCA gene
expression and alpha-synuclein deposition in substantia
nigra [49]. ATF3 gene is regulated by EGR1 [50], which

Page 7 of 20

(page number not for citation purposes)



BMC Genomics 2009, 10:420

http://www.biomedcentral.com/1471-2164/10/420

Table 2: Conserved correlated genes are associated with various types of cancer and neurological disorders.

Disease Associated genes

References

Schizophrenia BDNF RGS4 NR4A2

Parkinson's disease BDNF PTGS2 SNCA NR4A2

Schmidt-Kastner et al. (2006)

Murer et al. (2001)
Chae et al. (2008)
Pardo and van Duijn (2005)

Alzheimer's BDNF Murer et al. (2001)
KALRN Youn et al. (2007)

Polyglutamine neurodegeneration NEFL Mosaheb et al. (2005)
BAIAP2 Thomas et al. (2001)

alpha-mannosidosis MANIAI D'Hooge et al. (2005)

Ophthalmopathy CYR61 DUSPI EGRI PTGS2
Epilepsy BDNF DUSP6 EGRI
Depression BDNF DUSPI

Ischemia BDNF CD44 PTGS2

Ovarian carcinoma BDNF ITF2 DUSP| RGS4

Lantz et al. (2005)

Binder and Scharfman (2004)
Rakhade et al. (2007)

Russo-Neustadt and Chen (2005)
Rakhade et al. (2007)

Binder and Scharfman (2004)
Murphy et al. (2005)

Yu et al. (2008)
Kolligs et al. (2002)
Puiffe et al. (2007)

Breast cancer
EGRI
KFLI0
PTRF

Lung cancer BDNF ODZ2 CCND2 GFll

Prostate cancer BDNF IGFBP5 PLAUR p75NTR

BDNF FGFRI CCND2 PLAU SERPINEI PLAUR MAZ DUSPé

Tozlu et al. (2006)

Koziczak et al. (2004)
Grebenchtchikov et al. (2005)
Cui et al. (2006)

Liu et al. (2007)

Reinholz et al. (2004)

Levea et al. (2000)

Ricci et al. (2005)
Kan et al. (2006)

Bronzetti et al. (2008)
Nalbandian et al. (2005)

Pheochromocytoma PCSKI PCSK2 SCG2 Guillemot et al. (2006)
Endometrial cancer CXCLS5 OLFMI Wong et al. (2007)
Leukemia PKCBI CCND2 Hans et al. (2005)

expression is activated by BDNF [39]. For more interac-
tions see Figure 2.

Motif discovery

Assuming that genes with similar tissue-specific expres-
sion patterns are likely to share common regulatory ele-
ments, we clustered co-expressed genes according to their
tissue-specific expression using information provided by
TiProd database [51]. Each tissue was assigned a category

and the genes expressed in corresponding tissues were
clustered into the following categories: i) CNS, ii) periph-
eral NS (PNS), ii) endocrine, iii) gastrointestinal, and iv)
genitourinary. We applied DiRE [52] and CONFAC [53]
motif-discovery tools to search for statistically over-repre-
sented TFBSs in the clusters and among all conserved
BDNF-correlated genes. DiRE can detect regulatory ele-
ments outside of proximal promoter regions, as it takes
advantage of the full gene locus to conduct the search. The
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Figure 2

Reported interactions between conserved correlated genes in human. Connections between the genes were created
by accessing the literature using iHOP tool. (A) Interactions between correlated genes and BDNF. Arrows: "<>" co-expression
or co-regulation; "BDNF« "regulation of BDNF;, "BDNF—" regulation by BDNF. (B) Connections among correlated genes.

software predicts function-specific regulatory elements
(REs) consisting of clusters of specifically associated and
conserved TFBSs, and it also scores the association of indi-
vidual TFs with the biological function shared by the
group of input genes [52]. DiRE selects a set of candidate
REs from the gene loci based on the inter-species conser-
vation pattern which is available in the form of precom-
puted alignments of genomic sequence from fish, rodent,
human and other vertebrate lineages [54]. This type of the
alignment enables the tool to detect regulatory elements
that are phylogenetically conserved at the same genomic
positions in different species. CONFAC software [53] ena-
bles the identification of conserved enriched TFBSs in the
regulatory regions of sets of genes. To perform the search,
human and mouse genomic sequences from orthologous
gene pairs are compared by pairwise BLAST, and only sig-
nificantly conserved (e-value < 0.001) regions are ana-
lyzed for TFBSs.

Using DiRE we discovered two regulatory regions at the
human BDNF locus that were enriched in TFBSs (Figure 3)
[see also Additional file 10: DiRE motif discovery results
for BDNF and 84 conserved correlated genes|. The first
regulatory region spans 218 bp and is located 622 bp
upstream of human BDNF exon [ transcription start site
(TSS). The second putative regulatory region is 1625 bp
long and located 2915 bp downstream of the BDNF stop-
codon. Analysis of mouse and rat gene lists produced sim-
ilar results. Significant over-representation of binding
sites for WT1, KROX, ZNF219, NFkB, SOX, CREB, OCT,
MYOD and MEF2 transcription factors was reported by
DiRE in BDNF and BDNF-correlated genes when all the
genes were analyzed as one cluster [see Additional file 10:
DiRE motif discovery results for BDNF and 84 conserved
correlated genes]. Also, the following cluster-specific over-
representation of TFBSs was detected: i) CNS - KROX; ii)

endocrine - TAL1beta/TCF4, ETS2, SOX5, and ARID5B
(known as MRF2); iii) gastrointestinal - MMEF2, and
SREBF1; iv) genitourinary - ATF4/CREB, and GTF3 (TFIII)
(Table 3) [see also Additional file 11: DiRE motif discov-
ery results for conserved BDNF-correlated genes clustered
by tissue-specific expression].

To cross-check the results obtained with DIiRE, we
repeated the analysis using the CONFAC tool. CONFAC
results overlapped with DiRE results and suggested novel
regulatory elements in human BDNF promoters/exons I-
IX and in BDNF 3'UTR, which were highly conserved
among mammals and over-represented in the BDNF-cor-
related genes. Then, evolutionary conservation across
mammals was checked for the core element of each TFBS
discovered in the BDNF gene using UCSC Genome
Browser. Based on MW test results [see Additional file 12:
The results of Mann-Whitney tests (CONFAC)], on the
Importance score [see Additional file 10: DiRE motif dis-
covery results for BDNF and 84 conserved correlated
genes| and on the conservation data (UCSC), we propose
potential regulators of BDNF (Figure 3 and Table 3) [see
also Additional file 13: Highly conserved TFBSs in the
BDNF gene (according to DiRE and CONFAC)]. It is
remarkable, that the TFBSs discovered in the BDNF gene
are highly conserved: most of the TFBSs are 100% con-
served across mammals from human to armadillo, some
of them being conserved even in fish (Figure 3).

Discussion

Microarray meta-analysis has proved to be useful for con-
structing large gene-interaction networks and inferring
evolutionarily conserved pathways. However, it is rarely
used to explore the regulatory mechanisms of a single
gene. We have exploited microarray data from 80 experi-
ments for the purpose of the detailed analysis of the con-
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Figure 3

Novel regulatory elements in the BDNF gene. Highly conserved TFBSs in the BDNF locus as predicted by DiRE and
CONFAC tools. Given TFBSs were also found to be over-represented in the BDNF-correlated genes. Histograms represent
evolutionary conservation across 9 mammal species (adapted from UCSC Genome Browser at http://genome.ucsc.edu/) (39).
The height of the histogram reflects the size of the conservation score. Conservation for each species is shown in grayscale
using darker values to indicate higher levels of overall conservation. Missing sequences are highlighted by regions of yellow. Sin-
gle line: no bases in the aligned species; double line: aligning species has one or more unalignable bases in the gap region. Tran-
scribed regions (BDNF exons and 3'UTR) are highlighted in green; non-transcribed regions (BDNF promoters and introns) are
highlighted in blue. Red ovals represent TFBSs mapped to the BDNF gene sequences. Mapped TFBSs have Matrix Similarity
score >0.85 and Core Similarity score >0.99. Core elements of presented TFBSs have 100% of conservation across mammals.
For the structure of human BDNF see Pruunsild et al., 2007 [11].
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Table 3: Over-represented conserved TFBSs in human BDNF and in the BDNF-correlated genes as predicted by DiRE and CONFAC.

TFBS p-value Target genes
CONFAC

ARNT 0.012 BDNF pl-Il, BDNF 3'UTR; PRKCE, USP2, CAMK2D, CCND2, NEUROD6, THRA, DUSPI, CBX6, ATPIBI, FREQ, ITF-2

POU3F2 <0.001 BDNF plI-V, BDNF exon I, IV, IX, BDNF3'UTR; USP2, CAMK2D, THRA, NFIA, PRSS23, CBX6, CUGBP2, EPHA5, EPHA7,

(BRN2) BAIAP2, RKCE, CPD, EPHA4, IL6ST, CCND2, DUSP6, KCND2, MANIAI, SCG2, GRIA3, COLI IAl, TRPC4, FGFI3, HNI,
ANGPT |, TCF4, MYH9, PCSK|

CHOP NA BDNF I, COLI IAl, CD44, BAIAP2, PPP3CA, IL6ST, NEURODS6, SCG2, CYRé 1, IGFBP5, THRA, NFIA, FGF13, ATPIA2,
ANGPTI, DBCI, CUGBP2, EGRI

CREB 0.013 BDNF pl, IV, VI, BDNF exon I; BAIAP2, PRKCE, USP2, EPHA4, CAMK2D, CCND2, FGFRI, CYR6 1, GRIA3, THRA, DUSPI,
PENK, PCSK I, PCSK2, HN I, ATPIBI, EGRI, COL4A5, KLF10, EPHA4, FGF|3, CBX6, CUGBP2, EPHAS

ETS2 NA BDNF pll, VIIl; THRA, EPHA7, FGF13, BAIAP2 and NFIA promoters, and in COLI IAl, PLAGLI, and XIAP intergenic regions

FOXO4 <0.001 BDNF exon |, I, VIII, IX, BDNF plll, IV, BDNF 3'UTR; CD44, TBX3, BAIAP2, PPP3CA, CPD, USP2, PRKCB, EPHA4, COROIA,
CAMK2D, NEURODG, FGFRI, SCG2, CYR61, GRIA3, THRA, NFIA, COLI IAl, DUSPI, TRPC4, PRSS23, PCSK2, ANGPTI,
FREQ, PRKAG2, TCF4, MYH9, PCSK1, DBCI, CUGBP2, EGRI, EPHAS

GATAI <0.001 BDNF pl, 11I-V, BDNF exon I, I, VIll, IX, BDNF 3'UTR; CD44, TBX3, SNCA, PPP3CA, PRKCE, COL4A5, USP2, EPHA4, IL6ST,
SLC4A7, CAMK2D, ATF3, CCND2, NEUROD6, DUSP6, KCND2, SCG2, CYR61, IGFBP5, THRA, NFIA, COLI IA1, PENK,
FGF13, PRSS23, ATPIBI, ATPIA2, ANGPTI, DBCI, CUGBP2, EGRI

GFll <0.001 BDNF exon I, BDNF plI-Vl, BDNF 3'UTR; SNCA, ATPIA2, MYH9, DBCI, CD44, BAIAP2, PPP3CA, PRKCE, COL4A5, CPD,
USP2, EPHA4, IL6ST, SLC4A7, CAMK2D, CCND2, NEURODé6, KCND2, SCG2, CYRé 1, IGFBP5, THRA, NFIA, COLI 1Al
DUSPI, TRPC4, PENK, FGF13, PRSS23, PCSK2, ATPIBI, PTPRF, ANGPT |, TCF4, CUGBP2, EGRI, EPHAS, EPHA7

IKI (ikaros) < 0.001 BDNF pl, BDNF exon I-V, IX, BDNF 3'UTR; PRKCB, KLF10, KCND2, THRA, NFIA, COLI IAl, FGFI3, ATPIA2, MYH9, PCSKI,
CUGBP2, EPHA7

KROX family NA BDNF pV, BDNF exon IV; PPP3CA, NFIA, DBN I, KCND2, IRS2, MAN A2, CCND2, PVRL3, XIAP, DLGAP4, CYR61, ATPIBI,
PURA, SMARCA4, MYH9, GRIA3, EPHA4, DUSP6, EGRI, COL4A5, TRPC4, PRKCB, NPTX |, PTGS2, EPHAS, FGFRI, CBX6,
PRKCE, KLF10, THRA, ATPIA2, BAIAP2, CPD, COROIA, CAMK2D, IGFBP5, DUSPI, PTPRF, FREQ, PRKAG2

MAZ NA BDNF pVh, BDNF exon IlI, IV; CD44, PPP3CA, PRKCE, COL4A5, USP2, PRKCB, KLF10, EPHA4, CAMK2D, CCND2, DUSP6,
GRIA3, THRA, COLI IAl, PENK, FGFI3, CBX6, ATPIBI, PTPRF, ATPIA2, FREQ, DBNI, CUGBP2, EGRI, EPHA7

MEF2 NA BDNF plI-V, BDNF exon II, IX, BDNF 3'UTR; CD44, TBX3, BAIAP2, PPP3CA, PRKCE, COL4A5, EPHA4, IL6ST, CAMK2D,
CCND2, NEUROD6, DUSP6, MAN A, IGFBP5, COLI IAl, TRPC4, PRSS23, ANGPT |, FREQ, PURA, MYH9, PCSK |, CUGBP2,
EPHA7, SNCA, FGFI3

MYC/MAX  NA BDNF pl, 1I, IV; CD44, TBX3, PRKCE, USP2, CAMK2D, CCND2, NEURODé, THRA, NFIA, DUSPI, CBX6, ATPIBI, FREQ, ITF-
2, EGRI

MYCN NA BDNF pl, II; PRKCE, USP2, CAMK2D, CCND2, NEUROD6, THRA, DUSPI, CBX6, ATPIBI, FREQ, ITF-2

MYOD <0.001 BDNF exon I, IX; CD44, PRKCE, USP2, PRKCB, EPHA4, DUSP6, SCG2, SMARCA4, THRA, PRSS23, ATPIBI, CUGBP2

NFkB <0.001 BDNFI, BDNF 3'UTR; PPP3CA, KLF10, PCSK2, ATPIBI, ANGPTI, MYH9, USP2, DUSP6, FGFI3, PURA, BAIAP2, CAMK2D,
CCND2, FGFRI, CYR6 1, PCSK2, MYH9, CUGBP2, EGRI, EPHA7

NRSF NA BDNFII, EPHA4, IRS2, EPHA5, NPTX |, PRKCB, TRPC4, COL4A5

S8 <0.001 BDNF plI-IV, BDNF exon I, IV, VIII, IX, BDNF 3'UTR; CD44, BAIAP2, PRKCE, NPTX |, EPHA4, CAMK2D, CCND2, NEURODé,

DUSPé, FGFRI, KCND2, MAN A, SCG2, THRA, NFIA, COLI IAl, PENK, PCSK2, ANGPTI, PURA, ITF-2, MYH9, DBCI,
CUGBP2, EGRI, EPHAS
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Table 3: Over-represented conserved TFBSs in human BDNF and in the BDNF-correlated genes as predicted by DiRE and CONFAC.

SOX5 0.001

intron

BDNF exon I, BDNF 3'UTR; EPHA4, THRA and PLAGLI 3'UTR; NFIA and OLFM| promoters; SCG2 intergenic region; KCND2

TALI/TCF4 NA

BDNF plV, BDNF exon I, BDNF 3'UTR; ATPIBI 3'UTR, MYH9 3'UTR and XIAP 3'UTR; SCG2, CD44, SERPINEI, SLC4A7,

CCND2, NEURODSé, FGFRI, THRA, COLI IAl, PCSK2, ANGPTI, DBCI, CUGBP2

WTI NA

BDNF pl, BASPI, PPP3CA, NFIA, DBN I, EPHA7, BAIAP2, XIAP, DLGAP4, PURA, IRS2, ATPIBI, KCND2, GRIA3, HN I, EPHA4,

EGRI, COL4AS5, TRPC4, ATPIA2, PRKCB, NPTX1, DBCI, EPHAS

In BDNF, TFBSs were found in promoters (p), exons or 3'UTR of the gene. In the correlated genes, TFBSs were searched for and discovered mostly
in promoters (unless indicated otherwise). P-values are given for the TFBSs discovered using CONFAC. NA - not applicable for the TFBSs
discovered using DiRE [see Additional files 10 and | | for TFBS importance score].

servation of BDNF gene expression and regulation.
Analysis of co-expression conservation combined with
motif discovery allowed us to predict potential regulators
of BDNF gene expression as well as to propose novel gene
interactions. Several transcription factors that were identi-
fied here as potential regulators of human BDNF gene
have been previously shown to regulate rodent BDNF
transcription in vitro and in vivo. These transcription fac-
tors include REST (also known as NRSF) for BDNF pro-
moter II [55], CREB for BDNF promoter I and IV [56,57],
USF [58], NFkB [59], and MEF2 for BDNF promoter IV
[60]. The support of the bioinformatics findings by exper-
imental evidence strongly suggests that the potential regu-
latory elements discovered in this study in the BDNF locus
may be involved in the regulation of BDNF expression.

According to g:Profiler, 44 out of 84 conserved correlated
genes identified in this study (including BDNF) carry
MYC-associated zinc finger protein (MAZ) transcription
factor binding sites. Our study revealed putative binding
sites for MAZ in BDNF promoter Vh and in exons III and
IV, suggesting that MAZ could be involved in BDNF gene
regulation from promoters III, and possibly from promot-
ers IV, V, Vh and VI that lie in close proximity in the
genome. It has been shown that MAZ is a transcriptional
regulator of muscle-specific genes in skeletal and cardiac
myocytes [61]. Histone deacetylation and DNA methyla-
tion might be involved in the regulation of expression of
target genes by MAZ [62]. BDNF mRNA expression in the
heart is driven by promoters IV, Vh and VI [11]. Epigenetic
regulation of the BDNF gene expression is achieved in a
cell-type and promoter-specific manner [12,63]. This
could be a possible regulation mechanism of the BDNF
gene by MAZ. Also, MAZ drives tumor-specific expression
of PPARG in breast cancer cells, a nuclear receptor that
plays a pivotal role in breast cancer [64]. Expression levels
of BDNF and BDNF-correlated genes CCND2, DUSP6,
EGR1, KLF10 and PTPRF are altered in breast cancer (see
Table 2). These genes were identified as putative targets of
MAZ in the present study suggesting potential role for
MAZ in their regulation in breast cancer cells.

Our analysis revealed that Wilms' tumor suppressor 1
(WT1) transcription factor binding sites are overrepre-
sented in the BDNF-correlated genes. WT1 binding sites
were detected in BDNF promoter I, in IRS2 (insulin recep-
tor substrate 2), EGR1, BAIAP2 (insulin receptor substrate
p53) and PURA promoters and in 19 other genes. WT1
acts as an oncogene in Wilms' tumor (or nephroblast-
oma), gliomas [65] and various other human cancers
[66]. WT1 activates the PDGFA gene in desmoplastic
small round-cell tumor, which contributes to the fibrosis
associated with this tumor [67]. Puralpha (PURA), a puta-
tive WT1 target gene identified in this study, has also been
reported to enhance transcription of the PDGFA gene
[68]. WT1 regulates the expression of several factors from
the insulin-like growth factor signaling pathway [69].
WT1 was also shown to bind the promoter of EGRI gene
[70]. Neurotrophins and their receptors also may be
involved in the pathogenesis of some Wilms' tumors [71].
Transcriptional activation of BDNF receptor NTRK2 by
WT1 has been shown to be important for normal vascu-
larization of the developing heart [72]. Moreover, WT1
might have a role in neurodegeneration, observed in
Alzheimer's disease brain [73]. We hypothesize that
BDNF and other WTT1 targets identified in this study, can
play a role in normal development and tumorigenesis
associated with WT1.

KROX family transcription factors' binding sites were
found to be abundant in the promoters of BDNF and
BDNF-correlated genes. KROX binding motif was detected
in BDNF promoter V and EGR2 binding site was found in
BDNF promoter IV. Also, EGR1 gene expression was cor-
related with BDNF in human, mouse and rat. KROX fam-
ily of zinc finger-containing transcriptional regulators,
also known as Early Growth Response (EGR) gene family,
consists of EGR1-EGR4 brain-specific transcription factors
[74] that are able to bind to the same consensus DNA
sequence (KROX motif) [75]. EGR1 is involved in the
maintenance of long-term potentiation (LTP) and is
required for the consolidation of long-term memory [76].
EGRS3 is essential for short-term memory formation [77]
and EGR2 is necessary for Schwann cell differentiation
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and myelination [78,79]. Since BDNF plays a significant
role in the above mentioned processes, it would be
intriguing to study the regulation of BDNF by EGR factors.

Binding sites for GFI1 and MEF2 were found in BDNF
promoters, exons and 3'UTR, and in the promoter of the
SNCA gene. GFI1 binding sites were detected in BDNF
promoters II-VI and in exon I. MEF2 sites were found in
BDNF promoters II-V and in exons II and IX. SNCA over-
expression and gene mutations that lead to SNCA protein
aggregation cause Parkinson's disease (PD) [80]. BDNF
and SNCA expression levels change conversely in the
nigro-striatal dopamine region of the PD brain [80,81].
The myocyte enhancer factor-2 (MEF2) is known to be
necessary for neurogenesis and activity-dependent neuro-
nal survival [82,83]. Inactivation of MEF2 is responsible
for dopaminergic loss in vivo in an MPTP mouse model of
PD [84]. MEF2 recruits transcriptional co-repressor
Cabin1 and class II HDACs to specific DNA sites in a cal-
cium-dependent manner [85]. MEF2 is one of the TFs that
contribute to the activity-dependent BDNF transcription
from promoter IV [60]. The growth factor independence-
1 (GFI1) transcription factor is essential for the develop-
ment of neuroendocrine cells, sensory neurons, and
blood. Also, GFI1 acts as an oncogene in human small cell
lung cancer (SCLC), the deadliest neuroendocrine tumor
[86]. GFI1 mediates reversible transcriptional repression
by recruiting the eight 21 corepressor (ETO), histone
deacetylase (HDAC) enzymes and the G9a histone lysine
methyltransferase [87]. It has also been shown that GFI1
Drosophila homolog Senseless interacts with proneural
proteins and functions as a transcriptional co-activator
suggesting that GFI1 also cooperates with bHLH proteins
in several contexts [88]. Our findings are impelling to
explore inverse regulation of BDNF and SNCA genes by
GFI1 and MEF2 in neurons generally and in Parkinson's
disease models in particular.

BDNF promoters II-V and BDNF exons II, IV and IX con-
tain BRN2 (brain-specific homeobox/POU domain
POU3F2) binding sequences. BRN2 is driving expression
of the EGR2 gene - an important factor controlling myeli-
nation in Schwann cells [78,79]. BRN2 also activates the
promoter of the Notch ligand Deltal, regulating neuro-
genesis. It also regulates the division of neural progeni-
tors, as well as differentiation and migration of neurons
[89]. Considering a prominent role of BDNF in myelina-
tion and neurogenesis, it is reasonable to hypothesize that
BRN2 fulfills its tasks in part by regulating BDNF gene
expression.

Evidence is emerging that not only proximal promoters,
but also distant elements upstream and downstream from
TSS can regulate transcription [90,91]. We found that
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BDNF 3'UTR contains potential binding sites for TCF4
(also known as ITF2), GFI1, BRN2, NFkB and MEF2.

Finally, we have discovered multiple binding sites in
human BDNF promoters for the transcription factors that
have been shown to participate in neuronal activity-
dependent transcription of rodent BDNF gene. BDNF pro-
moters I and IV are the most highly induced following
neuronal activation. BDNF promoter I was shown to be
regulated by cAMP-responsive element (CRE) and the
binding sequence for upstream stimulatory factor 1/2
(USF) in response to neuronal activity and elevated cal-
cium levels [92]. Several TFs (USF [58], CREB [57], MEF2
[60], CaRF [93] and MeCP2 [63]) regulate BDNF pro-
moter IV upon calcium influx into neurons. Rat BDNF
promoter II has also shown induction by neuronal activ-
ity, though to a lesser extent compared to promoters I and
IV [12,94]. However, calcium responsive elements have
not been yet studied in BDNF promoter Il and it was
believed that its induction is regulated by the elements
located in the promoter I. Our analysis of human BDNF
gene detected CREBP1 and USF binding sites in BDNF
promoter I, USF and MEF2 binding sites in promoter II
and USF, MEF2 and CREB binding sites in promoter IV.
We suggest that MEF2 and USF elements might contribute
to BDFN promoter II induction by neuronal activity. In
addition, we have detected conserved TCF4 (ITF2) bind-
ing sequences in BDNF promoter IV, and in exon I. It has
been shown that calcium-sensor protein calmodulin can
interact with the DNA binding basic helix-loop-helix
(bHLH) domain of TCF4 inhibiting its transcriptional
activity [95]. Preliminary experimental evidence (Sepp
and Timmusk, unpublished data) suggests that TCF4 tran-
scription factor is involved in the regulation of BDNF
transcription. TCF4 might play in concert with CREB,
MEF2 and other transcription factors to modulate BDNF
levels following neuronal activity.

In our study we performed the analysis of a well-known
gene and it served as a good reference to evaluate the
results of the "subset" approach. However, the "subset"
method coupled with the analysis of evolutionary conser-
vation of co-expression is suitable for studying poorly
annotated genes as well. This approach examines co-
expression across a variety of conditions, which helps to
discover novel biological processes and pathways that the
guide-gene and its co-expressed genes are related to. Also,
searching for conserved TFBS modules in co-expressed
genes helps to discover functionally important genomic
regions and this does not require detailed prior knowl-
edge of the guide-gene's structure. However, when
attempting to study less known genes, additional in silico
analysis of genomic sequences using bioinformatics tools
for prediction of promoters, TSSs and exon-intron junc-
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tions would be useful. Also, sequence alignment with co-
expressed genes' promoters would be informative.

Conclusion

A major impediment of meta-coexpression analysis is the
differences among experiments. So far, analyzing gene
expression across different microarray platforms remains
a challenge. Discrepancies in the expression measure-
ments among different platforms originate from different
probe sequences used, different number of genes on the
platform, etc. Therefore, in order to obtain reliable results,
we used only one microarray platform type for the analy-
sis. In addition, we introduced a new approach to increase
the accuracy of the analysis: we divided datasets into sub-
sets and sought for correlated genes for each subset,
implying that each subset represents an independent
experimental condition. We have also performed correla-
tion link confirmation among subsets and correlation
conservation analysis to discover functionally related
genes.

One of the limitations of the co-expression conservation
analysis is the fact that it detects only phylogenetically
conserved co-expression events. Human-specific phe-
nomena cannot be captured by this kind of analysis. In
relation to BDNF this means, for example, that regulation
of human BDNF gene by antisense BDNF RNA (BDNFOS
gene) [11,96] could not be studied by co-expression con-
servation analysis, since BDNFOS gene is not expressed in
rodents [12,97]. Also, co-expression analysis using micro-
array experiments is limited by the number of genes
included in the microarray platforms. For example, since
BDNFOS probe sets were absent from microarray plat-
forms, we could not study co-expression, anti-coexpres-
sion or differential expression of BDNF and BDNFOS. In
addition, our list of correlated genes did not include all
possible correlation links with BDNF due to the fact that
our analysis was deliberately limited to Affymetrix micro-
array platforms. Moreover, in our analysis we included
only those experiments that met certain requirements
regarding the BDNF gene expression. However, biologi-
cally meaningful results justify our rigorous filtering
approach: correlated genes identified in this study are
known to regulate nervous system development, and are
associated with various types of cancer and neurological
disorders. Also, experimental evidence supports the
hypothesis, that transcription factor identified here can
act as potential BDNF regulators.

In summary, we have discovered a set of genes whose co-
expression with BDNF was conserved between human
and rodents. Also, we detected new potential regulatory
elements in BDNF-correlated genes and in the BDNF
locus using bioinformatics analysis, in which BDNF was
playing a role of a guide-gene. The presented concept of
co-expression conservation analysis can be used to study
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the regulation of any other gene of interest. The study pro-
vides an example of using high-throughput advancements
in studying single genes and proposes hypotheses that
could be tested using molecular biology techniques.

Methods

Microarray datasets and data filtering

Homo sapiens, Mus Musculus and Rattus Norvegicus micro-
array datasets were downloaded from (GEO) [98]. We
selected Affymetrix GeneChips experiments that com-
prised a minimum of 16 samples. Datasets which con-
tained BDNF Detection call = Absent [99] in more than
30% of the samples were not selected [see Additional file
2: Microarray datasets] for the list of datasets used in the
analysis. Since the arrays contained normalized data, no
additional transformation was performed. To reduce the
noise, we carried out non-specific filtering of data in each
dataset. Genes that had missing values in more than 1/3
of the samples of a given dataset were excluded from the
analysis in order to avoid data over-imputation [100]. For
the remaining genes, we followed a column-average
imputation method. Totally, only 0.098% of the gene
expression values were imputed with this approach. Fur-
ther, we selected the genes whose expression changes were
greater than two-fold from the average (across all sam-
ples) in at least five samples in a dataset [19,49]. Addition-
ally, datasets were eliminated from the study if BDNF
probe sets' expression failed to meet the above mentioned
criteria [see Additional file 1: BDNF probe sets]. Out of 72
human datasets, only 38 passed non-specific filtering,
whereas 24 out of 82 mouse and 18 out of 35 rat datasets
passed the filtering and were used for the analysis.

Each dataset was split into subsets (i.e. normal tissue, dis-
ease tissue, control, treatment, disease progression, age,
etc.) so that subsets of the same dataset would not have
any overlapping samples [see Additional file 3: Subsets].
The division into subsets was performed manually,
according to the information included in the experiment.
In some cases subsets could be further subdivided into
biologically appropriate sub-subsets [see Additional file 2:
Microarray datasets and Additional file 3: Subsets]. Sub-
sets that contained less than eight samples were excluded
from analysis to avoid inaccuracy in the estimation of
genic correlations. Biological and technical replicates were
handled as equal. From all human datasets, one (GDS564
dataset) contained one technical replicate per male sam-
ple and one technical replicate for all female samples
except one. For the mouse datasets no technical replicates’
data accompanied the dataset information. Finally, in rat
GDS1629 dataset one technical replicate has been used
for each biological replicate.

Differential expression
We used Kruskal-Wallis test [23] to measure differential
expression of BDNF across subsets in each dataset.
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Kruskal-Wallis test is a non-parametric method for testing
equality of population medians within different groups. It
is similar to one-way analysis of variance (ANOVA). How-
ever, it does not require the normality assumption. Alter-
natively, it represents an extension of Mann-Whitney U
test [101,102] for more than 2 samples. Since we used
multiple datasets we applied the false discovery rate
approach (FDR) at the 0.05 level as it is described by Ben-
jamini and Hochberg (1995) [103].

Co-expression analysis

For each gene standard Pearson correlation coefficient
(PCC) was calculated across samples. We followed a resa-
mpling strategy, which allows the calculation of the stand-
ard deviation of the PCC between a pair of probe sets.
PCC was calculated for each subset separately. The PCC
was calculated following a resampling bootstrap
approach. For example, in order to calculate the CC;
between BDNF and gene j when data consisted of m
points, we resampled the m points with replacement cre-
ating 2000 re-samples [104]. Then the CC; was calculated
as the average CC for the 2000 re-samples and the 95%
bootstrap confidence interval was estimated. The average
CC is very close to the sample CC. However, when m is a
small number and outliers are contained in the sample
then the bootstrap confidence interval may be large. The
motivation behind the bootstrap approach is to avoid
genes with large bootstrap confidence intervals. Thus,
when we request the links between BDNF and the genes
in the microarray experiment we ask for the genes j, whose
CC; is greater than 0.6 and the 95% bootstrap confidence
interval contains only positive numbers. If instead of the
bootstrapping approach we would use just the sample CC,
which is more efficient computationally, then a larger set
of links would be obtained which would contain some
genes with very large bootstrap confidence intervals.

A threshold value of r = 0.6 was used to retrieve a list of
probe sets that were co-expressed with the BDNF probe set
[22,49]. Each probe set correlation with BDNF that passed
the threshold was termed as a "link". It should be noted
that the PCC was calculated between probe set pairs and
not between gene-name pairs. Thus, when more than one
probe set-pair was associated with the same gene-pair we
excluded all the links except the one with the highest PCC
value.

Co-expression link confirmation

We defined a "co-expression link confirmation" as a re-
occurrence of links in multiple subsets. In order to avoid
artifacts and biologically irrelevant links, we performed
link confirmation to select the genes that were correlated
with BDNF in three or more subsets [15]. It should be
noticed that systematic differential expression within a
subset could result in high PCC values. However, high

http://www.biomedcentral.com/1471-2164/10/420

PCC values in this case do not reveal any relationship
between genes and represent a by-product of the differen-
tial expression of genes within a heterogeneous subset. We
used a minimum between 1000 and 10% of all the probe
sets within the subset as a threshold. Subsets that yielded
more co-expression links between BDNF and other genes
than an arbitrary threshold were excluded from further
analysis. Thus, 5% of all the subsets were excluded.

Probe set re-annotation and ortholog search

Prior to the identification of the links that are conserved
between human, mouse and rat, we transformed the
probe set-pair links to gene-pair links. We used g:Profiler
[26] to transform the probe set names to Ensemble gene
names (ENSG). However, since many probe sets are cur-
rently related to the expressed sequence tags (ESTs), not
all the probe sets could be mapped to the known genes
using g:Profiler. For each dataset, we used its annotation
file (see: ftp://ftp.ncbi.nih.gov/pub/geo/DATA/annota
tion/platforms/). To assign Ensemble gene names to the
"unmapped"” probe sets, we obtained the probe set
sequence identifier (GI number) using the annotation file.
Then, we retrieved RefSeq accession for each GI number
from NCBI database. Finally, we continued with a best-hit
blast approach for all three species.

Co-expression conservation and g:Profiler analysis

By performing a co-expression conservation analysis we
identified the links that have passed prior filters (PCC
threshold and link confirmation) and are conserved
among human, mouse and rat.

Genes which co-expression with BDNF was found to be
conserved between human, mouse, and rat constituted
the input list for the g:Profiler. g:Profiler http://
biit.cs.ut.ee/gprofiler/[26] is a public web server used for
characterizing and manipulating gene lists resulting from
mining high-throughput genomic data. It detects gene-
ontology categories that are overrepresented by the input
list of genes or by sorted sublists of the input. g:Profiler is
using the "Set Count and Sizes" (SCS) method to calculate
p-values [26].

Correlated genes' interactions

We used iHOP resource (Information Hyperlinked over
Proteins, http://www.ihop-net.org/) [30] to find reports
in the literature about known interaction between BDNF-
correlated genes. iHOP generates a network of genes and
proteins by mining the abstracts from PubMed. A link in
such a network does not mean a specific regulatory rela-
tionship, but any possible interaction between two genes
(such as protein activation, regulation of transcription, co-
expression, etc). Each reference was verified manually to
ensure the citation of valid interactions.
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Motif discovery

We clustered BDNF-correlated genes according to their tis-
sue-specific expression using gene expression information
available in the TiProD database [51] (BDNF gene was
included in every cluster). The TiProD database contains
information about promoter tissue-specific expression for
human genes. For each gene the list of tissues where the
gene expression has been detected can be obtained from
TiProD together with the tissue specificity score. For each
gene we extracted information on tissue expression,
selecting tissues with specificity score higher than 0.2.
Each tissue was assigned a category according to its anat-
omy and function and the genes expressed in correspond-
ing tissues were clustered into CNS, peripheral NS,
endocrine, gastrointestinal or genitourinary cluster. Then,
we searched for combinations of over-represented TFBS
among the list of correlated genes, as well as the tissue
clusters discovered by TiProD.

We used DiRE http://dire.dcode.org/[52] and CONFAC
http://morenolab.whitehead.emory.edu/[53] tools for
the discovery of TFBSs in the conserved co-expressed
genes. DiRE uses position weight matrices (PWM) availa-
ble from version 10.2 of the TRANSFAC Professional data-
base [105]. In DiRE, up to 5000 background genes can be
used. Only those TFBSs are extracted that occur less fre-
quently in 95% of permutation tests than in the original
distribution (corresponding to a p-value < 0.05 to observe
the original distribution by chance) and that corresponds
to at least a twofold increase in their density in the original
distribution as compared with an average pair density in
permutation tests. To correct for multiple hypothesis test-
ing, the hypergeometric distribution with Bonferroni cor-
rection is used in the DiRE tool [106]. For each discovered
TFBS DiRE defines the 'importance score' as the product of
the transcription factor (TF) occurrence (percentage of tis-
sue-specific TF with the particular TFBS) and its weight
(tissue-specificity importance) in a tissue-specific set of
candidate TF. Thus, the importance score is based on the
abundance of the TFBS in tissue-specific TF and on the
specificity of the TF that contain the particular TFBS.

Conserved transcription factor binding site (CONFAC)
software [53] enables the high-throughput identification
of conserved enriched TFBSs in the regulatory regions of
sets of genes using TRANSFAC matrices. CONFAC uses the
Mann-Whitney U-test to compare the query and the back-
ground set. It uses a heuristic method for reducing the
number of false positives while retaining likely important
TFBSs by applying the mean-difference cutoff which is
similar to the use of fold change cutoffs in SAM analyses
[107] of DNA microarray data [53]. According to the data
provided by CONFAC, 50 random gene sets were com-
pared to random sets of 250 control genes. Only one TFBS
exceeded 5% false positive rate for the set of 250 random
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control genes that we used in our analysis with the param-
eters advised by the authors [53]. We used promoter
sequences of BDNF-correlated genes and the sequences of
BDNF promoters, exons, introns and the 3'UTR for the
analysis. Matrix Similarity cut-off 0.85 and Core Similarity
cut-off 0.95 were used for motif discovery; and the param-
eters recommended by authors - for Mann-Whitney tests
(p-value cutoff 0.05 and mean-difference cutoff 0.5) [53].

Evolutionary conservation across mammals was con-
firmed manually for the 5-nucleotide core element of each
TFBS discovered in the BDNF gene using UCSC Genome
Browser [108].
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Additional material

Additional file 1

BDNEF probe sets. Affymetrix microarray probe sets for BDNF gene.
BDNF probe set target sequences are given for each platform type that was
used in the co-expression conservation analysis.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-420-S1.xls]

Additional file 2

Microarray datasets. Datasets that passed non-specific filtering and were
used in the analysis (38 human microarray datasets, 24 mouse datasets
and 18 rat datasets). Each dataset was divided into subsets (disease state,
age, agent, etc) according to experimental annotations. When possible,
subsets were subdivided further (marked by *). Experiments were classi-
fied based on their description and the tissue origin. GDS refers to GEO
Datasets.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-420-S2.xls]

Additional file 3

Subsets. Dataset: GDS1018/1368678_at/Bdnf/Rattus norvegicus.
Expression profiling of brain hippocampal CA1 and CA3 neurons of
Sprague Dawleys subjected to brief preconditioning seizures. According to
the dataset annotation, dataset could be divided into three subsets by cell
type (A) or into two subsets by protocol (B). In addition, subsets could be
subdivided further into cell type.protocol sub-subsets: CA1 pyramidal neu-
ron.control, CA1 pyramidal neuron.preconditioning seizure, CA3 pyram-
idal neuron.control, etc. After filtering, subset containing less than eight
samples (CA3 pyramidal neuron.preconditioning seizure) was excluded
from the analysis.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-420-83.pdf]
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Additional file 4

Differential expression of the BDNF gene in human datasets. Differ-
ential expression of BDNF was measured across subsets in each dataset
using Kruskal-Wallis test. Only statistically significant results are pre-
sented.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-420-54.pdf]

Additional file 5

Differential expression of the BDNF gene in mouse datasets. Differen-
tial expression of BDNF was measured across subsets in each dataset using
Kruskal-Wallis test. Only statistically significant results are presented.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-420-85.pdf]

Additional file 6

Differential expression of the BDNF gene in rat datasets. Differential
expression of BDNF was measured across subsets in each dataset using
Kruskal-Wallis test. Only statistically significant results are presented.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-420-56.pdf]

Additional file 7

Conserved BDNF-correlated genes. Genes, whose correlation with
BDNF was confirmed in at least 3 subsets (3+ genes) and was conserved
between i) human, mouse and rat; ii) human and rat; iii) human and
mouse; iv) mouse and rat.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-420-S7 xls]

Additional file 8

g:Profiler analysis. Functional profiling of the list of BDNF-correlated
genes conserved between human, mouse and rat using g:G:Profiler. For
details see also http://biit.cs.ut.ee/gprofiler/.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-420-S8.txt|

Additional file 9

iHOP references. Interactions between conserved correlated genes in
human and mouse (URL links to the literature cited in iHOP).
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-420-S9 xls]

Additional file 10

DiRE motif discovery results for BDNF and 84 conserved correlated
genes. Over-represented TFBSs are given together with the Importance
Score (cut-off 0.1 recommended by DiRE). Numbers 1 and 2 (in All 1
and 2) refer to the different ways that DiRE tool analyzes evolutionary
conserved regions (ECR): 1) top 3 ECRs + promoter ECRs; 2) UTR ECRs
+ promoter ECRs.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-420-S10.xls|

Additional file 11

DiRE motif discovery results for conserved BDNF-correlated genes
clustered by tissue-specific expression. TFBSs over-represented in each
tissue cluster are given together with the Importance Score (cut-off 0.1 rec-
ommended by DiRE). CNS - central nervous system, PNS - peripheral
nervous system.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-420-S11.xls]

Additional file 12

The results of Mann-Whitney tests (CONFAC). Overrepresented TFs in
the conserved BDNF-correlated gene list. Bar graphs show the average
conserved TFBS frequencies for the sample gene set (conserved BDNF-cor-
related genes, blue bars) and control gene set (random 250 genes, red
bars). A minimum threshold for the differences in the average TFBS fre-
quencies between the two groups was set by p-value cutoff 0.05 and a
mean-difference cutoff 0.5.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-420-S12.pdf]

Additional file 13

Highly conserved TFBSs in the BDNF gene (according to DiRE and
CONFAC). Represented TFBSs have Matrix Similarity score >0.85 and
Core Similarity score >0.99. TFBS sequences are highlighted in blue; "+"
or "-" mark the DNA strand orientation; BDNF exons and 3'UTR are
highlighted in green; the regulatory region in BDNF downstream from
polyadenylation sites identified by DiRE is highlighted yellow.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-420-S13.htm]
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Abstract

Background: Brain-derived neurotrophic factor (BDNF) is a small secreted protein that has
important roles in the developing and adult nervous system. Altered expression or changes in the
regulation of the BDNF gene have been implicated in a variety of human nervous system disorders.
Although regulation of the rodent BDNF gene has been extensively investigated, in vivo studies
regarding the human BDNF gene are largely limited to postmortem analysis. Bacterial artificial
chromosome (BAC) transgenic mice harboring the human BDNF gene and its regulatory flanking
sequences constitute a useful tool for studying human BDNF gene regulation and for identification
of therapeutic compounds modulating BDNF expression.

Results: In this study we have generated and analyzed BAC transgenic mice carrying 168 kb of the
human BDNF locus modified such that BDNF coding sequence was replaced with the sequence of
a fusion protein consisting of N-terminal BDNF and the enhanced green fluorescent protein
(EGFP). The human BDNF-BAC construct containing all BDNF 5' exons preceded by different
promoters recapitulated the expression of endogenous BDNF mRNA in the brain and several non-
neural tissues of transgenic mice. All different 5' exon-specific BDNF-EGFP alternative transcripts
were expressed from the transgenic human BDNF-BAC construct, resembling the expression of
endogenous BDNF. Furthermore, BDNF-EGFP mRNA was induced upon treatment with kainic
acid in a promotor-specific manner, similarly to that of the endogenous mouse BDNF mRNA.

Conclusion: Genomic region covering 67 kb of human BDNF gene, 84 kb of upstream and 17 kb
of downstream sequences is sufficient to drive tissue-specific and kainic acid-induced expression of
the reporter gene in transgenic mice. The pattern of expression of the transgene is highly similar
to BDNF gene expression in mouse and human. This is the first study to show that human BDNF
gene is regulated by neural activity.

Background entiation of several neuronal populations during mam-
Brain-derived neurotrophic factor (BDNF) [1], a member = malian development [2,3]. In the adult central nervous
of the neurotrophin family, promotes survival and differ-  system, BDNF acts as a regulator of activity-dependent
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neurotransmission and plasticity [4] and promotes sur-
vival of newborn hippocampal neurons [5]. BDNF has
widespread expression in the developing and adult mam-
malian nervous system, its mRNA and protein levels rising
dramatically in postnatal development [6-10]. In the
adult, BDNF is also expressed in a number of non-neural
tissues, with the highest levels of BDNF mRNA detected in
thymus, heart and lung [11,12].

BDNF gene has a complex structure with multiple
untranslated 5' exons alternatively spliced to one protein-
coding 3' exon. The rat BDNF gene structure initially
described to contain five exons [13] has been recently
updated with a number of newly discovered exons for
rodent [14,15] and human [16,17] BDNF. Untranslated 5'
exons are linked with differentially regulated promoters
directing tissue-specific expression of BDNF [13-17]. Fur-
thermore, recently discovered BDNF antisense transcripts
in human may exert additional control over BDNF tran-
scription [16,17]. BDNF is a neural activity-dependent
gene in rodents: various physiological stimuli induce its
expression in neurons through excitatory neurotransmis-
sion-triggered calcium influx [18,19]. However, no data is
available about activity-dependent transcription of the
human BDNF gene in neurons, except one report showing
that dopamine signaling increases the levels of BDNF
exon IV transcripts in neuronally differentiated human
embryonic teratocarcinoma NT2 cells [20].

Alterations in BDNF function have been associated with a
variety of disorders of the nervous system [2]. As therapies
modulating neurotrophic activity are being actively
sought [21], it is of great importance to create model sys-
tems for studying the regulation of BDNF gene. BAC trans-
genic mice have proven useful in studying gene regulation
as a) BAC clones are often long enough to contain all nec-
essary DNA elements to recapitulate the expression pat-
terns of endogenous genes independent of host genomic
sequences flanking the transgene integration site and b)
they can be easily modified with homologous recombina-
tion in E. coli, e.g. to introduce reporter genes under the
control of promoters of interest [22]. BAC transgenes with
EGFP reporter gene have been used for characterization of
expression and regulatory regions of several neural genes
[23-25]. Transgenic mice have been generated previously
to study BDNF gene regulation in vivo [26,27]. Mouse
lines carrying rat BDNF sequences of 10 kb range recapit-
ulated BDNF expression only partially, suggesting that cis-
acting regulatory elements necessary for accurate control
of BDNF expression are located further away [26].
Recently, YAC-BDNF transgenic mice carrying 145 kb of
human BDNF locus with BDNF coding sequence substi-
tuted for the EGFP reporter gene have been reported [27].

In this study we have generated BAC transgenic mice car-
rying human BDNF-EGFP fusion (hBDNF-EGFP) reporter
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gene under the control of 168 kb of human BDNF
genomic sequences. C-terminal addition of EGFP to
BDNF protein has been shown not to affect BDNF cellular
localization, secretion and activation of its receptor TrkB
in cultured neurons [28-30]. Therefore, to enable studying
subcellular localization of the hBDNF-EGFP fusion pro-
tein in vivo, we specifically produced this fusion reporter
gene construct. The aims of the study were to investigate
a) expression of hBDNF-EGFP mRNA and protein in the
brain and non-neural tissues and b) activity-dependent
regulation of the hBDNF-EGFP transgene in the brain of
the BAC transgenic mice.

Results

Generation of transgenic mice with 169 kb hBDNF-EGFP-
BAC

A 168 kb BAC clone extending 84 kb upstream and 17 kb
downstream of human BDNF gene was used to generate
human BDNF-EGFP reporter transgenic mice (see Materials
and Methods and Figure 1A-C). Briefly, EGFP reporter gene
was inserted in-frame with BDNF coding region replacing
the BDNF stop codon (Figure 1C). Resulting hBDNF-EGFP
fusion protein was expected to mimic subcellular localiza-
tion of endogenous BDNF, allowing fine resolution of trans-
gene expression. hBDNF-EGFP-BAC construct was tested for
integrity using PCR and restriction analysis (data not
shown). Transgenic mice were generated by pronuclear
injection, yielding four transgenic founders (A4, E1, E4 and
C3). All founders contained one to two transgene copies as
estimated by slot-blot hybridization (Figure 1D). PCR anal-
ysis of C3 genomic DNA and sequencing of the PCR prod-
ucts revealed tandem integration of two transgene copies
and confirmed the intactness of 5' and 3' end sequences of
the integrated transgene (Figure 1E). Offspring was obtained
from three founders and bred for several generations to gen-
erate transgenic mouse lines E1, E4 and C3.

Expression of hBDNF-EGFP in transgenic mouse tissues
From three transgenic founder lines, C3 line showed pat-
tern of expression of hBDNF-EGFP mRNAs that was
highly similar to the expression of mouse endogenous
BDNF (mBDNF) mRNA (Figure 2A). RT-PCR analysis
revealed relatively high transgene expression in all brain
regions of C3 mice, including cerebral cortex, hippocam-
pus, striatum, thalamus, hypothalamus, midbrain, pons,
medulla and cerebellum. In non-neural tissues, high lev-
els of transgene mRNA were detected in testis, moderate
levels in thymus and lung and low levels in skeletal mus-
cle. BDNF mRNA is endogenously expressed in all these
tissues both in mouse and human [14,16]; (Figure 2A).
However, dissimilarly from mouse endogenous BDNF
mRNA, hBDNF-EGFP mRNA was not detected in heart
and kidney, where relatively high levels of mBDNF mRNA
were detected. Low expression of hBDNF-EGFP transgene
in the mouse kidney correlates with the finding that
BDNF is expressed at low levels in human kidney [8,16].
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Schematic drawings of rodent and human BDNF genes and the BAC transgenic construct used in this study.
Rodent (A) and human (B) BDNF gene structures. Rodent BDNF gene consists of a number of 5' exons (I-VIII) spliced
together with a common protein-coding sequence in exon IX (transcriptional start sites are indicated with arrows). BDNF
transcription can also start from exon IX introducing a unique 5' UTR sequence. Hatched lines indicate sites of alternative
splicing. Although the human BDNF gene has a similar structure and splicing pattern, it has additional exons Vh and Vllih,
longer and more complexly spliced 5'UTR of exon IX. Furthermore, human BDNF exons VIl and Vlllh are not used as 5'exons,
but are always spliced with exon V. For detailed description see [14,16]. (C) Schematic drawing of the modified BAC construct
used in this study containing the human BDNF locus. EGFP reporter gene was inserted in-frame with the BDNF coding region
before the BDNF stop codon creating a fused BDNF-EGFP open reading frame within 168 kb of human BDNF locus. Arrows
P1-3 indicate PCR primers used for analysis of transgene integration. (D) Slot-blot hybridization analysis of transgene copy
number in hBDNF-EGFP transgenic founder mice (A4, C3, El and E4). BAC standard contains hBDNF-EGFP-BAC DNA in
amounts equivalent to |-3 copies of transgene in the blotted genomic DNA. WT- wild type mouse DNA. (E) PCR analysis of
genomic DNA from transgenic mouse line C3 with primers detecting tandem integration of hRBDNF-EGFP-BAC constructs.
WT — wild type mouse DNA as a negative control; (+) — circular hBDNF-EGFP-BAC DNA as a positive control; (-) - PCR

without DNA as a negative control.

In E1 mice, transgene expression recapitulated that of the
endogenous BDNF mRNA in thymus, lung, kidney and
testis, but not in other non-neural tissues that express
BDNF. In the adult brain of E1 mice, transgene mRNA
expression was detected in midbrain, cerebellum, pons
and medulla at levels that were lower than in the respec-
tive brain regions of C3 mice. In E4 line, hBDNF-EGFP
mRNA was detected only in testis and thymus (Figure 2A).

Expression of transgenic hBDNF-EGFP mRNA was further
examined in different brain regions of C3 mice since this
line largely recapitulated endogenous BDNF expression
and expressed the transgene at the highest levels. Quanti-
fication of hBDNF-EGFP transcripts in C3 hippocampus
and cortex using ribonuclease protection assay (RPA)
revealed that transgene mRNA levels were about tenfold
lower than endogenous mBDNF mRNA levels (Figure
2B). Analysis of transcription from the alternative human

BDNF promoters in C3 mice confirmed the expression of
all transcripts with different 5' exons described to date
(exons I-IXe) both in hippocampus (Figure 2C) and cere-
bral cortex (data not shown).

In situ hybridization of C3 mice adult brain sections
revealed hBDNF-EGFP mRNA expression in the hippoc-
ampus, particularly in the pyramidal neurons of CA1 and
CA3 regions and in the polymorphic neurons in the hilus
of the dentate gyrus, and also in several cortical areas,
including neurons of frontal, sensorimotor and piriform
cortex (Figure 3, 4). Endogenous mBDNF mRNA was
detected in all brain areas where hBDNF-EGFP mRNA
labeling was observed. However, hBDNF-EGFP labeling
was absent or below the detection limit of our in situ
hybridization assay in several areas expressing mBDNF
mRNA, e.g. claustrum, amygdala, thalamic, hypothalamic
and pontine nuclei. Furthermore, in situ hybridization
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hBDNF-EGFP mRNA expression in tissues of three
transgenic mouse lines. (A) RT-PCR analysis of h(BDNF-
EGFP mRNA expression in tissues of three transgenic BAC
mouse lines — C3, El, E4. mBDNF — mouse BDNF; hBDNF —
human BDNF in human tissues; HPRT — reference gene
hypoxanthine phosphoribosyltransferase. Cx — cortex; Hc —
hippocampus; St — striatum; Th — thalamus; Mb — midbrain;
PM — pons/medulla; Cb — cerebellum; Ty — thymus; He —
heart; Lu — lung; Li — liver; Ki — kidney; SM — skeletal muscle;
Sp — spleen; Te — testis. (B) Analysis of h(BDNF-EGFP mRNA
expression levels in C3 mouse brain by RNase protection
assay. hBDNF-EGFP probe was used to determine both
transgenic and endogenous BDNF mRNA levels as protein
coding sequences of mouse and human BDNF share a high
degree of similarity. P — probe without RNase; tRNA — yeast
tRNA; HC — hippocampus; CX — cortex. On the right, black
boxes denote vector-derived sequences, white boxes BDNF
and gray boxes EGFP sequences. (C) Expression of alterna-
tive hBDNF-EGFP transcripts in C3 mouse hippocampus
(HC), analyzed by RT-PCR. PCR primers used were specific
for human BDNF transcripts as shown by control reactions
with human (hHC) and mouse (mHC) hippocampal cDNA.
elX — transcript containing 5'-extended exon IX.

showed differential expression of hBDNF and mBDNF in
cortical and hippocampal subfields. While mBDNF
mRNA was expressed at high levels throughout the cere-
bral cortex, hBDNF-EGFP labeling was more prominent in
the frontal cortex and in the sensorimotor area extending
along the longitudinal fissure (Figure 3C, D and Figure
4K-N). In the hippocampus, hBDNF-EGFP labeling was
observed over the CA1 and hilar subfields and part of the
CA3 subfield (CA3b in Figure 3G, H and Figure 4C, D),
mimicking the pattern of expression of endogenous
mBDNF mRNA. On the other hand, hBDNF-EGFP mRNA
was expressed at considerably lower levels in the part of
CA3 subfield that showed high levels of mBDNF mRNA
expression (CA3a in Figure 3G, H and Figure 4E, F). In
addition, no hBDNF-EGFP labeling was detected in the
granule neurons of dentate gyrus where endogenous
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hBDNF - EGFP

mBDNF
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Figure 3

Overlapping patterns of BAC-driven hBDNF-EGFP
and mBDNF mRNA expression in C3 mouse brain. In
situ hybridization analysis, photoemulsion autoradiographs of
16 um sagittal (A,B) and coronal (C-H) sections. (C) and
(D) are sections taken at striatal level; (E) and (F) are sec-
tions taken at posterior hippocampal levels; (G) and (H)
show enlarged hippocampal area (scale bar: 0,5 mm). FC —
frontal cortex;SM — sensorimotor cortex; HC — hippocam-
pus; Pn — pontine nuclei; Hth — hypothalamus; Cg — cingulate
cortex; Pir — piriform cortex; Cl — claustrum; Str — striatum;
CAl, CA3 — hippocampal subfields; DG — dentate gyrus of hip-
pocampus; Hi — hilar area of dentate gyrus; Th — thalamus;
Amy — amygdala.

mBDNF mRNA was highly expressed (Figure 3G, H and
Figure 41, J).

Since the BDNF gene in the transgenic construct was of
human origin, we also analyzed the expression of BDNF
in the human hippocampus using in situ hybridization. In
agreement with earlier findings [31,32], our results
showed that the highest levels of hBDNF mRNA were
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Figure 4
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hBDNF -EGFP

Cellular expression of hBDNF-EGFP mRNA in adult C3 mouse brain. In situ hybridization analysis, shown are bright-
field autoradiographs of emulsion-dipped sections. Hybridization probes are indicated above the columns. Filled arrowhead
indicates a neuron with strong labeling, empty arrowhead indicates a neuron with weak or absent labeling and double arrow-
heads indicate a glial cell showing no labeling. CAl, CA3 — hippocampal subfields; DG — dentate gyrus of hippocampus; Hi — hilar
area of dentate gyrus; FC — frontal cortex; SM — sensorimotor cortex; Pir — piriform cortex. Scale bar: 20 pm.

present in the granule cells of dentate gyrus, whereas other
hippocampal regions showed relatively weaker expression
(Figure 5). However, strong hBDNF labeling was detected
over majority of CA3 and CA1 neurons using high magni-
fication (Figure 5B, C), indicating that these areas show
much weaker signal in the dark-field image partly because
of the scarcity of neuronal cell bodies in the CA1 and CA3
subfields of the human hippocampus.

Next we examined expression of hABDNF-EGFP fusion pro-
tein across tissues in C3 mice. No EGFP fluorescence was
observed in brain sections or cultured primary embryonic
(E18) hippocampal neurons. In addition, hBDNF-EGFP
protein was not detected in the hippocampus, cortex and
testis by Western blot analysis with anti-EGFP or anti-
BDNF antibodies (data not shown). hBDNF-EGFP open

reading frame in C3 genomic DNA was analyzed for pos-
sible mutations by sequencing and was found to be intact.
Together with mRNA expression data these results suggest
that hABDNF-EGFP protein was either not translated in the
brain and testis of C3 mice or was expressed at levels
below the detection limits of our methods.

Kainic acid induces hBDNF-EGFP mRNA expression in
transgenic mouse brain

Kainic acid (KA), agonist of the KA subtype ionotropic
glutamate receptor, has been shown to induce BDNF
mRNA levels in adult rodent hippocampus and cerebral
cortex [13,19,33,34]. KA induction of transgenic hBDNF-
EGFP transcripts in the hippocampus and cerebral cortex
of C3 mice largely followed the induction pattern of
endogenous mBDNF transcripts (Figure 6A). KA markedly
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Figure 5

Expression of BDNF mRNA in the human hippocam-
pus. (A) In situ hybridization autoradiograph of a 16 um
coronal section.DG — granular layer of dentate gyrus; Hi —
hilar area of dentate gyrus; Sub — subiculum; CAl, CA3 — hip-
pocampal subfields. (B-E) High magnification bright-field pho-
tomicrographs of hematoxylin-counterstained neurons in
subfields CAl (B) and CA3 (C), the hilus (D) and granular
layer of dentate gyrus (E). Filled arrowhead indicates a neu-
ron with strong labeling, empty arrowhead indicates a neu-
ron with weak or absent labeling and double arrowheads
indicate a glial cell showing no labeling.

upregulated both endogenous mouse and transgenic
hBDNF-EGFP transcripts containing exons I, IV and 5'-
extended exon IX (elX) in the hippocampus and cortex.
hBDNF-EGFP and mBDNF mRNAs containing other 5'
exons were induced to a lesser extent. Of note, recently
described human-specific exon Vh-containing transcripts
were not induced by KA in transgenic mice in the context
of 169 kb hBDNF-EGFP BAC construct (Figure 6A).

Levels of BDNF transcripts showing the most robust
induction by kainic acid were analyzed further using
quantitative real-time RT-PCR analysis (Figure 6B). Trans-
genic hBDNF-EGFP exon I, exon IV and 5'-extended exon
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Kainic acid (30 mg/kg) induces transgenic hBDNF-
EGFP mRNA expression in brains of C3 line trans-
genic mice. (A) Induction of alternatively spliced hBDNF-
EGFP transcripts in C3 mouse hippocampus (HC) and cere-
bral cortex (CTX), analyzed with RT-PCR. mBDNF — mouse
transcripts; ND — not determined; KA — kainic acid treated
mice; CTR — control mice. Three BDNF-II bands correspond
to alternatively spliced transcripts. (B) Quantitative real-time
RT-PCR analysis of selected BDNF transcripts, normalized to
HPRTI levels and expressed as fold difference relative to
mRNA levels in untreated mice. (C) In situ hybridization
autoradiographs of C3 mouse coronal brain sections. Pir —
piriform cortex; CAl, CA3 — hippocampal subfields; DG — den-
tate gyrus of hippocampus; Hi — hilar area of dentate gyrus;
Th — thalamus; Hth — hypothalamus; Amy — amygdala.
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IX transcripts, and total hBDNF-EGFP mRNA were
potently induced in both hippocampus and cortex follow-
ing 3 hours of kainate treatment, similarly to respective
endogenous mBDNF mRNAs. Exon VI-containing
hBDNF-EGFP and endogenous mBDNF transcripts
showed no induction, which is consistent with previous
findings [13,14,33].

In situ hybidization analysis showed marked induction of
transgenic hBDNF-EGFP mRNA by KA in the pyramidal
neurons of CA1-CA3 layers, in the hilar region of hippoc-
ampus and also in the layers II - VI of cerebral cortex (Fig-
ure 6C). Importantly, kainic acid induced transgene
expression also in the granular layer of dentate gyrus of
hippocampus, whereas control animals did not show any
detectable expression in this area. Endogenous mBDNF
was induced in the same neuronal populations, suggest-
ing that the 169 kb hBDNF-EGFP BAC construct contains
all the regulatory elements that mediate kainic acid induc-
tion. We also examined expression of the hBDNF-EGFP
protein in the brains of kainic acid treated C3 mice by
direct EGFP fluorescence and Western blot analysis but no
fusion protein was detected (data not shown).

Discussion

In this study, BAC transgenic mice carrying 168 kb of the
human BDNF locus and encoding human BDNF-EGFP
fusion protein were generated and analyzed. Out of three
analyzed founder lines, one line (C3) largely recapitulated
human BDNF mRNA expression in the brain, thymus,
lung, skeletal muscle and testis. Founder line E1 mim-
icked human BDNF mRNA expression in some brain
regions, and also in thymus, lung and kidney. Founder
line E4 expressed transgene only in the thymus and testis.
These results showed that although all three founder lines
expressed hBDNF-EGFP mRNA at different levels, the 169
kb BAC construct, carrying 67 kb of human BDNF gene,
84 kb of 5' and 17 kb of 3' sequences, contains regulatory
elements necessary for hBDNF mRNA expression in many
brain regions and non-neural tissues. However, integra-
tion site-dependent expression of transgene in different
founder lines suggests that the BAC construct may not
contain necessary insulator elements to protect it from the
influence of genomic regions flanking the transgene inte-
gration site. It has been shown for many genes that insu-
lators can functionally isolate neighboring genes and
block their interactions [35].

In several non-neural tissues, the 169 kb hBDNF-EGFP
BAC recapitulated endogenous expression of both mouse
and human BDNF. Transgenic mRNA was expressed in
the thymus and testis in three mouse lines, expression in
the lung was seen in two lines and only one line expressed
hBDNF-EGFP in the kidney and skeletal muscle. All these
tissues have been shown to express BDNF both in mouse
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and human [7,14,16]. Of note, all three founder lines
expressed relatively high levels of hBDNF-EGFP in adult
testis, in contrast to the very low expression levels of
endogenous mBDNF in the testis. This transgene expres-
sion pattern can be explained by human origin of the
BDNTF gene as relatively high levels of BDNF mRNA, com-
parable to the levels in the brain, have been detected in
the human testis [16]. In the adult human testis, expres-
sion of BDNF and its receptor TrkB has been reported in
Leydig, Sertoli and germ cells [36], while in the adult
mouse testis, BDNF expression has been detected in Ser-
toli cells and expression of its receptor TrkB in germ cells
[37]. These findings indicate differences in BDNF expres-
sion between human and mouse and are further sup-
ported by the present study. On the other hand, none of
the founder lines expressed hBDNF mRNA in the heart, a
tissue with high levels of BDNF expression both in human
and rodents [8,11,12,14]. This suggests that distinct heart-
specific regulatory elements are located outside of the
genomic DNA fragment that was included in the BAC con-
struct.

Detailed analysis of hBDNF-EGFP expression in the C3
mouse brain by in situ hybridization showed that the
transgene mimicked mBDNF expression in many neuron
populations, including neurons of the CA1-CA3 and hilar
regions of the hippocampus and the cerebral cortex. How-
ever, hBDNF-EGFP failed to recapitulate endogenous
BDNF expression in several neuron populations, includ-
ing the granule cells of dentate gyrus of hippocampus
where BDNF mRNA is expressed both in human and
rodents. hBDNF-EGFP expression was detected in all ana-
lyzed brain regions by RT-PCR, but not by in situ hybridi-
zation, indicating that transgene mRNA levels in several
brain structures were below the detection limit of our in
situ hybridization analysis.

BDNF transcription is regulated by neuronal activity
through calcium-mediated pathways [18,38]. Systemic
treatment of rodents with kainic acid (KA) has been used
to model activity-dependent induction of BDNF mRNA in
the nervous system [13,19,33,34]. Here we show that KA
differentially induced alternative hBDNF-EGFP tran-
scripts in the cortex and hippocampus (for comparison
with mouse and rat see Table 1). Pronounced induction of
transgenic hBDNF-EGFP transcripts containing exons I,
IV, and 5'-extended exon IX (eIX), moderate induction of
transcripts containing exons II, III and absence of induc-
tion of transcripts containing exon VI is consistent with
the induction pattern of respective BDNF mRNAs in
mouse and rat [13,14,33]. To our knowledge, this is the
first time to report neural activity-dependent regulation of
the human BDNF gene in vivo. Real-time PCR showed that
total transgenic mRNA, as well as transcripts containing
exons I, IV and 5'-extended exon IX were induced to a
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lesser extent than the respective endogenous mBDNF
mRNAs. This is consistent with earlier results reported for
shorter rat BDNF transgenes [26] and could be caused by
increased stability of transgenic BDNF-reporter mRNAs as
compared to the mouse endogenous BDNF mRNAs. Alter-
natively, the absence of important regulatory elements in
the transgenic construct may underlie the reduced induc-
tion of the transgene by kainic acid. In situ hybridization
analysis of KA-treated C3 mouse brains showed induction
of hBDNF-EGFP mRNAs in several neuronal populations
where endogenous BDNF mRNA levels were also
increased. These results show that, similarly to rodent
BDNF, expression of the human BDNF gene is induced by
neural activity and that regulatory elements mediating the
induction are included in the 168 kb of the human BDNF
locus contained in the BAC transgene. Several regulatory
elements located in the rat BDNF proximal promoter IV
and the transcription factors mediating activity-depend-
ent activation of this promoter have previously been char-
acterized [39]. Among these elements, CRE (cAMP-
response element) was found to be the most important
for Ca2+-mediated activation of rodent BDNF promoter IV
[40-42]. However, the respective regulatory elements and
transcription factors responsible for the activity-depend-
ent regulation of the human BDNF gene have not been

Table I: Regulation of human, mouse and rat BDNF exon-
specific mRNAs by kainic acid in the hippocampus and cerebral
cortex.

human' mouse? rat?
exon HC CTX HC CTX HC
| ek ek ek ek ek
1] * K 3k * K
m *_ * * * -
v sk ek sk sk ek
\Y) * * * sk ek
Vh - - X X X
Vi - - - - -
Vil ND ND ND ND ok
Vil X X ND ND *
elX sk ek sk sk ek

- no induction; * weak induction; ** strong induction; ND — not
determined; X — transcript containing this exon as the 5' exon does
not exist in this organism; !2 based on data from the present study; 3
based on data from [14]; HC — hippocampus; CTX — cerebral cortex.

http://www.biomedcentral.com/1471-2202/10/68

characterized. Transgenic mice described here can be used
to study the regulation of human BDNF gene in vivo using
a variety of methods successfully applied in the studies of
rodent BDNF [39].

Previously, transgenic mice carrying shorter fragments of
the BDNF locus have been generated and characterized
[26,27]. Mice expressing the CAT reporter gene under the
control of 9 kb of rat BDNF genomic sequences covering
promoters I-III or promoters IV-VI showed relatively high
CAT activity in most tissues and brain regions expressing
endogenous BDNF mRNA. In situ hybridization analysis
showed that these constructs carrying either BDNF pro-
moters [-IIT or [V-VI were able to drive CAT mRNA expres-
sion in adult rat brain in a pattern largely overlapping
with mouse BDNF mRNA expression. Nevertheless, reca-
pitulation of endogenous BDNF expression had a number
of shortcomings in these transgenes: both constructs were
not expressed or were expressed at low levels in the den-
tate granule cells and granule cells of cerebellum; BDNF
IV-VI did not mimic BDNF expression in the heart; both
constructs displayed relatively high reporter activity in the
striatum where rat BDNF is virtually not expressed [43]. It
was assumed that these transgenic constructs lacked
important regulatory elements, which could be present in
a much longer gene fragment than the BAC clone used
here. Although BAC transgenic mouse lines generated in
this study showed improved recapitulation of expression
as compared to that of the BDNF-CAT transgenic mice
[26], we could not detect transgene expression in several
tissues and neuron populations that express endogenous
BDNF mRNA.

A recent study reported generation of human BDNF-EGFP
transgenic mice using a 145 kb YAC clone including 45 kb
of 5' and 33 kb of 3' flanking sequences of hBDNF gene
with the protein coding sequence partially replaced with
EGFP reporter gene [27]. Three out of five transgenic
founder lines obtained in that study expressed transgenic
mRNA in the brain and only one of these showed expres-
sion of transgenic hBDNF transcripts containing exons IV
and VI in the heart. Out of three lines analyzed, EGFP flu-
orescence was detected in the brain of only one line, spe-
cifically in the claustrum, intermediate layer of parietal
cortex, pyramidal cell layer of CA3 hippocampal subfield
and a population of neurons in the granule cell layer of
the dentate gyrus. However, EGFP fluorescence was not
detected in other cortical neuron populations and in the
CA1l region of hippocampus where rodent and also
human BDNF mRNA are expressed [27]. Differences in
the tissue- and neuron-specific expression of transgenic
hBDNF-EGFP mRNA and protein between the study by
Guillemot et al. [27] and this study can be explained with
different lengths of the BDNF gene-flanking genomic
regions in the transgenic constructs used: the hBDNF-BAC
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Table 2: PCR primers used in this study
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Primer/application

Sequence

BAC modification

hBDNFcod_rpsL_neo_s

hBDNF_rpsL_neo_as

hBDNFcod_linker_EGFP_s

5' GGATAGACACTTCTTGTGTATGTACATTGACCATTAAA
AGGGGAAGATAGGGCCTGGTGATGATGGCGGGATCG 3'

5'AATAGATAATTTTTGTCTCAATATAATCTAATCTATACAACATAAATCCATCAGAAGAACTCGTCAA

GAAGG 3'

5' TAAGGATAGACACTTCTTGTGTATGTACATTGACCAT
TAAAAGGGGAAGACGGGATCCACCGGTCGCCACCATGGTGAGCAAGGGCGAGGAGCTG 3'

hBDNF_EGFP_as

5' AATAGATAATTTTTGTCTCAATATAATCTAATCTATAC
AACATAAATCCATTACTTGTACAGCTCGTCCATGCCGA 3'

genotyping/slot-blot hybridization/expression analysis

hBDNF_s

GTACGTGCGGGCCCTTACCATGGATAGC

EGFP_as

TGGTGCAGATGAACTTCAGGGTCAGC

expression analysis

mBDNF_s GTATGTTCGGGCCCTTACTATGGATAGC
mBDNF_as AAGTTGTGCGCAAATGACTGTTTC
HPRTI_s CTTTGCTGACCTGCTGGATTAC
HPRT I _as GTCCTTTTCACCAGCAAGCTTG
hBDNF_|_s GATGCCAGTTGCTTTGTCTTCTGTAG
hBDNF_II_s GGGCGATAGGAGTCCATTCAGCACC
hBDNF_III_s AGTTTCGGGCGCTGGCTTAGAG
hBDNF_IV_s GCTGCAGAACAGAAGGAGTACA
hBDNF_V_s TCGCGTTCGCAAGCTCCGTAGTG
hBDNF_Vh_s GGCTGGAACACCCCTCGAA
hBDNF_VI_s GGCTTTAATGAGACACCCACCGC
hBDNF_VII_s GAACTGAAAGGGTCTGCGACACTCT
hBDNF_IXb_s GCTGCTAAAGTGGGAAGAAGG
hBDNF_IX _as| GTCCTCATCCAACAGCTCTTCTATC

hBDNF_IX_as2 (with VII_s)

GAAGTGTACAAGTCCGCGTCCTTA

expression analyis (QPCR)

EGFPq_s

CAGAAGAACGGCATCAAGGTG
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Table 2: PCR primers used in this study (Continued)

EGFPq_as TGGGTGCTCAGGTAGTGGTTG
hBDNFq_I_s CAGCATCTGTTGGGGAGACGAGA
hBDNFq_IV_s GAAGTCTTTCCCGGAGCAGCT
hBDNFq_VI_s ATCGGAACCACGATGTGACT
hBDNFq_IXc_s AACCTTGACCCTGCAGAATGGCCT

hBDNFq_[X_as! (with |, IV_s) ~ ATGGGGGCAGCCTTCATGCA

hBDNFq_IX_as2 (with VI_s) ACCTTGTCCTCGGATGTTTG

hBDNFq_IX_as3 (with [Xc_s) GATGGTCATCACTCTTCTCACCT

mBDNFq_I_s TTGAAGCTTTGCGGATATTGCG
mBDNFq_IV_s GAAATATATAGTAAGAGTCTAGAACCTTG
mBDNFq_VI_s GCTTTGTGTGGACCCTGAGTTC
mBDNFq_IXa_s GGACTATGCTGCTGACTTGAAAGGA

mBDNFq_IX_as| (with |, IV, VIs) AAGTTGCCTTGTCCGTGGAC

mBDNFq_IX_as2 (with IXa_s) GAGTAAACGGTTTCTAAGCAAGTG

mBDNFq_coding s GGCCCAACGAAGAAAACCAT
mBDNFq_coding s AGCATCACCCGGGAAGTGT
HPRTIq_s CAGTCCCAGCGTCGTGATTA
HPRTIq_as AGCAAGTCTTTCAGTCCTGTC

transgene integrity

pBACe3.6_SP6 (5'end) TATTTAGGTGACACTATAG
rpl1_5"as (5'end) GGACAACAGACCCAAGGAGA
rpl1_3'"_s (3'end) GTAGGGTGTCTGGGTTGGTG
pBACe3.6_T7 (3'end) TAATACGACTCACTATAGGG

transgene tandem integration

rpl1_3"_s (PI) GTAGGGTGTCTGGGTTGGTG
pBACe_11326_s (P2) CGGTTACGGTTGAGTAATAAATGGATG
pBACe_11365_s (P3) GGGGCACATTTCATTACCTCTTTCTC
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used in the present study contained 39 kb longer 5' and 16
kb shorter 3' genomic regions of hBDNF gene than the
reported hBDNF-YAC construct [27]. In addition, part of
BDNF coding sequence had been replaced with EGFP
reporter gene in the hBDNF-YAC transgene [27], possibly
removing cis-elements with regulatory function. In con-
trast to the present study, hBDNF-YAC transgenic mRNA
expression was not analyzed in different brain regions and
expression of transgenic mRNAs containing exons III, V,
Vh, VII and 5'-extended exon IX was not analyzed. More
detailed comparison of hBDNF-EGFP expression in the
two hBDNF transgenic mouse models would allow nar-
rowing down genomic regions containing enhancer ele-
ments for tissue-specific expression of human BDNF. For
example, on the basis of current data it can be hypothe-
sized that a cis-element promoting heart-specific expres-
sion of hBDNF mRNA is located within the 3' terminal 16
kb of hBDNF-YAC construct (17-33 kb downstream of
the hBDNF gene; chr11:27,600,000-27,616,000; UCSC
Genome Browser, Mar 2006 Assembly). Recently, a BDNF
regulatory locus has been discovered 850 kb upstream of
the human and mouse BDNF genes that causes obesity,
cognitive impairment and hyperactivity when disrupted
[44,45]. Therefore, it is possible that in addition to regu-
latory elements included in the hBDNE-BAC of this study
and the hBDNF-YAC described before [27], others can be
found hundreds of kilobases away from the BDNF gene.

EGFP reporter gene has been successfully used to visualize
BAC-driven expression of neural genes in a number of
studies [23-25]. In the BAC construct that was used to gen-
erate transgenic mice in the present study, EGFP reporter
gene was fused C-terminally with the human BDNF cod-
ing sequence to allow detailed characterization of human
BDNF expression in the nervous system. Unfortunately,
we could not detect EGFP protein in the brain of C3 mice
neither with fluorescence microscopy nor with Western
blot analysis. This could be explained with low levels of
hBDNF-EGFP protein expressed in the C3 mouse brain as
transgenic hBDNF-EGFP mRNA levels were about tenfold
lower than these of endogenous BDNF. It is also possible
that founder mice with higher levels of BDNF-EGFP
expression died during embryonic development due to
overactivation of BDNF receptor TrkB. This hypothesis is
supported by a study showing that embryonic overexpres-
sion of BDNF from nestin promoter results in gross
abnormalities in brain architecture and perinatal death
[46]. Although the hBDNF-EGFP fusion protein can be
expressed in cultured cells in vitro [28-30], it is conceivable
that it is not translated or has poor translatability and/or
stability when expressed in transgenic mice in vivo.

Conclusion
Human genomic region covering 67 kb of the BDNF gene,
84 kb of upstream and 17 kb of downstream sequences is

http://www.biomedcentral.com/1471-2202/10/68

able to drive tissue-specific and kainic acid-induced
expression of reporter gene in transgenic mice that largely
overlaps with BDNF gene expression and regulation in
mouse and human. This is the first study to directly show
that human BDNF gene is regulated by neural activity. The
BDNF-BAC transgenic mice are useful for studying the
transcription regulation of human BDNF gene in vivo. In
addition, these mice could be used for screening therapeu-
tic agents modulating human BDNF transcription.

Methods

Generation of transgenic mice

BAC clone (RP11-651M4) containing the human BDNF
locus [GenBank:AC087446.13] was purchased from
Chori BACPAC Resources (USA). Red®/ET*® homologous
recombination in E. coli (Counter-Selection BAC Modifi-
cation Kit, Gene Bridges GmbH, Germany) was used to
delete BDNF stop codon and to insert EGFP reporter gene
with the linker sequence (CGG GAT CCA CCG GTC GCC
ACCQ) into the 3' end of BDNF. For sequences of primers
used for insert synthesis see Table 2. Modified BAC was
tested for the absence of rearrangements using EcoRV
restriction analysis and pulsed field gel electrophoresis.
Integrity of the hBDNF-EGFP reading frame was con-
firmed by sequencing. In order to validate the reporter
activity, BAC DNA was purified using the Large Construct
Purification Kit (Qiagen, USA) and transfected into COS-
7 cells using DEAE-dextran mediated transfection system
[47]. Five days after transfection EGFP expression and dis-
tribution in COS-7 cells was visualized using fluorescence
microscopy (Eclipse 80i upright microscope, Nikon).

hEGFP-BDNF BAC DNA was purified for microinjection
by alkaline lysis and linearized with PI-Scel enzyme (NEB,
USA). Restriction solution was separated in low-melt aga-
rose gel (Fermentas, Lithuania) using CHEF-DR II Pulsed
Field Electrophoresis System (Bio-Rad, USA). Linearized
BAC DNA was excised from the gel and purified from aga-
rose using Gelase enzyme (NEB, USA). Transgenic mice
were generated by pronuclear injection of linearized
hBDNF-EGFP-BAC into CBA x C57Bl/6 mouse pronuclei
in the Karolinska Center for Transgene Technologies
(Sweden). Founder mice carrying the BAC transgene were
identified by PCR analysis of genomic DNA. Transgene
copy number was analyzed by slot-blot hybridization of
genomic DNA with a [a-32P|dCTP-labeled probe gener-
ated with HexaLabel DNA Labeling Kit (Fermentas,
Lithuania) using pEGFP-N1 (Clontech, USA) plasmid as a
template. Genomic DNA of the C3 mouse founder line
was analyzed by PCR for the presence of 5' and 3' ends of
the linearized transgene. Tandem insertion of transgene
into the C3 line genomic DNA was analyzed by PCR with
primers pBACe_11326_s or pBACe_11365_s in combina-
tion with rp11_3'_s (see Table 2) and sequencing of the
PCR product. All animal experiments were performed in
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agreement with the local Ethical Committee of Animal
Experimentation.

Cell culture, antibodies and animal experiments

African green monkey kidney fibroblast COS-7 cells were
grown in DMEM with 10% fetal calf serum and antibiot-
ics. Primary neuronal cultures from embryonic day 18 cer-
ebral cortex were prepared as described [48]. For Western
blots and immunohistochemistry the following antibod-
ies were used: mouse anti-GFP monoclonal antibodies
(Roche Applied Science), mouse anti-GFP monoclonal
antibodies (Clontech, USA); rabbit anti-BDNF (Santa
Cruz Biotechnology, USA). For kainic acid treatment,
adult mice weighing 20-25 g were injected intraperito-
neally with 30 mg/kg of kainic acid or 1x PBS. 3 hours
later mice were decapitated, hippocampus and cortex dis-
sected, frozen on dry ice and stored at -70°C. For in situ
hybridization whole brains were embedded in Shandon
Cryomatrix™ (Thermo Fisher Scientific, USA). Four kainic
acid-treated C3 mice and two control mice were used for
quantitative RT-PCR analysis of total hBDNF-EGFP
mRNA expression in the cerebral cortex and hippocam-
pus. Total hABDNF-EGFP mRNA was induced 2,5-6 fold in
the hippocampus of kainic acid-treated C3 mice and the
mouse displaying highest induction of hBDNF-EGFP and
mBDNF mRNA was analyzed further with RT-PCR for
expression of exon-specific transcripts. Five kainic acid-
treated C3 mice and two control mice were used for in situ
hybridization analysis and the mouse showing highest
induction of hBDNF-EGFP and mBDNF mRNA was fur-
ther analyzed in more detail.

RT-PCR

Total RNA was isolated from mouse and human tissues
using TRI reagent (Ambion, USA). All experiments with
human tissues were approved by the local Ethical Com-
mittee for Medical Research. Two mice from each trans-
genic line were analyzed for tissue-specific expression of
hBDNF-EGFP mRNA in brain regions and non-neural tis-
sues and they showed identical transgene expression pat-
tern. RNA was treated with DNase (DNA-free, Ambion,
USA) following manufacturer's instructions and five
micrograms of total RNA was used for cDNA synthesis
with oligo-dT primer (Microsynth, Switzerland) and
SuperScript Il reverse transcriptase (Invitrogen, USA).
PCR amplification was carried out with HotFire DNA
polymerase (Solis Biodyne, Estonia) according to the
manufacturer's instructions. Quantitative real-time PCR
was performed on a LightCycler 2.0 instrument (Roche
Applied Science) using qPCR Core kit for SYBR® Green I
No ROX (Eurogentec, Belgium). Melting curve analysis
was carried out at the end of cycling to confirm amplifica-
tion of a single PCR product. All qPCR reactions were per-
formed in triplicate and normalized to hypoxanthin
phosphoribosyltransferase 1 (HPRT1) mRNA levels.

http://www.biomedcentral.com/1471-2202/10/68

Ribonuclease protection assay

For cRNA synthesis 624 bp BDNF-EGFP fragment con-
taining 452 bp of BDNF, 21 bp linker sequence and 151
bp of EGFP sequence was amplified with PCR from mod-
ified BAC clone RP11-651M4 and cloned into pBluescript
SK+ vector (Stratagene, USA). [a-32P]UTP-labeled cRNA
probe was in vitro transcribed from linearized plasmid
template using MAXIscript Kit and T3 polymerase
(Ambion, USA). 10 pg of total RNA and 2.5 x105 CPM of
radiolabeled probe were used for RPA hybridization and
the assay was performed with the RPA III Kit from
Ambion as suggested by the manufacturer. The protected
fragments were separated in 4% acrylamid-urea gel and
detected autoradiographically using BioRad Molecular
Imager FX.

In situ hybridization

cRNA probe complementary to the coding region was
used to mouse BDNF mRNA and probe complementary
to EGFP was used to detect hBDNF mRNA. Probes were
synthesized from DNA fragments subcloned into pCR4-
TOPO vector (Invitrogen, USA). [a-3>S|UTP-labeled
probes were generated with MAXIScript In Vitro Transcrip-
tion Kit (Ambion, USA) using linearized DNA template
and T3 or T7 RNA polymerase. 16 pm sections of fresh-
frozen C3 mouse brain were processed according to the
protocol described in [13]. Slides were exposed to either
BioMax MR X-ray film for one week or NTB-2 photoemul-
sion for 2 months, developed with D19 developer and
fixed with a general-purpose fixer (all from Eastman
Kodak, USA). Slides exposed to NTB-2 were counter-
stained with hematoxylin (Vector Laboratories Inc., USA).
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Summary: Brain-derived neurotrophic factor (BDNF), a
member of the neurotrophin family of neurotrophic fac-
tors, has important functions in the peripheral and cen-
tral nervous system of vertebrates. We have generated
bacterial artificial chromosome (BAC) transgenic mice
harboring 207 kb of the rat BDNF (rBDNF) locus contain-
ing the gene, 13 kb of genomic sequences upstream of
BDNF exon |, and 144 kb downstream of protein encod-
ing exon IX, in which protein coding region was replaced
with the lacZ reporter gene. This BDNF-BAC drove
transgene expression in the brain, heart, and lung, reca-
pitulating endogenous BDNF expression to a larger
extent than shorter rat BDNF transgenes employed pre-
viously. Moreover, kainic acid induced the expression of
the transgenic BDNF mRNA in the cerebral cortex and
hippocampus through preferential activation of pro-
moters | and IV, thus recapitulating neuronal activity-de-
pendent transcription of the endogenous BDNF gene.
genesis 48:214-219, 2010. © 2010 Wiley-Liss, Inc.
Key words: neurotrophin; transcription; promoter; BAC;
transgenic mouse; kainic acid

Brain-derived neurotrophic factor (BDNF), a member of
the neurotrophin family of proteins, supports the sur-
vival and differentiation of certain neuronal populations
during development (Bibel and Barde, 2000; Binder and
Scharfman, 2004). In the adult, BDNF regulates long-
term potentiation of synapses, thus playing a key role in
long-term memory formation (Lu et al., 2008). BDNF
was originally isolated from the brain, but it is also
expressed in the peripheral nervous system and non-
neural tissues (Binder and Scharfman, 2004). Changes in
BDNF gene expression accompany and contribute to
the development of various disorders of the nervous sys-
tem (Bibel and Barde, 2000).

The BDNF gene contains multiple promoters that initi-
ate the transcription of a number of distinct mRNAs,
each of which contains an alternative 5’ untranslated
exon spliced to a common 3’ protein coding exon. In
addition, the protein coding exon employs two different
polyadenylation sites that give rise to mRNA species
with 3’ untranslated regions (UTRs) of different lengths.
Alternative promoter usage, differential splicing, and the
use of two different polyadenylation sites within each of

the transcription units generate at least 22 different
BDNF mRNAs in rodents and 34 BDNF mRNAs in human
that encode the same mature BDNF protein (Aid et al.,
2007; Pruunsild et al., 2007). It has been shown that the
subcellular localization of BDNF mRNAs and its regula-
tion by neuronal activity depends on the 5" exon and 3’
UTRs used in the transcript (An et al., 2008; Chiaruttini
et al., 2008). In addition, it has been shown that BDNF
mRNAs containing the short 3’ UTRs are more enriched
in polysomal fraction isolated from total brain than
BDNF mRNAs with the long 3’ UTRs suggesting that
they are more efficiently translated (Timmusk et al.,
1994). Numerous regulatory elements involved in the
regulation of BDNF expression in vitro and in vivo have
been identified and characterized in different BDNF pro-
moters. Transcription factors such as REST (Timmusk
et al., 1999; Zuccato et al., 2003), CREB (Shieh et al.,
1998; Tao et al., 1998), NFkB (Lipsky et al., 2001), MEF2
(Flavell et al., 2008), NPAS4 (Lin ef al., 2008), bHLHB2
(Jiang et al., 2008), and MeCP2 (Chen et al., 2003; Marti-
nowich et al., 2003) have been shown to regulate BDNF
expression in a promoter-specific manner. However, the
genomic regions including all necessary cis-acting
elements responsible for the tissue-specific and activity-
dependent BDNF gene regulation in vivo remain poorly
characterized. A few studies have addressed these issues
using transgenic mouse models (Funakoshi et al., 1998;
Guillemot et al., 2007; Koppel et al., 2009; Timmusk
etal., 1995, 1999).

In the present study, we have generated a transgenic
mouse line using a bacterial artificial chromosome (BAC)
clone containing 207 kb of rat BDNF (rBDNF) locus,

Indrek Koppel and Tamara Aid-Pavlidis contributed equally to this work.

*Correspondence to: Tonis Timmusk, Department of Gene Technology,
Tallinn University of Technology, Akadeemia Tee 15, 12618 Tallinn, Estonia.

E-mail: tonis.timmusk@ttu.ee

Contract grant sponsor: Wellcome Trust International Senior Research
Fellowship, Contract grant number: 067952, Contract grant sponsor: Esto-
nian Ministry of Education and Research, Contract grant number: 0140143,
Contract grant sponsor: Enterprise Estonia, Contract grant number:
EU27553

Published online 22 February 2010 in

Wiley InterScience (www.interscience.wiley.com).

DOI: 10.1002/dvg.20606



RAT BDNF-BAC TRANSGENIC MICE

215

a b
EeXons ExXons exon alternative poly(a) BRAIN REGIONS
I-IIT IV-VII VIII sites
1 T l exon Cx Hc Cb OB TH PM Mb St
16 kb 14 kb 11,5 kb IX LacZ - e e -
|'"ﬁ_{]'{]'H;_ﬂ'ﬂ'ﬂ'ﬂ_//_ﬂ_/ —| D —----- | 1210 S ————
‘—’llkb : : : 144 Xb HERT e e — - — ———
| | | |
I I |
! | DT | NON-NEURAL TISSUES
i [_9 kb | [eaT ] | o i
| T-IIT . | —\, //'— Ty He Lu Li Ki SM Sp Te
*¥[s 5 kb I . LacZ - -
)21 i e
4 ¥ constructs from [30] . HERT (b Gl G5 G G G Gl S
207 kb
FIG. 1. (a) Schematic diagram of the BAC construct used for generating rBDNF-lacZ-BAC transgenic mice (thick lines). White boxes repre-

sent untranslated sequences and the blue filled box represents lacZ reporter gene that replaces the BDNF coding sequence. rBDNF-CAT
constructs (-1l and IV-VI) used by Timmusk et al. (1995) to generate rBDNF transgenic mice are shown with asterisks. (b) RT-PCR analysis
of rBDNF-lacZ mRNA expression driven by rBDNF promoters in transgenic mouse tissues. Abbreviations: mBDNF, mouse BDNF; HPRT,
hypoxanthine phosphoribosyltransferase 1; Cx, cortex; Hc, hippocampus; Cb, cerebellum; OB, olfactory bulb; TH, thalamus and hypothala-
mus; PM, pons/medulla; Mb, midbrain; St, striatum; Ty, thymus; He, heart; Lu, lung; Li, liver; Ki, kidney; SM, skeletal muscle; Sp, spleen; Te,
testis. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

encompassing the genomic region from 13 kb upstream
of YBDNF exon 1 to 144 kb downstream of rBDNF coding
exon. Neighboring genes of the »BDNF gene lie 151 kb
upstream ([fna4) and 190 kb downstream (Sgrdl) from it
and therefore no additional genes/promoters were
included in the BAC construct. To facilitate detection of
transgene expression, we replaced the protein coding
region of exon IX in the »BDNF-BAC with lacZ reporter
gene (Fig. 1a). This should lead to the expression of func-
tional 3-galactosidase protein but not a BDNF-lacZ fusion
protein. Functional (-galactosidase protein encoded by
the lacZ reporter gene in rBDNF-lacZ-BAC was detected
by transient expression in COS-7 cells (data not shown).

In the yBDNF-lacZ-BAC transgenic line, the expression
of rBDNF-lacZ mRNA was detected by RT-PCR in several
brain regions and peripheral organs expressing endoge-
nous mouse BDNF (mBDNF) mRNA (Fig. 1b). Specifi-
cally, the expression of ¥rBDNF-lacZ mRNA was detected
in the brain regions of cortex, hippocampus, cerebel-
lum, olfactory bulb, thalamus/hypothalamus, pons/me-
dulla, midbrain, striatum, and also in the heart and lung.
rBDNF-lacZ mRNA expression levels were not detected
by RT-PCR in the thymus, liver, kidney, spleen, and skele-
tal muscle. Particularly high expression of the transgene
was observed in the testis.

In the adult brain of the ¥rBDNF-lacZ-BAC transgenic
mice, in situ hybridization analysis revealed intense
labeling of both rBDNF-lacZ and endogenous mBDNF
mRNAs in the cerebral cortex (Figs. 2a-f and 3g,h),
olfactory nucleus (Fig. 2a,b), hippocampus (Figs. 2e.f
and 3a-f), amygdala (Fig. 2e-f), nucleus of the lateral ol-
factory tract (Fig. 2i,j), and hypothalamic nuclei (Fig.
2e,f and 2k-n) including mamillary nuclei (Fig. 2k,D. In
the granular cell layer of the olfactory bulb (Fig. 2a,b),
caudate putamen, and nucleus accumbens (Fig. 2c,d),
high levels of rBDNF-lacZ mRNA were detected,

whereas labeling of the endogenous mBDNF mRNA was
indistinguishable from background signal. In the claus-
trum (Fig. 2¢,d) and hypothalamus (Fig. 2e.f), yBDNF-
lacZ mRNA expression levels were relatively lower than
mBDNF mRNA levels. In the hippocampus, intensive
rBDNF-lacZ labeling over scattered neurons in the CA1l
and CA3 subfields (Fig. 3a,c) mirrored the expression of
the endogenous mBDNF (Fig. 3b,d). However, in the
granule cells of dentate gyrus that showed high expres-
sion of mBDNF mRNA (Figs. 2f and 3f) no expression of
rBDNF-lacZ was detected (Figs. 2e and 3e). In the cor-
tex, ¥YBDNF-lacZ expression was observed in cingulate
and somatosensory areas in layers II-1II and V-VI (Figs.
2c,e and 3g), whereas endogenous mBDNF was
expressed throughout layers II-VI (Figs. 2d,f and 3h).
Expression of rBDNF-lacZ (Fig. 2g,0) and mBDNF (Fig.
2h,p) mRNA was detected also in cardiac blood vessels
but not in ventricular myocardium (Fig. 2g,h). In lung tis-
sue, the levels of both *BDNF-lacZ and mBDNF mRNA
were below detection limits of our in situ hybridization
analysis (data not shown).

We also analyzed the expression and enzymatic activ-
ity of -galactosidase protein in yBDNF-lacZ-BAC mouse
tissues. Reporter activity was not detected in the brain
or testis of the analyzed rBDNF-lacZ-BAC mouse line
using X-gal staining assay. In addition, no expression of
B-galactosidase protein was detected in the hippocam-
pus, cortex, and testis of the transgenic animals using
Western blot analysis (data not shown). These results
suggest that 3-galactosidase protein was either not trans-
lated from BAC-driven *BDNF-lacZ mRNAs or the levels
of expression of the reporter protein remained below
detection limits of the methods used in this study.

Kainic acid has been shown to induce BDNF mRNA
expression in the adult rodent hippocampus and cere-
bral cortex (Zafra et al., 1990) in a promoter-specific
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FIG. 2.

In situ hybridization analysis of rBDNF-lacZ mRNA expression in adult rBDNF-lacZ-BAC transgenic mouse brain and heart. Photo-

micrographs of 16 ym coronal brain (a—f; i-n) and transverse heart sections (g,h,0,p) hybridized with **S-labeled lacZ or mouse endogenous
BDNF (mBDNF) cRNA. The brain sections shown are at the levels of olfactory bulb (a,b), striatum (c,d), and hippocampus (e,f). (i-n) Magnifi-
cations of selected brain regions: LOT, nucleus of the lateral olfactory tract; MM, medial mammillary nucleus; DMH, dorsomedial hypothala-
mic nucleus; VMH, ventromedial hypothalamic nucleus. (o,p) Magnifications of cardiac blood vessels. Scale bars: 1 mm (a-h) and 0.5 mm
(i-p). Abbreviations: Ctx, cortex; GrO, olfactory bulb, granular cell layer; ON, olfactory nuclei; CPu, caudate putamen; Cl, claustrum; NAc,
nucleus accumbens; Pir, piriform cortex; Hc, hippocampus; Th, thalamus; Hth, hypothalamus; Amy, amygdala; Ve, ventricle; V, cardiac

blood vessel.

manner (Aid et al., 2007; Timmusk et al., 1993). Three
hours after systemic injection of kainic acid, the levels of
transgenic yBDNF-lacZ mRNA were increased in yBDNF-
lacZ-BAC mice similarly to endogenous mBDNF mRNA
(see Fig. 4). The elevated levels of *BDNF-lacZ and
mBDNF mRNA expression were observed in cortical
layers II-1II and V-VI, hippocampal subfields CA1 and
CA3, and in the amygdala. However, in contrast to en-
dogenous mBDNE, induction of rBDNF-lacZ mRNA
expression in the granule cells of the dentate gyrus was
not observed (Fig. 4e,f). Quantitative real-time PCR anal-
ysis showed that induction pattern of different rBDNF-
lacZ transcripts by kainic acid largely followed that of
the endogenous BDNF: both transgenic and endogenous
exon I and exon IV mRNAs transcribed from promoters I
and IV, respectively, showed higher levels of induction
than exon VI mRNAs transcribed from promoter VI
(Fig. 4g,h). Similarly to untreated mice, B-galactosidase

activity and protein expression was not detected in the
cortex, hippocampus, and testis of Kkainate-treated
rBDNF-lacZ-BAC mice (data not shown).

Transgenic mice expressing reporter genes under the
control of various regulatory regions of the rBDNF gene
have been described previously. ¥rBDNF-CAT transgenic
mice carrying 9 kb of genomic sequence comprising
one or more BDNF 5’ untranslated exons were reported
in (Timmusk et al., 1995). These transgenic mice
(Fig. 1a) recapitulated BDNF expression in most brain
regions and in the thymus. However, BDNF IV-VI con-
struct failed to recapitulate BDNF expression in the cere-
bellum, heart, and other peripheral tissues (Timmusk
et al., 1995) where BDNF transcripts IV and VI are endo-
genously expressed (Aid et al., 2007; Pruunsild et al.,
2007; Timmusk et al., 1993). Here we demonstrate that
rBDNF-lacZ-BAC including 50 kb of the »BDNF gene, 13
kb of upstream and 144 kb of downstream sequences
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FIG. 3. Cellular expression of rBDNF-lacZ mRNA in adult trans-
genic mouse brain: in situ hybridization analysis. (a—f) Bright-field
photomicrographs of hippocampal subfields CA1, CA3, and dentate
gyrus (DG). Hybridization probes are indicated above the columns;
closed arrowheads indicate neurons with strong labeling; open
arrowheads indicate neurons with weak or absent labeling; double
arrowheads indicate a glial cell showing no labeling. (g,h) Distribu-
tion of lacZ and mouse BDNF labeling in cortical layers I-VI. Abbre-
viation: CC, corpus callosum. Scale bars: 20 um (a-f) and 100 pm
(g,h).

contains regulatory elements necessary for recapitula-
tion of endogenous BDNF expression in the brain, heart,
and lung, indicating that regulatory elements governing
BDNF mRNA expression in these tissues are located
within the 207 kb rat genomic sequence of the trans-
gene. In addition, neuronal activity induced expression
of rBDNF-lacZ mRNA in a promotor-specific manner in
the ¥BDNF-lacZ-BAC mice, mimicking induction of the
respective 5’ exon-specific transcripts of endogenous
BDNE

Recently, we have shown that human BDNF-EGFP-
BAC covering 67 kb of the human BDNF (bBDNF) gene,
84 kb of upstream and 17 kb of downstream sequences
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are not sufficient to drive EGFP (enhanced green fluores-
cent protein) reporter gene expression in the heart
(Koppel et al., 2009). Expression of *BDNF-lacZ mRNA
in the heart of rBDNF-lacZ-BAC transgenic mice
reported here (with 144 kb region 3’ of the rBDNF

lacz
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FIG. 4. Induction of rBDNF-lacZ mRNA in transgenic mouse brain

by kainic acid treatment. (a—f) In situ hybridization analysis with
probes for transgenic rBDNF-lacZ and mouse endogenous
(mBDNF) mRNA. Autoradiographs of sections from vehicle-treated
(a,b) and kainate-treated animals (c-f) are shown. Dark-field autora-
diographs of coronal sections (a-d); high magnification bright-field
photomicrographs of the dentate gyrus (e,f). Scale bar: 20 um (e,f).
(9,h) Quantitative real-time PCR analysis of rBDNF-lacZ and endog-
enous mBDNF mRNA expression in the hippocampus (g) and cere-
bral cortex (h) of transgenic mice, expressed as fold difference rela-
tive to mRNA levels in vehicle-treated mice. Shown are transcripts
containing exons |, 1V, VI, and total BDNF mRNA (BDNF X). Error
bars represent standard deviation of three RT-PCR experiments.
Abbreviations: CTR, vehicle-treated control mice; KA, kainate-
treated mice; CA1, CAS3, hippocampal subfields; DG, dentate gyrus;
Ctx, cortex; Amy, amygdala.
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Table 1
PCR Primers Used in This Study

BAC modification
mrBDNF_rpsLneo_F
rBDNF_rpsLneo_R
BDNF_lacZ_300_F
BDNF_lacZ_300_R

Genotyping/RT-PCR

GCCGTCACTTGCTTAGAAACCGTT
GAGTACTAACAAGAACGAAGATACT

TGTCTGTCTCTGCTTCCTTCCCACAGTTCCACCAGGTGAGAAGAGTGGGCCTGGTGATGATGGCGGGATCG
ATACAAATAGATAA GTCTCAATATAATCTATACAACATAAATCCATCAGAAGAACTCGTCAAGAAGG

rBDNF_LacZ_F
rBDNF_LacZ_R

CCCTGCAGCTGGAGTGGATCAGTAAG
GAAGATCGCACTCCAGCCAGCTTTCC

mBDNF_F GTATGTTCGGGCCCTTACTATGGATAGC
mBDNF_R AAGTTGTGCGCAAATGACTGTTTC
HPRT1_F CTTTGCTGACCTGCTGGATTAC
HPRT1_R GTCCTTTTCACCAGCAAGCTTG
Quantitative real-time RT-PCR

Mouse endogenous mRNAs
mBDNFq_I_F TTGAAGCTTTGCGGATATTGCG
mBDNFq_IV_F GAAATATATAGTAAGAGTCTAGAACCTTG
mBDNFqg_VI_F GCTTTGTGTGGACCCTGAGTTC
mBDNFg_RT_IXcod_R  AAGTTGCCTTGTCCGTGGAC
mBDNFqg_cod_F GGCCCAACGAAGAAAACCAT
mBDNFg_cod_R AGCATCACCCGGGAAGTGT
HPRT1q_F CAGTCCCAGCGTCGTGATTA
HPRT1g_R AGCAAGTCTTTCAGTCCTGTC

Rat BDNF-lacZ mRNAs
rBDNFq_I_F AGTCTCCAGGACAGCAAAGC
rBDNFqg_IV_F GAAATATATAGTAAGAGTCTAGAACCTTG
rBDNFqg_VI_F GCTTTGTGTGGACCCTGAGTTC
LacZq_F CGAAGTGACCAGCGAATACCTGT
LacZq_R1 CAACTGTTTACCTTGTGGAGCGACA

LacZq_R2 (with |_F) CAAGGCGATTAAGTTGGGTAAC
LacZq_R3 (with IVVI_F) GTTTTCCCAGTCACGACGTT

gene) suggests that a heart-specific regulatory element is
located within 18-144 kb 3’ of BDNF gene. However,
this prediction should be treated with caution as regula-
tory regions of BDNF genes of different species are com-
pared. On the other hand, neither hBDNF-EGFP-BAC
(Koppel et al., 2009) nor ¥yBDNF-lacZ-BAC could direct
transgene expression to hippocampal dentate granule
cells suggesting that the respective regulatory regions
are located in genomic regions further than 84 kb
upstream of BDNF exon I and 144 kb downstream of
BDNF coding exon. Existence of remote cis-acting ele-
ments controlling BDNF transcription has been demon-
strated by recent studies describing a regulatory region
850 kb upstream of human and mouse BDNF genes, dis-
ruption of which causes obesity, cognitive impairment,
and hyperactivity (Gray et al., 2006; Sha et al., 2007).

In conclusion, we have generated transgenic mice
containing *BDNF-lacZ-BAC transgene that recapitulated
the expression of endogenous BDNF mRNA in the brain
and peripheral tissues and neuronal activity-dependent
regulation of BDNF mRNA in the adult cerebral cortex
and hippocampus. This mouse model represents a useful
tool for further mapping of proximal and distal regula-
tory elements in rodent BDNF gene in vivo.

METHODS

rBDNF-lacZ-BAC transgenic mice were generated using
BAC clone CH230-106M15 (Chori BACPAC Resources,
Oakland, CA) modified to replace rBDNF coding

sequence with the lacZ reporter gene (Red™/ET"™ ho-
mologous recombination technology, Gene Bridges, Hei-
delberg, Germany) (Muyrers et al., 1999). The BAC
clone contains 207 kb of the rBDNF genomic locus
(GenBank: AC108236) including 50 kb of »BDNF gene,
13 kb of 5" and 144 kb of 3’ flanking sequences (Fig. 1a).
Purified rBDNF-lacZ-BAC was transfected into COS-7
cells by DEAE-dextran and tested for reporter activity
using (-galactosidase assay. Transgenic mice were gener-
ated at the Karolinska Center for Transgene Technolo-
gies (Stockholm, Sweden) by injection of Notl-linearized
rBDNF-lacZ-BAC into CBA x C57BI/6 mouse pronuclei.
One transgenic founder mouse was obtained and bred to
establish a transgenic mouse line. Integration of two
copies of rBDNF-lacZ-BAC transgene was estimated
by slot-blot hybridization of genomic DNA with
[a-**P]dCTP-labeled lacZ-specific probe.

RNA isolation and analysis of rBDNF-lacZ mRNA
expression in transgenic mouse tissues with RT-PCR was
performed as described (Pruunsild et al., 2007). Quanti-
tative real-time PCR was performed on LightCycler 2.0
(Roche Diagnostics, Mannheim, Germany) using qPCR
Core Kit for SYBR® Green I No ROX (Eurogentec, Liege,
Belgium). qPCR reactions were processed in triplicate
and all expression data were normalized to hypoxan-
thine phosphoribosyltransferase 1 (HPRTI1) mRNA lev-
els. For primer sequences see Table 1. In situ hybridiza-
tion analysis with [a°>S]UTP-labeled cRNA probes for
rBDNF-lacZ and endogenous mouse BDNF mRNA was
performed as described in Timmusk et al. (1993). Kainic
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acid (KA; 30 mg/kg) or phosphate-buffered saline was
administered intraperitoneally to adult »BDNF-lacZ-BAC
mice weighing 20-25 g. Two kainic acid-treated and two
vehicle-treated animals were used for qRT-PCR analysis.
Four kainic acid-treated animals and one vehicle-treated
animal were used for in situ hybridization analysis. Only
animals with induced tonic-clonic seizures were selected
for analysis and results are shown for individuals show-
ing highest induction of transgenic and endogenous
BDNF mRNA. All animal procedures were carried out in
compliance with the local ethics committee.
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ABSTRACT

Structure and regulation of BDNF gene

Brain-derived neurotrophic factor (BDNF) is essential fmvelopment and func-
tioning of the nervous system in vertebrates. BDNF role imetous neurological
disorders has brought a lot of attention to this gene in teetlgo decades. How-
ever, many aspects of the BDNF gene expression still ren@onlypcharacterized.
This thesis is focused on BDNF gene structure and its trgptemral regulationin
vivo in transgenic mice. Here | present revised BDNF gene org#aiz in rodents
and describe the regulation of BDNF alternative promotgraduronal activity and
by chromatin remodeling drugs. Furthermore, | propose Inpstential regulators
of BDNF expression based on the bioinformatics co-expoasanalysis of microar-
ray data. And finally, | describe the transgenic BAC mouse etoodenerated for
studying BDNF regulatiomn vivo.

First, | showed that mouse and rat BDNF gene as well, containgl 5 un-
translated exons and introduced a new numbering for mouseadBDNF exons.
According to the new nomenclature, mouse and rat BDNF gensistoof eight
5 untranslated exons (I-VIII) and one protein codirigggon (1X). BDNF transcripts
contain either one of the eight Bxons spliced to the common protein coding exon
IX or only 5 extended protein coding exon (IXA). We report tissue-djpeexpres-
sion of rodent BDNF transcripts in different brain regiomslaon-neural tissues.
Kainic acid-induced seizures as well as inhibition of DNAthyation and histone
deacetylation differentially affect the expression oéaiative BDNF transcripts. Im-
portantly, in contrast to human BDNF gene, mouse and rat BD&le loci do not
encode BDNF antisense RNAs.

Second, a bioinformatics meta-coexpression analysis blighy available mi-
croarray data using BDNF as a ‘guide-gene’. The key stepfefanalysis using
a novel ‘subset’ approach included i) dividing datasets siibsets with biologi-
cally meaningful sample content (e.g. tissue, gender @adis state subsets); ii)
analyzing co-expression with the BDNF gene in each subgwrately; iii)) and
confirming co- expression links across subsets. Then wegzathlconservation in
co-expression with BDNF between human, mouse and rat, aatlyfisought for
conserved over-represented transcription factor binditeg (TFBSs) in BDNF and
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BDNF-correlated genes. Correlated genes discoveredsrsthidy regulate nervous
system development, and are associated with various tyfjpesnoer and neurode-
generative disorders. We report that BDNF promoters andsgontain highly con-
served TFBSs for WT1, MAZ, KROX, CREB, OCT, MYOD, MEF2, TCHAE2),
and BRN2 whose binding sites were also enriched in the BDbifetated genes.
Several transcription factors identified here have beewsto regulate BDNF ex-
pressionin vitro andin vivo. Our study demonstrates a potential of the ‘subset’
approach for studying the regulation of single genes anplge@s novel regulators of
the BDNF gene expression.

And finally, we generated BDNF-BAC transgenic mice for sindyproximal and
distal regulatorycis-elements in the BDNF geni@ vivo. Bacterial artificial chro-
mosome (BAC) construct containing 207 kb of the rat BDNF fewas modified
to replace BDNF coding exon with the lacZ reporter gene. Jganic mouse line
containing rBDNF-lacZ-BAC transgene recapitulated thpregsion of endogenous
BDNF mRNA in mouse brain and peripheral tissues as well ags mgoironal activ-
ity in the adult cerebral cortex and hippocampus. Also, weegated and analyzed
BAC transgenic mice carrying 168 kb of the human BDNF locusthis transgene,
BAC construct was modified to insert the enhanced green 8aere protein (EGFP)
reporter gene into the C-terminus of the human BDNF geneergtéing hBDNF-
EGFP fusion protein. All h BDNF-EGFP alternative transtgipvere expressed from
the transgenic hBDNF-EGFP-BAC construct, resembling #pmession of endoge-
nous BDNF. Furthermore, h(BDNF-EGFP mRNA was induced in ayotor-specific
manner following treatment with kainic acid similarly toathof the endogenous
mouse BDNF. These results show that the genomic region iogv84 kb upstream
of hBDNF exon | to 17 kb downstream of hBDNF coding exon is sidfit to drive
tissue-specific and kainic acid-induced expression ofd¢penter gene in transgenic
mice. This is the first study to show that the human BDNF gemegalated by neu-
ral activity. Taken together, our mouse models represerstefulitool for studying
proximal and distal regulatory elements in the rodent anddruBDNF genén vivo.
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KOKKUV OTE

BDNF geeni struktuur ja regulatsioon

Ajust parinev neurotroofne faktobi@in derived neurotrophic factor, ehk BDNF)
paarikimne aasta jooksul avastatud seosed mitmete negilidte ja pstihhiaatriliste
haigustega on toonud selle faktori suure teadusliku ¢jgaelu alla, kuid BDNF geeni
regulatsiooni mitmeid aspekte pole tanaseks piisawdifglikult iseloomustatud.

Kaesolevas doktoritdods esitan ma uuendatud nariBNF geeni struktuuri,
kirjeldan BDNFi alternatiivsete promootorite regulatsid neuronaalse aktiivsuse-
ga ning kromatiini epigeneetilisi modifikatsioone moyate ravimitega, esitan mik-
rokiipide andmestiku bioinformaatilisel tootluseltigl uued potentsiaalsed BDNFi
transkriptsiooni reguleerivad faktorid ning kirjeldan BAransgeenseid hiiri BDNF
geeniregulatsiooni uurimiseks vivo.

Too esimeses etapis kirjeldasin mitmeid uusi narilBBNF geeni 5 mittetrans-
leeritavaid eksoneid ning juurutasime nende tahistakaiseie numeratsiooni. Selle
kohaselt koosneb hiire ja roti BDNF geen kaheksashifietransleeritavast eksonist
(I-V11l) ning Uhest valku kodeerivast’ 2ksonist (IX). BDNF transkriptid koosnevad
Uhest voi kahest eksonist kas kaheksa alternatiivseabtiglitud Uhest’®ksonist ja
eksonist IX vOi ainult 5suunal pikema mittetransleeritava alaga eksonist IX (IXA)
Olulise erinevusena inimese BDNF lookusega vorreldesaida nariliste lookus an-
tisense transkripte tootvat anti-BDNF geeni. Jargnekigitldasime kdikide BDNF
transkriptide ekspressiooni hiire ja roti ajuosades nirigemeuraalsetes kudedes
ning uurisime nende diferentsiaalset regulatsiooni at@irset neuraalset aktiivsust,
DNA metilatsiooni ning histoonide atsetilatsiooni otéyate farmakonide poolt.

TOO teises osas analuusisime bioinformaatiliseltasketekspressiooni meetodil
avalikus kasutuses olevat mikrokiipide andmestikku ubidtsEmhulkade meetodil
kasutades BDNFi juhtgeenina. Selle analuitisi votmeédags olid: i) andmehulkade
jagamine alamhulkadeks bioloogilise sisu jargi (nd&t&ke, soo voi haiguste jargi);
i) koekspressioonanaliiis BDNF geeniga eraldi igas hidgas; iii) koekspressioo-
ni seoste kinnitamine alamhulkade omavahelisel vordlugegnevalt analiisisime
koekspressioonimustrite konserveerumist inimese, finoti vahel ning viimases
etapis otsisime BDNFi ja BDNF-korreleeritud geenide hdis lileesindatud transk-
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riptsionifaktorite sidumissaite. BDNF-korreleeritudeggde hulgas on narvisiuisteemi
arengut reguleerivaid, mitmete vahitiipidega ningradegeneratiivsete haigustega
seotud geene. BDNFi promootorites ja eksonites leiti &firgonserveerunud sidu-
missaidid WT1, MAZ, KROX, CREB, OCT, MYOD, MEF2, TCF4 (ITF2BRN2
ja mitmetele teistele transkriptsioonifaktoritele, miflaidid on rikastunud ka BDNF-
korreleeruvates geenides. Me oletame, et need transkoptfaktorid vdivad regu-
leerida alternatiivsete BDNF promootorite aktiivsust.tidiéd selle analtilisi kaigus
leitud transkriptsioonifaktorid on varasemalt naidateduleerivat BDNF ekspres-
siooniinvitrojain vivo. Meie to0 naitab ekspressiooniandmestiku alamhulka€e-
todi potentsiaali Uksikute geenide regulatsiooni uusihining pakub mitmeid uud-
seid faktoreid kandidaatidena BDNF geeniekspressioauileerimisel.

To60 viimaseks osaks on BDNF-BAC transgeensete hiirtertége uurimaks ini-
mese ja roti BNDF geeni reguleerivaid proksimaalseid jtadiseid cis-elemeni@
vivo. Selleks valmistasime jargnevad transgeensed hiireliin

1. 168 kb inimese BDNF lookust sisaldavad BAC-BDNF-EGH#idij kus trans-
geen kodeerib EGFP-BDNF liitvalku (EGFP C-terminuses)

2. 207 kb roti BDNF lookust sisaldav liin, kus transgeen lerite BDNF raami
viidud 3-galaktosidaas reportervalku.

Transgeenseid BDNF-reporter mMRNAsid ekspresseerigid éiidogeense BDNF
transkriptidega vorreldaval tasemel tks inimese BDN¥zHiin ning roti BDNF-
BAC liin. Mdlemates hiireliinides jargis BDNF-reportéranskriptide ekspressiooni-
muster suurel maaral endogeense hiire BDNF geeni elspogs ajus ja mitteneu-
raalsetes kudedes. Lisaks rekapituleerisid mdlemaddeenid BDNFi promootor-
spetsiifilist induktsiooni neuronaalse aktiivsusegatitbotlemisel kainaathappega.
Teadaolevalt on see esimeseks uurimuseks, kus naidatedes®lt inimese geeni re-
gulatsiooni neuronaalse aktiivsusega. Loodud hiireliioh kasutatavad vaartuslike
tooriistadena BDNF geeni regulaatorelementide uueimis
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