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Introduction 
Brain-derived neurotrophic factor (BDNF) is an important signalling molecule that plays 
a role in neuronal survival, differentiation, and synaptic plasticity, thereby influencing 
various cognitive functions such as behaviour, learning, and memory. The regulation of 
Bdnf gene expression during development and in response to different stimuli is a 
complex and highly regulated process. Given the involvement of BDNF in many functions 
of the nervous system, BDNF has great potential as a therapeutic tool for different 
neurodevelopmental and neurodegenerative diseases. However, the complexity of Bdnf 
gene regulation and BDNF-dependent signalling is still not completely understood. 

In the present PhD thesis, we studied stimulus-dependent regulation of Bdnf 
expression. First, we focused on the mechanisms of BDNF-TrkB signalling-dependent 
Bdnf gene regulation in cultured cortical neurons. Next, we focused on brain region-specific 
activity-dependent regulatory mechanisms of Bdnf, focusing on cortical and hippocampal 
neurons. Finally, we studied distal regulatory regions of the Bdnf gene and revealed  
the first cell type-specific enhancer region potentiating Bdnf expression in neurons.  
The research underlying this thesis contributes to a comprehensive understanding of the 
molecular mechanisms governing Bdnf expression and lays the foundation for potential 
therapeutic interventions targeting neurodegenerative and neuropsychiatric disorders 
associated with aberrant BDNF expression. 

 



10 

Abbreviations 
AP1 Activating protein 1 
ATF1 Activating transcription factor 1 
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1 Review of literature 

1.1 The family of neurotrophic factors 
Neurotrophins are a family of secreted signalling molecules that support neuronal 
survival, neurite growth, and neuronal maturation (Chao, 2003). NGF (nerve growth 
factor) was the first discovered neurotrophin that, at the time as an unknown compound 
in a tumour extract, stimulated neurite growth of different ganglia (Cohen et al., 1954; 
Levi-Montalcini & Hamburger, 1951). This marked the beginning of a new era in 
developmental neurobiology – the study of neurotrophic factors.  

Almost 25 years after the discovery of NGF, it was discovered that a compound from 
the glioma cell culture could keep chicken embryonic sensory neurons alive (Y. A. Barde 
et al., 1978; Y.-A. Barde et al., 1980). In the following years, the active compound was 
purified from pig brain (Y. A. Barde et al., 1982) and shown to be a neuronal survival factor 
(Y. A. Barde et al., 1982; Johnson et al., 1986; Rodriguez-Tébar et al., 1989). Next, nucleotide 
sequence of the novel compound, named BDNF (brain-derived neurotrophic factor), was 
determined and the protein sequence was shown to be highly similar to NGF (Leibrock  
et al., 1989), starting the family of neurotrophic factors. Based on protein sequence 
similarity, neurotrophin 3 (NT-3) (Ernfors et al., 1990; Hohn et al., 1990) and neurotrophin 
4 (NT-4) (Berkemeier et al., 1991; Hallböök et al., 1991) soon followed as members of the 
neurotrophic family. In fish, additional neurotrophins, NT-6 and NT-7, have been 
described (Götz et al., 1994; Lai et al., 1998; Nilsson et al., 1998). Altogether, NGF, BDNF, 
NT-3, and NT-4 form the family of neurotrophic factors in mammals (Chao, 2003). 

1.2 BDNF gene structure 
The Bdnf gene spans approximately 50 kbp and contains multiple promoters that direct 
tissue-specific expression of Bdnf (Nakayama et al., 1994; Timmusk et al., 1993). Initially, 
five exons were identified in the Bdnf gene (Timmusk et al., 1993), and further studies 
discovered additional 5’ exons (Q.-R. Liu et al., 2005, 2006). Thus, the rodent Bdnf gene 
consists of eight 5’ non-coding exons and one 3’ coding exon (Aid et al., 2007), while the 
human BDNF gene contains ten 5’ exons and one 3’ coding exon (Figure 1) (Pruunsild  
et al., 2007). BDNF exon IIc contains three splice donor sites that could be used for 
alternative splicing (Aid et al., 2007; Pruunsild et al., 2007). In humans also exons V, VII, 
and VIII can undergo alternative splicing, and exons VIII and VIIIh can be used as internal 
exons and spliced together with exon V, further increasing the complexity of the BDNF 
gene (Pruunsild et al., 2007).  

In humans an extra layer of regulation of BDNF mRNA levels is achieved by the  
non-coding antisense BDNF transcript that partially overlaps with the BDNF gene. 
Antisense BDNF has been shown to form duplexes with BDNF mRNA (Q.-R. Liu et al., 
2005; Pruunsild et al., 2007). Knockdown of antisense BDNF RNA results in increased 
BDNF mRNA levels, indicating negative regulation of BDNF expression by the antisense 
transcript (Modarresi et al., 2012). 

1.2.1 BDNF 5’ exons 
BDNF 5’ exons are generally non-coding, although exon I in both humans and rodents 
(Aid et al., 2007; Pruunsild et al., 2007), and exons VII and VIII in humans contain an  
in-frame translation initiation codon and could be used to initiate translation (Pruunsild 
et al., 2007). Notably, the alternative in-frame AUG in Bdnf exon I is used more efficiently 
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for translation initiation than the start codon in the coding exon (Koppel et al., 2015). 
Furthermore, the exon I-containing transcripts are the most enriched Bdnf transcript in 
synaptoneurosomes (Lekk et al., 2023). It has also been shown that all Bdnf 5’ UTRs 
(untranslated regions) repress translation, with the UTR resulting from exon II being the 
most repressive (Lekk et al., 2023). 
 

 
Figure 1. Schematical representation of rodent and human BDNF gene structure. BDNF exons are 
shown with boxes with Roman numerals above the box indicating exon number. Dashed line 
represents introns. BDNF coding sequence in exon IX is shown in black. Arrows above the boxes 
indicate transcription start site, ATG indicates alternative translation start sites, and pA marks the 
locations of alternative poly-adenylation signal sequences that result in BDNF transcripts with 
either short or long 3’ UTR. (Adapted from (Esvald et al., 2023)). 
 

The expression of the first cluster of BDNF exons (exons I, II, and III) is mainly  
brain-specific, whereas the second cluster (BDNF exons IV to VII) are expressed in both 
neural and non-neural tissues (Aid et al., 2007; Pruunsild et al., 2007; Timmusk et al., 
1993). In the human brain, major BDNF transcripts contain exons I, IIc, or IV, while in 
rodents, Bdnf exon VI also remarkably contributes to the total Bdnf mRNA pool (Esvald 
et al., 2023). Some brain regions in the human brain exhibit specific expression patterns 
of different BDNF transcripts, e.g., exon I-containing transcripts contribute to total BDNF 
levels more in the amygdala and thalamus, whereas exon IIc-containing transcripts form 
a remarkable proportion of total BDNF mRNA in the cerebellum (Esvald et al., 2023).  
The usage of Bdnf transcripts varies between cell types, as majority of Bdnf transcripts in 
cortical neurons contain exon IV, whereas the major Bdnf transcripts contain exon VI in 
cortical astrocytes (Koppel et al., 2018). 

Only certain cells, e.g., glutamatergic neurons, express Bdnf and are a major source of 
BDNF in the brain (Andreska et al., 2014; Hartmann et al., 2001). In peripheral tissues, 
for example, single-cell RNA sequencing data indicates that mesothelial cells in the lung 
and smooth muscle cells in musculature, spleen and vasculature are primary cells 
expressing Bdnf in these tissues (Esvald et al., 2023). It has been recently shown using 
single molecule fluorescent in situ hybridization that the expression levels of Bdnf varies 
between neurons (Maynard et al., 2020). Almost all neurons that express Bdnf exon I also 
express exon IV, whereas only around half of neurons that express Bdnf exon IV also 
express exon I transcripts at the same time (Maynard et al., 2020). 

Membrane depolarization increases transport of Bdnf mRNA to dendrites (Tongiorgi 
et al., 1997) via interaction with translin (Chiaruttini et al., 2009) for local translation of 
Bdnf in the neurites (Baj et al., 2011). Translin participates in Bdnf trafficking after 
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neuronal activity, but  not after BDNF treatment (Y.-C. Wu et al., 2011), implying the 
presence of several highly specific mechanisms governing Bdnf mRNA localization. It has 
been reported that the main Bdnf transcripts in distal dendrites contain exons II or VI, 
whereas other Bdnf transcripts are mostly restricted to the cell soma (Baj et al., 2011, 
2013; Chiaruttini et al., 2009). More specifically, transcripts containing Bdnf exon IV 
remain in cell soma while exon VI-containing transcripts are localized in both soma and 
dendrites (Baj et al., 2013; Chiaruttini et al., 2008, 2009; Pattabiraman et al., 2005; Singer 
et al., 2018). Furthermore, specific localization of different Bdnf transcripts and local 
translation has been confirmed using knock-in of cyan or yellow fluorescent protein-
encoding sequence to the Bdnf 5’ exons both in vitro and in vivo (Matt et al., 2018; Singer 
et al., 2018). Although the exact mechanism of Bdnf mRNA compartmentalization 
remains to be studied, it has been reported that different Bdnf transcripts have distinct 
effects on dendrite complexity (Baj et al., 2011). In agreement with the localization and 
potential local translation of the transcripts, knockout of BDNF protein from exon II 
reduces dendrite branching and loss of BDNF protein from exon VI transcripts reduces 
spine morphology on apical dendrites (Maynard et al., 2017). 

1.2.2 BDNF alternative polyadenylation signal 
In addition to different 5’ UTRs, Bdnf coding exon contains several polyadenylation sites, 
allowing for the formation of Bdnf transcripts with either short (~1.6 kbp) or long  
(~4.2 kbp) 3’ UTR (Fukuchi & Tsuda, 2010; Maisonpierre et al., 1991; Ohara et al., 1992; 
Timmusk et al., 1993). Bdnf transcripts with short 3’ UTR are generally more stable 
(Castrén et al., 1998) and more enriched to polysomes than transcripts with long 3’ UTR 
(Timmusk et al., 1994). Bdnf long 3’ UTR has been shown to decrease Bdnf mRNA stability 
(Will et al., 2013) due to miRNA binding sites that decrease Bdnf mRNA levels (Mellios  
et al., 2008; Varendi et al., 2014).  

Different Bdnf 3’ UTRs have been reported to result in distinct Bdnf transcript 
localisation patterns. The majority of Bdnf transcripts have a short 3’ UTR and are located 
in the cell soma (An et al., 2008; Will et al., 2013), while transcripts with long 3’ UTR 
localize in dendrites and promote maturation of dendritic spines (An et al., 2008). 
Notably, Bdnf transcripts with short and long 3’ UTR have a slightly different role in 
dendrite branching, as they promote the branching of secondary and primary dendrites, 
respectively (O’Neill et al., 2018). Bdnf transcripts with different 3’ UTRs are differentially 
transported to dendrites in response to various stimuli. For example, Bdnf transcripts 
with both short and long 3’ UTR are transported to dendrites in response to membrane 
depolarization, only transcripts with short 3’ UTR are transported after NT-3 signalling, 
and only transcripts with long 3’ UTR are transported after BDNF signalling (Vicario et al., 
2015). 

The precise effect of Bdnf 3’ UTR on translatability is still unclear. On one hand Bdnf 
long 3’ UTR has been shown to repress translation at basal conditions, while neuronal 
activity leads to greater enrichment of Bdnf transcripts with long 3’ UTR in polysomes 
compared to those with short 3’ UTR (Lau et al., 2010). Also, it has been proposed that 
membrane depolarization increases the stability of Bdnf transcripts via formation of 
secondary structures in the Bdnf 3’ UTR (Fukuchi & Tsuda, 2010). On the other hand,  
it has been demonstrated that the Bdnf 5’ nor 3’ UTRs do not affect the translatability of 
a reporter gene in response to membrane depolarization, but Bdnf long 3’ UTR increases 
de novo synthesis of a reporter gene in HEK293 cells (Lekk et al., 2023). 
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The role of Bdnf 3’ UTR has also been elucidated in vivo. Knockout of Bdnf long 3’ UTR 
in hypothalamus decreases dendritic Bdnf mRNA levels and increases food intake and 
body weight (An et al., 2008). Decreasing the levels of Bdnf transcripts with long 3’ UTR 
in cortex using shRNAs also results in lower dendritic Bdnf levels and more anxiety and 
depressive-like behaviour (Oh et al., 2018). In vivo deletion of a substantial part of the 
Bdnf 3’ UTR with CRISPR-Cas9 also decreases total Bdnf mRNA levels in mouse brain 
(Mätlik et al., 2023). Similarly, removal of the whole Bdnf 3’ UTR decreases the levels of 
BDNF protein in all brain regions, but increases BDNF levels in peripheral tissues (Lekk  
et al., 2023), implying unknown differences in the regulation of BDNF between the brain 
and peripheral tissues. 

1.3 BDNF-regulated signalling pathways 

1.3.1 Synthesis of BDNF protein 
It has been proposed that genes encoding neurotrophins share a common ancestral 
origin and have undergone evolutionary changes over time (Hallböök, 1999). Similar to 
other neurotrophins, the BDNF protein consists of a signal peptide (pre region), pro 
region, and the mature BDNF region with conserved cysteine residues that form 
disulphide bridges (Hohn et al., 1990; Leibrock et al., 1989) (Figure 2). Notably, the amino 
acid sequence of mature BDNF is highly conserved during evolution, while the pro-domain 
has been under less selective pressure (Lucaci et al., 2022). 

BDNF is synthesized as a prepro-precursor protein into the endoplasmic reticulum, 
with the pre-region cleaved co-translationally, and processed to mature BDNF either 
intracellularly in the Golgi complex by furin-like enzymes (Mowla et al., 1999, 2001) or 
extracellularly by plasmin and matrix metalloproteinases (Lee et al., 2001; Mizoguchi  
et al., 2011). In secretory vesicles, BDNF can be cleaved by pro-protein convertases 
(Seidah et al., 1996). Additionally, proBDNF protein, but not mature BDNF, can undergo 
N-glycosylation to increase stability (Mowla et al., 2001). As some Bdnf transcripts are 
transported away from the cell soma, BDNF can be locally translated in dendrites after 
neuronal activity, promoting spine maturation (Tanaka et al., 2008; Verpelli et al., 2010). 

 

 
Figure 2. Schematical representation of BDNF protein structure. Prepro-precursor BDNF is shown 
with boxes and grey arrows mark cleavage sites that produce proBDNF and mature BDNF protein 
from precursor protein. Val66Met substitution (V66M) and N-glycosylation site in the pro region 
are shown with black arrows. 
 

In neurons, BDNF is sorted within the Golgi complex into the regulated secretory 
pathway via interaction with sortilin (Z.-Y. Chen et al., 2005) and can be secreted from 
the cell in a neuronal activity-dependent manner (Mowla et al., 1999). Notably, a common 
valine to methionine substitution (Val66Met) in the BDNF pro-region impairs packaging 
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of BDNF into secretory granules resulting in reduced activity-dependent secretion of 
BDNF (Z.-Y. Chen et al., 2004; Egan et al., 2003). The prevalence of the Val66Met 
substitution varies among populations, being nearly absent in certain African groups and 
reaching up to 70% in specific Asian populations (Petryshen et al., 2010). The majority of 
secreted BDNF is in the mature form (Matsumoto et al., 2008; Mowla et al., 1999). 
Electron microscope studies using tissue sections and various BDNF antibodies suggest 
that BDNF is cleaved into the mature form soon after synthesis, with mature BDNF 
localized in presynaptic vesicles together with the BDNF pro-peptide (Dieni et al., 2012). 
Since then, it has been reported that the BDNF pro-peptide itself acts as a signalling 
molecule and has been associated with stress resilience (reviewed in Zanin et al., 2017) 
and depression (reviewed in Kojima et al., 2019). 

1.3.2 BDNF-dependent signalling pathways 
BDNF forms non-covalently associated dimers and binds two types of receptors:  the p75 
neurotrophin receptor (p75NTR) (Fayard et al., 2005; Rodriguez-Tebar et al., 1990) and 
the tropomyosin-related kinase B (TrkB) receptor (Klein et al., 1991; Squinto et al., 1991).  
Preferentially proBDNF binds p75NTR and mature BDNF binds TrkB (Reichardt, 2006). 
The outcomes of p75NTR and TrkB signalling are often opposing, e.g., p75NTR generally 
promotes apoptosis, whereas Trk receptors support cell survival (reviewed in Lu et al., 
2005). 

TrkB receptor is a member of the tropomyosin-related kinase family of tyrosine 
kinases, and in addition to BDNF, TrkB can also bind NT-3 and NT-4 (Reichardt, 2006).  
The binding of a neurotrophin dimer causes TrkB dimerization and trans-phosphorylation 
(Reichardt, 2006). Consequently, various adaptor proteins and enzymes can bind to the 
phosphorylated tyrosine residues in the TrkB intracellular domain and initiate different 
signalling pathways. The main pathways activated by TrkB are Ras-MAPK, PI3K-Akt,  
and PLCγ1-IP3/DAG (Reichardt, 2006). Since BDNF-dependent signals must reach the 
nucleus for long-term changes in the neuronal functions, the internalization and 
formation of signalling endosome is an important part of TrkB signalling (Barford et al., 
2017; Moya-Alvarado et al., 2022). Recent findings have shown that TrkB dimerization 
can occur after endocytosis and initiate the PI3K-Akt pathway, whereas monomeric TrkB 
can activate the Ras-MAPK pathway already at the cell membrane (Zahavi et al., 2018). 

TrkB is encoded by the Ntrk2 gene, and several TrkB isoforms are generated through 
alternative splicing (Luberg et al., 2010; Stoilov et al., 2002). The most common TrkB 
isoforms are the full-length and C-terminally truncated isoform TrkB-T1, which lacks the 
intracellular kinase domain (Luberg et al., 2010; Stoilov et al., 2002). In different brain 
regions, both full-length TrkB and TrkB-T1 are expressed, whereas in non-neural tissues 
only TrkB-T1 is expressed (Esvald et al., 2023). In the brain, full-length TrkB is expressed 
in neuronal cells, whereas TrkB-T1 is expressed in both neuronal and non-neuronal cells, 
such as radial glia cells and oligodendrocytes (Pattwell et al., 2022). TrkB-T1 isoform often 
functions as a dominant-negative by sequestering BDNF and full-length TrkB (Haapasalo 
et al., 2002). However, TrkB-T1 has independent signalling roles (Baxter et al., 1997; 
Tessarollo & Yanpallewar, 2022), such as mediating calcium release in astrocytes (Rose 
et al., 2003) and cardiomyocytes (Fulgenzi et al., 2015). 

The p75NTR, encoded by the Ngfr gene, belongs to the family of tumour necrosis 
factor receptor superfamily and can bind all proneurotrophins (Rodríguez-Tébar et al., 
1992; Rydén et al., 1995). Lacking a catalytic domain, p75NTR initiates signalling pathways 
by interacting with other proteins, e.g., intracellularly with TRAF6, and extracellularly 



16 

with sortilin, Lingo-1, and Nogo-R as co-receptors (Kraemer et al., 2014). The binding of 
proneurotrophins to p75NTR initiates NF-kB, RhoA, or Jun kinase pathways, which can 
result in the promotion of apoptosis and the inhibition of axonal growth cones (Kraemer 
et al., 2014; Reichardt, 2006). Conversely, when interacting with members of the Trk 
family as co-receptors, p75NTR promotes cell survival instead (Kraemer et al., 2014; 
Zanin et al., 2019). 

1.4 Roles of BDNF 

1.4.1 Bdnf haploinsufficiency in humans 
In humans, haploinsufficiency of BDNF has only been reported in a few cases. A mother 
and her 3-year-old child with BDNF deletion demonstrated delayed development and 
obesity, along with higher levels of cholesterol, insulin, and sodium in the serum, and 
displayed sedentary behavior (Harcourt et al., 2018). Haploinsufficiency of BDNF has 
further been described in a subpopulation of WAGR syndrome patients, and is associated 
with hyperphagia, obesity, lower IQ, diminished adaptive behaviour, and social 
impairments, as well as remarkably lower sensitivity to pain (Han et al., 2008, 2013; Sapio 
et al., 2019). Furthermore, deletions of the 11p14 region (distinct from those seen in 
WAGR syndrome patients), including BDNF among other genes, are associated with 
numerous issues, such as obesity, developmental delay, lower IQ and learning 
difficulties, attention deficiency disorder, and behavioural problems, including 
aggressiveness and hyperactivity (Ernst et al., 2012; Shinawi et al., 2011). Additionally, 
an 8-year old child with a de novo chromosomal inversion with a breaking point 850 kbp 
upstream from BDNF locus resulted in decreased levels of BDNF in the blood, and the 
child exhibited developmental delay, lower IQ, hyperphagia, obesity, extreme hyperactivity, 
and impaired nociception (Gray et al., 2006). Although decrease in BDNF levels has 
mainly been connected to obesity, low serum BDNF levels have also been associated with 
anorexia (Nakazato et al., 2003). Interestingly, a case of BDNF duplication has also been 
reported in an individual with developmental delay and dystonia (Ernst et al., 2012). 
Collectively, these case reports emphasize the importance of proper BDNF levels and 
suggest multiple roles, such as behavioural and metabolic control, for BDNF in humans. 

1.4.2 Total Bdnf knockout animals 
Mice with homozygous deletion of Bdnf coding exon show similar size and motor activity 
to wild-type mice at birth but generally die within the following days (Jones et al., 1994). 
Cardiac failure due to endothelial cell apoptosis leading to vascular hemorrage has been 
suggested to be the main cause of early death (Donovan et al., 2000). A few Bdnf -/- 
animals that survive are smaller than their littermates, experience movement difficulties, 
and display alternating periods of hyperactivity and inactivity (Jones et al., 1994). Older 
Bdnf -/- animals exhibit hunched posture, ataxia, and problems with breathing (Jones  
et al., 1994). In contrast, Bdnf +/- animals are fertile and can survive for over a year (Jones 
et al., 1994). Another research group described Bdnf -/- mice as smaller than wild-type 
mice, with death occurring during the second postnatal week (Ernfors et al., 1994). These 
mice also experience problems with movement and balance, and show periods of 
hyperactivity that are followed by immobility (Ernfors et al., 1994). At the cellular level, 
the absence of Bdnf leads to extensive death of sensory neurons (Ernfors et al., 1994; 
Jones et al., 1994). Subsequent studies of Bdnf knockout mice also report early death 
within two weeks after birth and extensive loss of sensory ganglia (Liebl et al., 1997).  
In addition, Bdnf -/- mice have a typical wide-based stance that is partially caused by the 
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dysfunction of cerebellum, as loss of Bdnf causes increased granule cell death, poor 
arborization of Purkinje cells, disrupted cerebellar layer formation and abnormal 
foliation (Schwartz et al., 1997). 

Similar to humans, heterozygous Bdnf knockout rats display impaired sensitivity to 
pain (Sapio et al., 2019). Furthermore, heterozygous Bdnf knockout mice are more 
aggressive and impulsive, a phenomenon that can be relieved by the administration of 
fluoxetine, implying acute effects rather than developmental problems in Bdnf +/- animals 
(W. E. Lyons et al., 1999). In addition, Bdnf +/- mice, but not NT-3 +/- mice, have hyperphagia, 
higher insulin levels, and gradually become obese despite normal locomotor activity  
(W. E. Lyons et al., 1999). However, another study focusing on Bdnf haploinsufficiency 
reports the presence of two subgroups – fat and non-fat Bdnf heterozygous knockout 
animals (Kernie et al., 2000). The subgroup of fat Bdnf knockout animals gradually gains 
body weight and has adipose cell hypertrophy, higher body fat content, and higher levels 
of leptin and insulin in serum (Kernie et al., 2000). Meanwhile, the subgroup of non-fat 
Bdnf +/- animals are similar to wild type mice, except their locomotor activity is increased 
(Kernie et al., 2000). Notably, both increased body weight and food intake can 
temporarily be reduced to levels comparable to wild-type mice through BDNF or NT-4 
infusion to the third ventricle, again suggesting acute BDNF effects rather than improper 
development of specific neuronal circuits (Kernie et al., 2000). 

1.4.3 Conditional Bdnf knockout in neurons 
Due to the low viability of Bdnf homozygous knockout animals, conditional knockout 
animals have been widely used to address the functions of BDNF in the adult organism. 
Mice with conditional embryonic Bdnf deletion in neocortex and hippocampus, driven by 
Emx1-Cre, display shorter lifespan, poor fecundity, increased aggressiveness in males, 
poor nesting behaviour in both males and females, impaired spatial learning, and 
decreased activity compared to wild-type mice (Gorski, Balogh, et al., 2003). These 
conditional Bdnf knockout mice are also slightly smaller than their wild-type littermates 
at a young age, but become mildly obese by the fourth month (Gorski, Zeiler, et al., 2003). 
Additionally, their cortex is thinner but with higher neuron density, smaller neuron soma 
and reduced dendrite arborization (Gorski, Zeiler, et al., 2003). Another study using 
Emx1-Cre recombinase-driven Bdnf knockout focusing on striatum reported smaller 
striatum, reduced dendrite complexity of striatal medium spiny neurons, and eventual 
loss of striatal neurons (Baquet et al., 2004). 

Mice with conditional Bdnf knockout in postmitotic neurons driven by tau-dependent 
Cre survive for at least 8 months after birth and are indistinguishable from wild-type 
littermates despite lower BDNF protein levels in several brain regions (Rauskolb et al., 
2010). Interestingly, the young Bdnf knockout animals are slightly smaller than their 
littermates and again exhibit periods of hyperactivity and inactivity in the first weeks of 
life (Rauskolb et al., 2010). These animals also display a clasping phenotype and abnormal 
exploratory behaviour (Rauskolb et al., 2010). Notably, by the sixth week after birth, 
female but not male conditional Bdnf knockout animals become obese (Rauskolb et al., 
2010). At two months of age, these Bdnf knockout animals exhibit a reduction in brain 
size, particularly in the striatum, and a decrease in dendrite number and length among 
medium spiny neurons (Rauskolb et al., 2010). Interestingly, this conditional Bdnf 
knockout has a more pronounced effect on striatal neurons compared to hippocampal 
neurons (Rauskolb et al., 2010), suggesting a brain region-specific dependency on BDNF. 
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Using CamKII-driven Cre recombinase to postnatally knock out neuronal Bdnf, Rios  
et al., (2001) found reduced Bdnf mRNA levels at least in the cortex, hippocampus,  
and hypothalamus, leading to a range of behavioural and physiological changes in these 
mice. Specifically, these mice become hyperactive, aggressive, anxious, and eventually 
develop obesity and infertility (likely a secondary effect of obesity) (Rios et al., 2001). 
They also exhibit hyperphagia, elevated leptin, insulin, and glucose levels in serum,  
as well as an abnormal molecular response to starvation (Rios et al., 2001). Interestingly, 
treatment with fluoxetine alleviates hyperactivity phenotype in these Bdnf knockout 
mice, but does not decrease food intake and body weight (Rios et al., 2001), which is in 
contrast to total Bdnf knockout animals where food intake was partially suppressed  
(W. E. Lyons et al., 1999). 

Early prenatal and postnatal knockouts of Bdnf have been achieved using Nestin or 
CamKII-driven Cre, respectively (Chan et al., 2006). These knockout animals display 
increased aggressiveness, anxiety, and depressive-like behaviour in various behavioural 
tests, with a more pronounced phenotypes observed in animals where Bdnf knockout 
occurred earlier in development (Chan et al., 2006). Using inducible Cre recombinase for 
neuronal Bdnf knockout has further enabled researchers to study the developmental 
roles of Bdnf (Monteggia et al., 2004). Early knockout of Bdnf during late embryogenesis 
leads to increased hyperactivity, while knockout in adult animals only results in impaired 
long-term potentiation and deficiencies in learning memory, without increased locomotor 
activity or aggression (Monteggia et al., 2004). In another study, direct injection of 
lentiviruses expressing Cre recombinase to knock out Bdnf in the hippocampus of young 
adult Bdnf flox/flox animals impairs novel object recognition and spatial learning (Heldt et al., 
2007). 

AAV-mediated Bdnf knockout in adult Bdnf flox/flox mice ventromedial and dorsomedial 
hypothalamus causes hyperphagia, weight gain, and increased levels of leptin, insulin, 
and glucose in serum (Unger et al., 2007), consistent with previous findings. Interestingly, 
these Bdnf knockout mice do not exhibit anxious, aggressive, or depressive behaviour, 
indicating that changes in complex neural circuits underlie these phenotypes (Unger et al., 
2007). Taken together, the results obtained from the variety of Bdnf knockout animals 
suggest that the timing and brain region of Bdnf knockout are critical determinants of 
the outcome. 

1.4.4 Conditional Bdnf knockout in non-neural cells 
Astrocytes are an important cell type in the brain known to produce (Hisaoka-Nakashima 
et al., 2016; Jean et al., 2008, p. 200; Koppel et al., 2018; Zafra et al., 1992; Zhang et al., 
2014) and respond to BDNF (Alderson et al., 2000; Holt et al., 2019; Rose et al., 2003).  
To investigate the role of astrocyte-derived BDNF, researchers have employed Bdnf 
knockout with Gfap-driven Cre recombinase to show that BDNF is important in 
myelination (Fulmer et al., 2014), oligodendrocyte maturation, and restoring myelin after 
injury (Miyamoto et al., 2015). Co-cultures of wild-type neurons with Bdnf deficient 
astrocytes have revealed that astrocytic BDNF also supports neuronal maturation (Pins 
et al., 2019). Additionally, deficiency in astrocytic BDNF production causes higher 
neuronal excitability in the hippocampus (Fernández-García et al., 2020). 

In the heart, specific knockout of Bdnf using Myh6-Cre recombinase results in 
cardiomyopathy with a reduced thickness of the posterior ventricle wall (Fulgenzi et al., 
2015). Detailed analysis of early knockout of heart-derived Bdnf shows cardiomyocyte 
death, myocardium degeneration, cardiomyocyte hypertrophy, decreased cardiac function, 
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increased inflammation, and metabolic disorders, ultimately leading to a shorter lifespan 
(L. Li et al., 2022). At the cellular level, loss of cardiac Bdnf increases expression of 
apoptosis-related genes (L. Li et al., 2022). Notably, heart-derived Bdnf knockout animals 
develop two subgroups, similar to heterozygous Bdnf knockout mice, with roughly 40% 
of animals developing edema (L. Li et al., 2022). The subgroup of animals with edema 
exhibits a higher body weight, increased cardiac dysfunction, and die shortly after the 
edema onset (L. Li et al., 2022). 

Knockout of skeletal muscle-derived Bdnf using Acta1-Cre recombinase results in mice 
with higher body weight, more white adipose tissue, and impaired energy metabolism 
(Yang et al., 2019). These findings were later confirmed and extended, showing that 
animals with skeletal muscle-specific knockout of Bdnf have more dysfunctional 
mitochondria and mitophagy (Ahuja et al., 2021). Using Myl1-Cre recombinase, BDNF 
was shown to be secreted from muscles and to participate in glucose and insulin 
regulation in the pancreas (Fulgenzi et al., 2020). 

1.4.5 Transcript-specific Bdnf knockout animals 
Various Bdnf knockout animals have demonstrated the diverse roles of BDNF in an 
organism during development and in acute situations but have not elucidated the 
function of multiple promoters in the Bdnf gene. To expand upon the functional 
understanding of the intricate Bdnf gene structure, several Bdnf transcript-specific 
knockout animals have been generated. The first-generation of transcript-specific Bdnf 
knockout animals had a Pgk-Neo cassette and GFP coding sequence (with stop codon) 
inserted into Bdnf exon IV, resulting in normal transcription from Bdnf promoter IV but 
producing GFP protein instead of BDNF (Sakata et al., 2009). These animals, with 
disrupted Bdnf exon IV, exhibit a reduced number of interneurons, impaired GABAergic 
inhibition, and compromised synaptic plasticity in the cortex (Sakata et al., 2009). 
However, they display no significant effects on brain anatomy or dendrite morphology 
(Sakata et al., 2009), as would be anticipated from the studies using Bdnf conditional 
knockout animals. Additionally, disruption of Bdnf exon IV leads to impaired long-term 
potentiation, reversal learning and memory extinction (Sakata et al., 2013), depression, 
but not anxiety-like behaviour, defective response inhibition (Sakata et al., 2010) and 
sleep cycles (Martinowich et al., 2011). Notably, these animals have lower levels of all 
major Bdnf transcripts, at least in the cortex (Martinowich et al., 2011), and overall 
reduced levels of Bdnf mRNA might have contributed to some of the seen phenotypes. 

It has been reported that Pgk-Neo cassette can impede the expression of the gene in 
the locus where it was inserted (Pham et al., 1996). Consistently, the Pgk-Neo cassette 
in the Bdnf gene of the first-generation knockout animals decreased the expression of 
other genes on the same chromosome (Maynard et al., 2016). Consequently, in the 
second generation of transcript-specific Bdnf knockout animals the Pgk-Neo cassette was 
removed and had only the GFP coding sequence in Bdnf exon I, II, IV, or VI (Maynard et al., 
2016). All Bdnf transcript-specific knockout animals develop normally, with 2-week-old 
animals exhibiting typical gross morphology of the cortex and hippocampus, normal body 
weight, motor reflexes, and response to acoustic stimuli (Maynard et al., 2016). 

In the second generation of Bdnf transcript-specific knockout animals, the expression 
of Bdnf transcripts is not uniformly decreased; rather, developmental and brain-region 
specific effects are observed. For instance, in young Bdnf exon I knockout animals,  
the levels of other Bdnf transcripts are not much affected. However, in adult Bdnf exon I 
knockout animals, all major Bdnf transcripts are diminished in the hypothalamus, only 
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Bdnf exon IV levels are increased in the hippocampus, and only Bdnf exon II and IV levels 
are increased in the cortex (Maynard et al., 2016). These findings emphasize that the 
regulation of Bdnf transcripts is subject to highly specific developmental and brain 
region-specific control. Remarkably, only animals with disrupted Bdnf exons I and II, but 
not exons IV or VI, exhibit aggression (Maynard et al., 2016, 2018), increased food intake, 
greater adipose tissue, and obesity (McAllan et al., 2018), despite similar reductions of 
BDNF protein levels in the hypothalamus of Bdnf exon I and IV knockout animals. 
Additionally, knockout of Bdnf exon I, but not exon IV or VI, results in impaired 
thermogenesis alongside obesity (You et al., 2020). Bdnf exon IV knockout animals 
display compromised fear memory retrieval (Hallock et al., 2020), abnormal sleep cycles 
and deficiencies in responding to sensory stimulus (Hill et al., 2016), in agreement with 
the previous studies of different Bdnf knockout animals (see Sections 1.4.2 and 1.4.3). 

1.4.6 Molecular functions of BDNF in the nervous system 
BDNF plays various cellular roles depending on the context, including promoting survival, 
maturation, and synaptic strength, and participates in forming neural circuits (Park & 
Poo, 2013). Its most well-established role is as a survival factor for sensory neurons 
during development (Ernfors et al., 1994; Hofer & Barde, 1988; Jones et al., 1994; Liebl  
et al., 1997). Although cultured sensory neurons initially require target-derived signals for 
survival, their dependency on BDNF decreases over time (Rodriguez-Tébar et al., 1989) and 
mature sensory neurons survive through autocrine BDNF signalling (Acheson et al., 1995).  

BDNF has been suggested to promote adult neurogenesis by supporting neuronal 
precursor cell survival in the hippocampus (Sairanen et al., 2005) and forebrain 
(Kirschenbaum & Goldman, 1995). Direct BDNF infusion into adult hippocampus 
increases new-born granule cell numbers (Scharfman et al., 2005). However, adult Bdnf 
heterozygous knockout mice exhibit normal hippocampal progenitor cell proliferation 
and new cell survival but show compromised dendritic branching and migration (Chan  
et al., 2008). Additionally, TrkB knockout in adult animals impairs neurogenesis, dendrite 
arborization, spine density, and long-term potentiation in the hippocampus (Bergami  
et al., 2008). Notably, impairing BDNF signalling by TrkB knockout in progenitor cells 
reveals impaired neurogenesis and proliferation (Y. Li et al., 2008). In cultured cortical 
neurons, BDNF-TrkB signalling is essential for survival, proliferation, and differentiation, 
with outcomes determined by the specific TrkB-initiated pathway (Barnabé-Heider & 
Miller, 2003). 

In many cases, BDNF functions as a maturation factor, inducing dendrite growth and 
branching in cortical neurons (McAllister et al., 1995; Singh et al., 2006). Through autocrine 
signalling, BDNF particularly increases the number of dendrites near the cortical neuron 
cell soma (Horch et al., 1999), and through paracrine signalling, it promotes dendrite 
branching in nearby cortical neurons (Horch & Katz, 2002). Autocrine signalling of BDNF 
also promotes the growth of hippocampal dendrites (L. Wang et al., 2015) and Bdnf 
knockout animals display impaired dendrite branching and spine morphology in the 
hippocampus (Maynard et al., 2017). BDNF can also promote axon initiation and 
differentiation (Shelly et al., 2007) and guide axon development through autocrine 
signalling (Cheng et al., 2011). In the postnatal hippocampus, BDNF knockout impairs 
dendritic arborization, spine maturation, synapse formation, and learning and memory 
(Gao et al., 2009). BDNF also has multiple roles in cerebellar granule neuron development, 
such as promoting survival, maturation (Schwartz et al., 1997), and migration (Borghesani 
et al., 2002). 
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Secreted in an activity-dependent manner, BDNF has local effects on dendritic 
structures and synapses (reviewed in Kuczewski et al., 2009), influencing long-term 
potentiation (Korte et al., 1995; Patterson et al., 1996), synaptic consolidation (Messaoudi 
et al., 2002; Wibrand et al., 2006), and proper formation of GABAergic networks (Bolton 
et al., 2000; Chan et al., 2008; Hong et al., 2008; Sakata et al., 2009; Yamada et al., 2002). 
Overall, BDNF promotes neurite differentiation, guidance, synapse formation, and neural 
circuit development (reviewed in Park & Poo, 2013). 

1.4.7 BDNF in non-neural tissues 
In addition to its role in the central nervous system, BDNF has been demonstrated to 
function in numerous peripheral tissues. For example, BDNF derived from cardio-myocytes 
is important for heart development and function (L. Li et al., 2022), and BDNF-TrkB-T1 
signalling contributes to cardiac muscle contraction (Fulgenzi et al., 2015) and energy 
regulation (Yang et al., 2022). In addition, BDNF present in the blood promotes platelet 
aggregation (Boukhatem et al., 2021). In muscles, BDNF participates in muscle 
development (Delezie et al., 2019), regulates mitochondria (Ahuja et al., 2021), and 
modulates metabolism in adult organism (Fulgenzi et al., 2020; Yang et al., 2019). BDNF 
signalling also promotes repair mechanisms in the lungs following infection (Paris et al., 
2020), facilitates innervation of mechanosensory neurons in skin (Rutlin et al., 2014), and 
regulates sensory innervation in mammary glands (Y. Liu et al., 2012; Sar Shalom et al., 
2019). Furthermore, BDNF signalling is important for proper kidney development 
(Endlich et al., 2018; García-Suárez et al., 2006). Finally, TrkB signalling is required for 
oocyte survival (Dorfman et al., 2014), both p75NTR and TrkB signalling contribute to 
follicular development (Kerr et al., 2009), and activation of TrkB enhances fertility and 
offers potential treatment for ovarian failure (Qin et al., 2022). 

1.4.8 BDNF in disease pathology and potential as therapy 
BDNF has been associated with many neuropsychiatric diseases, such as depression, 
bipolar disorder, schizophrenia, and addiction, as well as neurodevelopmental disorders 
like Rett syndrome (Autry & Monteggia, 2012). BDNF-TrkB signalling underlies the effects 
of certain psychiatric treatments (C. S. Wang et al., 2022) and is essential for 
antidepressant effects (P.-Y. Lin et al., 2021; Saarelainen et al., 2003). It has even been 
reported that antidepressants like serotonin selective reuptake inhibitors (e.g., fluoxetine), 
and ketamine bind directly to TrkB and activate TrkB signalling (Casarotto et al., 2021). 

BDNF has also been implicated in the pathogenesis of Huntington’s, Alzheimer’s, and 
Parkinson’s disease, and increasing BDNF levels in the animal models of these diseases 
as a therapy has yielded some positive results (reviewed in Zuccato & Cattaneo, 2009). 
Furthermore, in Rett syndrome mouse models, Bdnf knockout worsened motor functions 
and decreased survival rates, while genetically overexpressing Bdnf rescued decreased 
synaptic activity and motor functions, and increased lifespan (Q. Chang et al., 2006).  
Direct injection of BDNF-expressing viral vectors into the hypothalamus reduced body 
weight and fat mass, and improved metabolism in Prader-Willi syndrome (Queen et al., 
2022). Recently, intranasal delivery of BDNF was successful in improving learning and 
memory in mouse model of HIV/neuroAIDS (Vitaliano et al., 2022). 

Haploinsufficiency of RAI1 (retinoic acid induced-1) leads to Smith-Magenis syndrome 
(SMS), characterized by common craniofacial features and behaviours (Bi et al., 2004; 
Slager et al., 2003). Rai1 homozygous knockout mice, serving as a model of SMS, exhibit 
several problems, such as low viability, poor motor skills, clasping phenotype, and 
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learning difficulties (Bi et al., 2007) – all of which are also present in Bdnf knockout mice. 
SMS patients also commonly exhibit hyperphagia and become obese, with these 
phenotypes in the mouse model attributed to reduced hypothalamic Bdnf levels (Burns 
et al., 2010; Huang et al., 2016). In addition, point mutations in RAI1 cause autistic, 
hyperactive, and aggressive behaviours, suggested to result from improper regulation of 
Bdnf by RAI1 (Abad et al., 2018). As BDNF appears to be functionally relevant to SMS 
disease pathology, BDNF could potentially serve as a therapy for SMS patients. A recent 
study demonstrated that genetic overexpression of BDNF or acute BDNF injection 
reverses obesity, metabolic changes, and improves sociability in Rai1 heterozygous 
knockout mice (Javed et al., 2022). 

BDNF holds great promise as a potential therapeutic, and various methods of 
increasing BDNF in animal models have been tested, including genetically modified 
grafts, BDNF protein infusion with osmotic minipumps, injections of Bdnf-expressing 
adenoviruses, BDNF mimetics, low molecular weight compounds to increase Bdnf 
expression, diet, and environmental enrichment (Géral et al., 2013; Miranda-Lourenço 
et al., 2020; Zuccato & Cattaneo, 2009). However, ensuring safe and accurate 
spatiotemporal expression of BDNF faces several challenges due to the short half-life of 
BDNF protein and limited diffusion (Géral et al., 2013; Miranda-Lourenço et al., 2020). 
Therefore, sophisticated approaches such as polymer carriers and nanoparticles (Géral 
et al., 2013), and viral vectors encoding BDNF and TrkB for sustained BDNF signalling are 
being developed (Osborne et al., 2018). 

1.5  Regulation of Bdnf gene expression 

1.5.1 Stimuli inducing Bdnf expression 
Bdnf expression is highly responsive to a wide range of external signals. Various 
environmental stimuli can either induce or repress Bdnf expression. Examples of stimuli 
that promote Bdnf expression include physical exercise, light exposure, sensory stimuli, 
insult, ischemia, and drug abuse, whereas stress generally decreases Bdnf levels 
(reviewed in West, 2008; West et al., 2014). Seminal studies demonstrating stimuli that 
induce Bdnf are listed in Table 1. Collectively, these findings provide evidence that Bdnf 
expression is regulated in a neuronal activity-dependent manner to promote neuronal 
functions. 

 
Table 1. Different stimuli that induce Bdnf gene expression. 

Stimulus Brain region or cell culture Reference 
KCl treatment; KA treatment Cultured rat HC neurons (Zafra et al., 1990) 

IP injection of KA Rat HC in vivo 

KA injection to dorsal HC Rat HC in vivo (Ballarín et al., 1991) 
Kindling epileptogenesis Rat HC and CTX in vivo (Ernfors et al., 1991) 
Lesion-induced seizures; 
epileptiform afterdischarge 

Rat HC, CTX, and amygdala 
in vivo 

(Isackson et al., 1991) 

Bicuculline treatment Cultured rat HC neurons (Zafra et al., 1991) 
I.v. injection of bicuculline  Rat HC in vivo 
Light exposure Rat visual cortex (Castrén et al., 1992) 
Tetanization (HFS) induced 
LTP 

Rat HC slices  (Patterson et al., 1992) 
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Stimulus Brain region or cell culture Reference 
FSK; KA; FSK with KA 
treatment 

Cultured rat HC neurons (Zafra et al., 1992) 

FSK; norepinephrine; 
norepinephrine with 
glutamate; norepinephrine 
with quisqualic acid; 
epinephrine; dopamine 
treatment 

Cultured rat HC astrocytes 

Quisqualic acid; KA; AMPA; 
NMDA treatment 

Cultured rat cerebellar 
granule cells 

(Bessho et al., 1993) 

HFS-induced LTP  Rat HC in vivo (Castrén et al., 1993) 
Focal hippocampal injury Rat HC in vivo (Hughes et al., 1993) 
Topical application of KCl to 
frontal cortex 

Rat CTX in vivo (Kokaia et al., 1993) 

IP injection of KA; 
bicuculline; pilocarpine 

Rat HC and CTX in vivo (Metsis et al., 1993) 

KCl; glutamate treatment Cultured rat CTX neurons (Ghosh et al., 1994) 
GABA; KA treatment Cultured rat immature HC 

neurons 
(Berninger et al., 1995) 

Bicuculline; KA treatment Cultured rat mature HC 
neurons 

Electroconvulsive seizures;  
antidepressants 

Rat HC and CTX in vivo (Nibuya et al., 1995) 

Immobilization stress Rat HTH and pituitary in 
vivo 

(Smith et al., 1995) 

Physical exercise Rat HC, CTX, and 
cerebellum in vivo 

(Neeper et al., 1996) 

Electrical stimulation 
induced paroxysmal 
discharge 

Rat HC in vivo, HC slices (Lauterborn et al., 
1996) 

Circadian rhythm Rat HC and CTX in vivo (Bova et al., 1998) 
Contextual learning Rat HC in vivo (Hall et al., 2000) 
Glutamate Cultured rat hypothalamic 

neurons  
(Marmigère et al., 
2001) 

Fear conditioning Rat amygdala (Rattiner, Davis, 
French, et al., 2004; 
Rattiner, Davis, & 
Ressler, 2004) 

BDNF infusion-induced LTP Rat HC in vivo (Wibrand et al., 2006) 
BDNF treatment Cultured rat HC neurons (Groth & Mermelstein, 

2003) 
Cultured rat CTX neurons (Yasuda et al., 2007) 

(Zheng & Wang, 2009) 
(Nakajima et al., 2015) 
(Tuvikene et al., 2016) 

Mouse maturing CGNs (Ding et al., 2018) 
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Stimulus Brain region or cell culture Reference 
NMDA treatment Cultured rat CTX neurons (Zheng & Wang, 2009) 
Bicuculline; FSK treatment Cultured mouse HC 

neurons 
(Benito et al., 2011) 

FSK treatment Cultured rat CTX neurons (Nakajima et al., 2015) 
CGN – cerebellar granule neurons; CTX – cerebral cortex; HC – hippocampus; FSK – forskolin; HFS – high 
frequency stimulation; HTH – hypothalamus; IP – intraperitoneal; i.v. – intravenous; KA – kainic acid; LTP – long 
term potentiation. 

1.5.2 Transcriptional regulation of Bdnf 
Numerous transcription factors and transcriptional coregulators have been identified as 
regulators of Bdnf promoter activity (reviewed in West et al., 2014). Transcription factors 
that have been demonstrated to directly bind Bdnf promoters (as evidenced by 
chromatin immunoprecipitation (ChIP) or electrophoretic mobility shift assay (EMSA)) 
and modulate Bdnf mRNA levels or Bdnf promoter activity are listed in Table 2. 

Bdnf promoters contain several calcium-response elements that contribute to 
activity-dependent Bdnf expression (Bishop et al., 1997; Tabuchi et al., 2002; Tao et al., 
1998; West et al., 2014). After neuronal activity the best described regulator of Bdnf is 
cAMP-response element (CRE) binding protein (CREB) (Benito et al., 2011; Hong et al., 
2008; Palomer et al., 2016; Pruunsild et al., 2011; Shieh et al., 1998; Tabuchi et al., 2002; 
Tai et al., 2016; Tao et al., 1998). Functional CRE sequences are present in Bdnf promoters 
I (Pruunsild et al., 2011; Tabuchi et al., 2002), IV (Hong et al., 2008; Pruunsild et al., 2011; 
Shieh et al., 1998; Tao et al., 1998), and IX (Pruunsild et al., 2011). The CRE element in 
Bdnf promoter IV has been shown to mediate the majority of neuronal activity-induced 
Bdnf expression in vivo, and disruption of this element impairs the formation of  
inhibitory neural circuits in the cortex (Hong et al., 2008). Additionally, important  
activity-dependent regulatory elements in Bdnf promoters are upstream stimulatory 
factor (USF)-binding element (UBE) in promoters I (Tabuchi et al., 2002) and IV (W. G. Chen, 
West, et al., 2003), neuronal PAS domain protein 4 (NPAS4)-binding element bHLH-PAS 
transcription factor response element (PasRE) in promoters I, IV and IX (Y. Lin et al., 2008; 
Pruunsild et al., 2011), and nuclear factor kappa B (NFkB)-binding site in promoter IV 
(Lipsky et al., 2001; Lubin et al., 2007). Furthermore, another calcium-response element 
in Bdnf promoter IV is bound by calcium response factor (CaRF) (McDowell et al., 2010; 
Tao et al., 1998) and myocyte enhancer factor 2 (MEF2) family (M. R. Lyons et al., 2012). 
Transcription factors mediating Bdnf transcriptional autoregulation are activating 
protein 1 (AP1) family members binding to Bdnf promoter I (Tuvikene et al., 2016), 
CCAAT-enhancer binding protein β (C/EBPβ) (Bambah-Mukku et al., 2014), nuclear factor 
of activated T-cells isoform c4 (NFATc4), nuclear factor 1 (NFI) (Ding et al., 2018; Groth & 
Mermelstein, 2003), and X-box binding protein 1 (XBP1) (Saito et al., 2018) binding to 
Bdnf promoter IV. 

Many of the functional cis-elements identified within Bdnf promoters have been 
demonstrated to be capable of binding multiple transcription factors, suggesting a model 
of competitive binding. Furthermore, several important cis-regulatory elements in Bdnf 
promoters overlap. For instance, in Bdnf promoter I CRE, UBE, (Pruunsild et al., 2011; 
Tabuchi et al., 2002), and NRF2-binding element (Yao et al., 2021) partially overlap;  
in Bdnf promoter I AP1 family-binding site (Tuvikene et al., 2016) and NPAS4-binding site 
(Pruunsild et al., 2011) overlap; and in Bdnf promoter IV CaRF and MEF2 family-binding 
sites overlap (M. R. Lyons et al., 2012; Tao et al., 2002). 
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Table 2. Transcription factors regulating Bdnf gene expression. 

Promoter | 
Transcription 

factor 

Brain region or cell 
culture 

Stimulus Reference 

pI 

AP1 Rat cortical neurons BDNF (Tuvikene et al., 2016) 
CREB Rat cortical neurons KCl (Tabuchi et al., 2002) 

Rat cortical neurons KCl (Pruunsild et al., 2011) 
NFkB Rat hippocampus Kainic acid (Lubin et al., 2007) 
NPAS4 Rat and mouse cortical 

neurons 
KCl (Y. Lin et al., 2008) 

NPAS4, 
ARNT2 

Rat cortical neurons KCl (Pruunsild et al., 2011) 

NRF2 Mouse hippocampus SFN (Yao et al., 2021) 
HEK293 cell line None 

USF1/2 Rat cortical neurons KCl (Tabuchi et al., 2002) 

pII 

REST Mouse hippocampus Kainic acid (Timmusk et al., 1999) 
Rat cortical neurons KCl (Hara et al., 2009) 

SCIRR69 Rat cortical neurons Mechanical 
injury 

(Y. Liu et al., 2013) 

pIV 

β-actin SH-SY5Y cell line Forskolin (Neasta et al., 2016) 
BHLHB2 Rat hippocampal 

neurons 
NMDA (Jiang et al., 2008) 

CaRF Rat cortical neurons KCl (Tao et al., 2002) 
Mouse cortex None (McDowell et al., 

2010) Mouse cortical neurons KCl 
C/EBPβ Rat hippocampus Inhibitory 

avoidance 
training 

(Bambah-Mukku et 
al., 2014) 

CREB Rat cortical neurons KCl (Tao et al., 1998) 
Rat cortical neurons KCl (Shieh et al., 1998) 
Differentiated NT2 cells DbcAMP (Fang et al., 2003) 
Rat cortical neurons KCl (Pruunsild et al., 2011) 
Mouse cortical neurons NMDA (Hong et al., 2008) 
Mouse visual cortex Light exposure 

CTCF Mouse cortical neurons KCl (J. Chang et al., 2010) 
HSF1 Mouse hippocampus Kainic acid, 

foot shock, 
(Franks et al., 2023) 

Rat cortical neurons None 
MeCP2 Rat cortical neurons KCl (W. G. Chen, Chang, 

et al., 2003) 
Mouse cortical neurons KCl (Martinowich et al., 

2003) 
MEF2 Rat cortical neurons KCl (M. R. Lyons et al., 2012) 
NFATc4 Rat cortical neurons NMDA (Vashishta et al., 2009) 
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Promoter | 
Transcription 

factor 

Brain region or cell 
culture 

Stimulus Reference 

 
 
 
 
 
 
 
 
 
 
 

pIV 

Mouse cerebellar 
granule neurons 

BDNF (Ding et al., 2018) 

Mouse cerebellum Development 
NFI Mouse cerebellar 

granule neurons 
BDNF (Ding et al., 2018) 

Mouse cerebellum Development 
NFkB Rat cerebellar granule cells NMDA (Lipsky et al., 2001) 
NPAS4 Rat and mouse cortical 

neurons 
KCl (Y. Lin et al., 2008) 

NPAS4, 
ARNT2 

Rat cortical neurons KCl (Pruunsild et al., 2011) 

PITX3 Midbrain dopaminergic 
neurons, HEK293 cells 

None (Peng et al., 2011) 

RACK1 SH-SY5Y cell line, rat 
hippocampal neurons 

Forskolin (He et al., 2010) 

RAI1 HEK293T cell line None (Burns et al., 2010) 
Mouse cortex and 
hypothalamus 

None (Huang et al., 2016) 

USF1/2 Rat cortical neurons KCl (W. G. Chen, West, et 
al., 2003) 

Rat cortical neurons KCl (Pruunsild et al., 2011) 
XBP1 Mouse hippocampus, 

HEK293, Neuro2A cell lines 
None 
 

(Martínez et al., 2016) 

Mouse hippocampal 
neurons 

Glutamate, 
BDNF 

(Saito et al., 2018) 

 

pVI 

C/EBPβ NG108-15 cells None (Takeuchi et al., 2002) 
NR4A2 Rat cerebellar granule 

neurons 
NMDA (Barneda-Zahonero et 

al., 2012) 
SP1 NG108-15 cells None (Takeuchi et al., 2002) 

 

pIX 

CREB Rat cortical neurons KCl (Pruunsild et al., 2011) 
NPAS4, 
ARNT2 

Rat cortical neurons KCl (Pruunsild et al., 2011) 

NRF2 Rat visual cortex None (Nair & Wong-Riley, 
2016) 

AP1 – activating protein 1 (AP1) transcription factor family; ARNT2 – aryl hydrocarbon receptor nuclear 
translocator 2; BHLHB2 – basic helix-loop-helix domain containing, class B, 2; CaRF – calcium response factor; 
C/EBPβ – CCAAT-enhancer binding protein β; CREB – CRE-binding protein; CTCF – CCCTC-binding factor; HSF1 – 
heat shock factor 1; MeCP2 - Methyl-CpG Binding Protein 2; MEF2 – myocyte enhancer factor 2; NFATc4 – 
nuclear factor of activated T-cells isoform c4; NFI – nuclear factor 1; NFkB – nuclear factor kappa B; NPAS4 – 
neuronal PAS domain protein 4; NRF2 – nuclear factor-erythroid factor 2-related factor 2; NR4A2 – nuclear 
receptor subfamily 4 group A member 2 (also known as NURR1); p – BDNF promoter I, II, IV, VI, or IX; RACK1 – 
receptor for activated C kinase 1; RAI1 – retinoic acid induced 1; REST – RE1 silencing transcription factor (also 
known as NRSF); SFN – sulforaphane; SCIRR69 – spinal cord injury and regeneration-related gene #69; USF1/2 
– upstream stimulatory factors 1 and 2; XBP1 – X-box binding protein 1. 
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In addition to numerous activators, several repressors bind to Bdnf promoters, making 
the balance between activators and repressors essential for Bdnf expression and 
induction after stimuli. For example, deletions of parts of Bdnf promoter I results in 
remarkable increase in basal activity and membrane depolarization-induced activity of 
the promoter (Tabuchi et al., 2002). This implies that the loss of binding of unknown 
repressors to Bdnf promoter I leads to promoter activation. Furthermore, repression of 
Bdnf promoters can also occur from distal regions, such as RE1 silencing transcription 
factor (REST, also known as NRSF) binding to Bdnf promoter II suppresses membrane 
depolarization-induced activity of both Bdnf promoters I and II (Hara et al., 2009).  
To alleviate the repression of Bdnf promoter IV, the binding of repressive transcription 
factor might decrease, as has been shown for methyl-CpG binding protein 2 (MeCP2) (W. 
G. Chen, Chang, et al., 2003; Martinowich et al., 2003), basic helix-loop-helix domain 
containing, class B, 2 (BHLHB2) (Jiang et al., 2008), and NFATc4 (Ding et al., 2018). 
Alternatively, external stimuli may trigger restructuring of repressive complexes present 
at Bdnf promoters. For instance, stimulus-induced SUMOylation of MeCP2 derepresses 
CREB and increases CREB binding on Bdnf promoter IV (Tai et al., 2016).  

The cortex and hippocampus have been the primary focus in studies of Bdnf 
regulation, and years of research has revealed some brain region-specific regulators of 
Bdnf expression. For example, CaRF regulates Bdnf expression in the cortex but not in 
the hippocampus (McDowell et al., 2010), the MEF2 family regulates Bdnf in the 
hippocampus but not in the cortex (Flavell et al., 2008; M. R. Lyons et al., 2012), and 
nuclear receptor subfamily 4 group A member 2 (NR4A2, also known as NURR1) 
participates in Bdnf expression in midbrain neurons (Volpicelli et al., 2007), cerebellar 
granule neurons (Barneda-Zahonero et al., 2012), and hippocampal neurons, but not in 
cortical neurons (Abdollahi & Fahnestock, 2022). The specificity of these (and other) 
regulators of Bdnf expression to one or multiple brain regions warrants further research. 

In addition to several transcription factors, proteins regulating chromatin structure 
bind to Bdnf promoters. For instance, a zinc finger transcription factor CCCTC-binding 
factor (CTCF) together with cohesin complex structures chromatin to activate or repress 
gene expression (Phillips & Corces, 2009). Following neuronal activity Bdnf gene forms 
long-range loops (Beagan et al., 2020; Calderon et al., 2022) and deletion of CTCF or 
cohesin complex decreases neuronal activity-induced Bdnf expression levels (Calderon 
et al., 2022; J. Chang et al., 2010). In the Bdnf locus, CTCF binds to regions in the first 
(exons I-III) and second cluster of exons (exons IV-VII) (J. Chang et al., 2010; Sams et al., 
2016). Moreover, receptor for activated C kinase 1 (RACK1) functions as a scaffolding 
protein and participates in histone 4 acetylation and brings β-actin (Neasta et al., 2016) 
and 14-3-3 proteins (Neasta et al., 2012) to Bdnf promoter IV. The purpose of the 
scaffolding proteins in the regulation of Bdnf promoters is not yet fully understood. 
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2 Aims of the Study 
In the current thesis we aimed to study stimulus-induced Bdnf gene regulation to gain a 
deeper understanding of how cells express Bdnf, which contributes to the development 
and maintenance of the nervous system. 
 
The specific aims of the current thesis were as follows: 

• Study the mechanism of Bdnf transcriptional autoregulation in primary cortical 
neurons. 

• Investigate neuronal activity-induced Bdnf gene expression in cortical and 
hippocampal neurons. 

• Determine enhancer regions regulating Bdnf expression. 
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3 Materials and Methods 
In this study the following methods were used: 

• Growing rat primary cell cultures (cortical and hippocampal neurons, cortical 
astrocytes) – Publications I, II, III 

• Growing mouse embryonic stem cells and differentiating them into neurons – 
Publication III 

• Molecular cloning, production, and usage of viral vectors – Publications I, II, III 
• CRISPR genome and epigenome editing – Publications I, II, III 
• RNA extraction, cDNA synthesis and qPCR – Publications I, II, III 
• Transfection and luciferase reporter assay – Publications I, II, III 
• Western Blot – Publications I, II 
• Immunocytochemistry – Publication I 
• Chromatin immunoprecipitation – Publications I, II, III 
• In vivo electrophysiology – Publication I 
• In vitro DNA pulldown and mass-spectrometry – Publications II, III 
• Analysis of RNA-sequencing and ATAC-sequencing data – Publications II, III 
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4 Results 
The main results of the current thesis are as follows: 

 
Publication I 
• Bdnf transcriptional autoregulation requires de novo protein synthesis. 
• The CREB family transcription factors are the main mediators of the early phase 

of Bdnf transcriptional autoregulation in cortical neurons. 
• CREB is rapidly phosphorylated and binds to Bdnf promoter IV after BDNF-TrkB 

signalling. 
• CREB coactivators CBP/P300 are essential for Bdnf transcriptional autoregulation, 

while CRTCs are not. 
• The CRE element in rat Bdnf promoter IV is necessary for the activation of the 

promoter after BDNF-TrkB signalling. 
• Regulation of Bdnf promoters I and IV by the CREB family is partially conserved 

between rat and human. 
• Bdnf promoter IX contains a primate lineage-specific CRE sequence that conveys 

the activation of the promoter after BDNF-TrkB signalling. 
• All major Bdnf transcripts are induced in the adult rat hippocampus in vivo after 

BDNF infusion. 
 

Publication II 
• Total Bdnf mRNA and different Bdnf transcripts are more inducible in cortical 

neurons than in hippocampal neurons following membrane depolarization. 
• Both proBDNF and mature BDNF protein levels show higher inducibility in 

cortical neurons than in hippocampal neurons upon membrane depolarization. 
• Neuronal activity-induced Bdnf levels depend more on the CREB family and 

coactivators CBP and CRTC1 in cortical than in hippocampal neurons. 
• CRTC1 knockdown increases both basal and induced levels of Bdnf exon I 

transcripts. 
• CRTC1 knockdown decreases depolarization-induced proBDNF and mature 

BDNF levels in cortical neurons but increases them in hippocampal neurons. 
• BDNF-TrkB signalling contributes to the late phase of membrane depolarization-

induced Bdnf expression in cortical neurons but not in hippocampal neurons. 
• The induction of CREM activator forms is similar in both cortical and 

hippocampal neurons, whereas the induction of ICER is faster and stronger in 
cortical neurons. 

• In vitro DNA pulldown identified both known and novel regulators of Bdnf in the 
cortex and hippocampus. 

• Several transcription factors that bind Bdnf promoters in vitro are differentially 
expressed in cultured cortical and hippocampal neurons, as well as in cortex and 
hippocampus in vivo. 

• Transcription factors FOXP1, SATB2, RAI1, BCL11A regulate Bdnf expression in a 
brain region-specific manner. 
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Publication III 
• The intronic region downstream of Bdnf exon III (named Bdnf +3 kb region) 

shows enhancer-associated characteristics in both mouse and human brain 
tissue. 

• The +3 kb enhancer region is active in luciferase reporter assay in cultured 
cortical neurons and astrocytes, independent of orientation. 

• The +3 kb enhancer region increases the activity of Bdnf promoters in a 
heterologous context in cultured cortical neurons but not in astrocytes. 

• The +3 kb enhancer region regulates the expression of Bdnf transcripts starting 
from the first cluster of exons in cortical neurons. The enhancer is inactive in 
cortical astrocytes. 

• Deletion of the +3 kb enhancer region in mouse embryonic stem cell-derived 
neurons decreases the basal and stimulus-induced levels of first cluster of Bdnf 
exons. 

• The activity of the +3 kb enhancer region is regulated by CREB, AP1 family and 
E-box-binding transcription factors. 
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5 Discussion 

5.1 Stimulus-dependent regulation of Bdnf expression 
Here, we investigated Bdnf gene expression following BDNF-TrkB signalling (Publication 
I) and after KCl treatment (Publication II), which is commonly used in vitro to study 
neuronal activity-induced gene expression (reviewed in Rienecker et al., 2020). Our 
findings reveal that the dynamics of Bdnf expression after these stimuli differ remarkably. 
Bdnf expression following BDNF-TrkB signalling exhibits a bell-shaped curve with peak 
induction occurring ~3 hours after stimulation (Publication I, Tuvikene et al., (2016)), 
while Bdnf mRNA levels continuously increase even 8 hours after membrane 
depolarization (Publication II, Pruunsild et al., (2011)). The bell-shaped dynamics could 
potentially be explained by transient nature of BDNF-TrkB signalling due to TrkB 
internalization (Barford et al., 2017; Moya-Alvarado et al., 2022), resulting in a decrease 
in signal transduction over time. However, we acknowledge that global and prolonged 
treatment may not accurately represent physiological in vivo conditions. For instance, 
studies with KCl treatment have demonstrated that sustained global depolarization 
initiates the expression of different set of genes than local short-term depolarization 
(Tyssowski et al., 2018). 

The question of whether Bdnf induction after neuronal activity requires de novo 
protein synthesis has been a subject of investigation. Some studies suggest that Bdnf is 
an immediate early gene and its induction does not depend on de novo protein synthesis 
(Castrén et al., 1998; Hughes et al., 1993; Sano et al., 1996; Tao et al., 1998), while others, 
including our work (Publication I) and Lauterborn et al., (1996) argue the opposite. This 
apparent discrepancy may be attributed to varying conditions, such as the type and 
duration of stimulus, cell type, timing of inhibited protein synthesis, and the use of 
different inhibitors at different concentrations. For instance, Hughes et al., (1993) and 
Tao et al., (1998) claim that protein synthesis is not involved in Bdnf induction. However, 
their studies examine the necessity of protein synthesis only 1 hour after focal 
hippocampal injury or KCl treatment, respectively, and both studies report maximum 
induction of Bdnf at a later time point. In contrast, in vivo study in the hippocampus show 
that the expression of Bdnf exons I and II depend on protein synthesis, while exons IV 
and VI do not after paroxysmal afterdischarge (Lauterborn et al., 1996). Our results 
demonstrate that after BDNF-TrkB signalling in cortical neurons, all major Bdnf 
transcripts need de novo protein synthesis 3 hours after the stimulus, when peak 
induction of Bdnf is reached. Bdnf exon IV, which is slightly induced 1 hour after 
treatment, maintains some inducibility despite impaired protein synthesis (Publication 
I). As shown in Table 2, several constitutive and inducible transcription factors regulate 
Bdnf, implying that de novo protein synthesis may be necessary or dispensable 
depending on the stimulus, time point, and cell type. Constitutively expressed 
transcription factors, such as CREB, could mediate basal and early induction of Bdnf, 
while inducible transcription factors, like AP1 family and NPAS4, provide stimulus-induced 
regulation of Bdnf expression. 

Only AP1 family for Bdnf exon I (Tuvikene et al., 2016) and C/EBPβ (Bambah-Mukku  
et al., 2014), NFATc4, NFI (Ding et al., 2018), and XBP1 (Saito et al., 2018) for Bdnf exon 
IV have been identified to participate in Bdnf transcriptional autoregulation. To further 
elucidate the mechanism of Bdnf autoregulation, we examined the role of CREB, USF, 
C/EBP, and NFAT families, which have been shown to regulate Bdnf induction after 
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membrane depolarization (see Table 2). Our findings indicate that among the studied 
transcription factors, only the CREB family is involved in Bdnf transcriptional 
autoregulation in cortical neurons (Publication I). Previously, NFATc4 was shown to 
regulate Bdnf in cerebellar granule neurons (Ding et al., 2018) and C/EBPβ in the 
hippocampus in vivo (Bambah-Mukku et al., 2014), suggesting that cell type could lead 
to different mechanisms of Bdnf gene expression. Furthermore, given that BDNF-TrkB 
signalling and neuronal activity induce somewhat different sets of genes and 
transcription factors (Ibarra et al., 2022), it is plausible that neuronal activity and TrkB 
signalling-dependent sustained Bdnf expression are conveyed (at least partially) via 
different inducible transcription factors, providing stimulus-specific regulation. 
Supporting this theory, both KCl and BDNF treatment induce c-Fos expression, whereas 
only KCl treatment induces NPAS4 expression (Y. Lin et al., 2008). An AP1 family-binding 
sequence and NPAS4-binding element overlap in Bdnf promoter I and together with 
stimulus-specific expression this results in AP1 family regulating the promoter after 
BDNF-TrkB signalling (Tuvikene et al., 2016) and NPAS4 after membrane depolarization 
(Pruunsild et al., 2011). 

5.2 CREB family-regulated Bdnf gene expression 
Our investigation of Bdnf expression led us to focus on CREB family. The CREB family of 
transcription factors consists of three constitutively expressed basic leucine zipper 
transcription factors – CRE-binding protein (CREB), activating transcription factor 1 
(ATF1), and cAMP response element modulator (CREM) (Mayr & Montminy, 2001). CREB 
family members bind to a DNA sequence named cAMP response element (CRE) 
(Andrisani et al., 1987; Comb et al., 1986; Craig et al., 2001; Montminy et al., 1986; 
Montminy & Bilezikjian, 1987; Schumacher et al., 2000; Short et al., 1986) and have 
numerous target genes that vary depending on the stimulus and brain region (Benito et al., 
2011; Impey et al., 2004; Lesiak et al., 2013; Tanis et al., 2008). Our findings demonstrate 
that neither Atf1, Creb1, nor activator forms of Crem are notably induced after BDNF 
(Publication I) nor KCl treatment (Publication II), in line with the general understanding 
that these genes are constitutively expressed. 

The CREM-encoding gene produces several CREM activator and repressor isoforms 
(Foulkes et al., 1991; Laoide et al., 1993), with the inducible cAMP early repressor (ICER) 
acting as an endogenous dominant negative protein for CREB family by competitively 
binding to CRE sequences (Mioduszewska et al., 2003; Molina et al., 1993; Walker et al., 
1998). In contrast to activators of CREB family, Icer, is highly induced following  
BDNF-TrkB signalling in cortical neurons (Publication I) and after KCl treatment in both 
cortical and hippocampal neurons (Publication II). Interestingly, our results reveal that 
the induction of Icer after membrane depolarization largely depends on CREB in cortical 
neurons, but to a lesser extent in hippocampal neurons (Publication II). The negative 
autoregulatory loop formed by utilizing ICER serves as the foundation for transient  
CREB-regulated gene expression (Sassone-Corsi, 1998), and differences in these 
mechanisms warrant further investigation of CREB in different brain regions and cell 
types. It has been shown that CREB target genes are partially different in different brain 
regions (Tanis et al., 2008), and it is plausible that CREB family is more potent regulator 
of gene expression in cortical neurons. Importantly, compensation within the CREB 
family has been observed before (Hummler et al., 1994; Lemberger et al., 2008; Rafa-
Zabłocka et al., 2017) and the expression dynamics of different CREB family members could 
contribute to brain region-specific CREB family-regulated gene expression. Lastly, our 
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results confirm that CREB family members strive to maintain homeostasis, as all 
members are induced after overexpressing A-CREB, dominant negative protein for the 
CREB family, and Crem is induced by decreased levels of Creb1 gene expression 
(Publication I, II). Altogether, CREB-regulated gene expression is remarkably resilient to 
disruptions and capable of employing both positive and negative feedback mechanisms 
to preserve normal gene regulation. 

In response to numerous stimuli, CREB family members are post-translationally 
modified, primarily by phosphorylation (Johannessen et al., 2004), and can then form 
stable interactions with coactivator CREB binding protein (CBP) (Campbell & Lumb, 2002; 
Chrivia et al., 1993; Dahal, Kwan, et al., 2017; Dahal, Shammas, et al., 2017; Parker et al., 
1996; Radhakrishnan et al., 1997; Shaywitz et al., 2000; Thakur et al., 2014). CBP and its 
paralogue P300 enhance CREB-regulated transcription via histone acetyltransferase 
activity or interaction with transcriptional machinery (Bannister & Kouzarides, 1996; Kee 
et al., 1996; Kwok et al., 1994; Ogryzko et al., 1996). Another type of coactivators,  
CREB-regulated transcription coactivators (CRTCs) (Conkright et al., 2003; Iourgenko  
et al., 2003) are localized in the cytoplasm and are dephosphorylated and transported to 
the nucleus in response to stimulus (Bittinger et al., 2004; Ch’ng et al., 2012; Kovács  
et al., 2007; Nonaka et al., 2014). CRTCs bind to the CREB leucine zipper domain (Luo  
et al., 2012; Song et al., 2018) and stabilize CREB dimers and its interactions with general 
transcription factors (Conkright et al., 2003). 

Our results show that in cortical neurons, the combination of CREB family and CBP is 
necessary for Bdnf gene expression following 1 hour and 3 hours of BDNF-TrkB signalling, 
but these factors become dispensable for late induction at 6 hours of treatment 
(Publication I). In contrast, CREB family along with coactivators CBP and CRTC1 are involved 
in basal and late (6 hours) induction of Bdnf after membrane depolarization in cortical 
neurons (Publication II). These results could be explained, for example, by CREB-induced 
transcription factors participating in late Bdnf gene regulation, or prolonged CREB activity 
following membrane depolarization but not after BDNF-TrkB signalling. Although CREB is 
mainly phosphorylated rapidly after membrane depolarization, it remains phosphorylated 
through the slower MAPK pathway (G. Y. Wu et al., 2001), potentially allowing sustained 
activity of CREB after neuronal activity. Regarding CREB family coactivators, CBP is 
required after both BDNF-TrkB signalling and membrane depolarization, whereas CRTC1 
localizes less to the nucleus after BDNF-TrkB signalling compared to membrane 
depolarization, and thus CRTC1 does not participate in regulating Bdnf transcriptional 
autoregulation (Publication I). These findings show that different stimuli modulate CREB 
activity through the recruitment of either CBP, CRTCs, or both, leading to different 
regulation of Bdnf expression. 

We also demonstrate that CREB with CBP is necessary for the early induction of Bdnf 
exons IV and IXa following BDNF-TrkB signalling (Publication I). Moreover, our ChIP-qPCR 
analysis of CREB and CBP show binding on Bdnf promoter IV and suggest potential 
binding on Bdnf promoters I and VI after BDNF-TrkB signalling (Publication I). Previous 
research has also demonstrated CREB and CBP binding on Bdnf promoters I, II, IV, and VI 
after NMDA treatment (Palomer et al., 2016). Functional CRE-like sequences have been 
described in Bdnf promoters I (Pruunsild et al., 2011; Tabuchi et al., 2002), IV (Pruunsild 
et al., 2011; Tao et al., 1998), and IX (Pruunsild et al., 2011). Our findings demonstrate 
that the activity of these CRE sequences in Bdnf promoters I and IV is evolutionarily 
conserved (Publication I). In contrast, we reveal that in primates, a mutation in promoter 
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IX has resulted in a functional CRE sequence that is solely responsible for the inducibility 
of Bdnf promoter IX following BDNF-TrkB signalling (Publication I). 

Interestingly, mutating the CRE sequence in Bdnf promoter IV has stronger impact on 
the activity of the promoter than impairing the function of CREB family by overexpressing 
a dominant negative protein (Publication I). CREB binding to the CRE sequence in Bdnf 
promoter IV has been proposed to function as a nucleating protein to form a multifactor 
transcriptional complex required for proper activity-dependent induction of the 
promoter (Hong et al., 2008). Our results support the idea that the CRE element in Bdnf 
promoter IV is crucial; however, the CRE sequence may not be solely active through CREB 
binding. For instance, the HSF1-binding sequences in Bdnf promoters I, IV, and IX contain 
CRE sequences (Franks et al., 2023), and transcription factor XBP1 binds core sequence 
of CRE element (Clauss et al., 1996), competing with CREB for binding to Bdnf promoter 
IV (Martínez et al., 2016; Saito et al., 2018). Collectively, these findings suggest that the 
CRE sequences are essential cis-elements in Bdnf promoters but possibly function 
through various transcription factors, not only CREB. Further research is needed to 
determine which CRE-binding transcription factors regulate Bdnf transcription during 
development and in response to different stimuli. 

Our results show potential binding of CREB and CBP on Bdnf promoter VI following 
BDNF-TrkB signalling (Publication I). However, a functional CRE element has not been 
described in Bdnf promoter VI. Notably, our results indicate that impairing the function 
of CREB family and reducing Creb1 gene expression increases basal and induced levels of 
Bdnf exon VI after membrane depolarization (Publication II), but not after BDNF 
treatment (Publication I). The reason why CREB family seems to negatively regulate Bdnf 
exon VI after membrane depolarization remains unclear, but several possibilities could 
explain this phenomenon. First, CREB might induce the expression of an unknown 
repressor of Bdnf exon VI. Second, the expression of Bdnf exon VI might be hindered due 
to transcriptional interference arising from high transcriptional activity of Bdnf promoter 
IV. Supporting this hypothesis, deletion of the promoter IV or mutation of the CRE 
element in Bdnf promoter IV, which decreases the activity-dependent induction of Bdnf 
exon IV, both strongly upregulate depolarization-dependent induction of Bdnf exon VI 
(Hong et al., 2008). However, similar effect was not seen upon NMDA treatment in older 
cultures (Hong et al., 2008). A third possibility is that chromatin structure and various 
enhancer regions contribute to the regulation of Bdnf exon VI, and competitive looping 
determines which Bdnf transcript is expressed. 

5.3 Brain region-specific regulation of Bdnf expression 
BDNF has well-described roles in behaviour and memory processes (see section 1.4), 
which are attributed to modulation of neuronal circuits in cortical and hippocampal brain 
regions. However, gene expression in cortex and hippocampus differs significantly 
(Collado-Torres et al., 2019). Here, we set out to investigate Bdnf gene expression in 
cortical and hippocampal neurons, and our findings indicate that Bdnf is more inducible 
in response to neuronal activity in cultured cortical neurons than in hippocampal neurons 
(Publication II). The higher inducibility in cortical neurons could be due to stronger 
activation of CREB family transcription factors (as discussed above) or different 
regulatory mechanisms of Bdnf expression in the cortex and hippocampus. 

BDNF is secreted in response to neuronal activation and then signals in an autocrine 
or paracrine manner (Cheng et al., 2011; Hartmann et al., 2001; Harward et al., 2016; 
Leschik et al., 2019; L. Wang et al., 2015). An in vivo study has shown that BDNF-TrkB 
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signalling contributes to Bdnf mRNA induction following kainic acid injection (Saarelainen 
et al., 2001). Here, we studied whether TrkB signalling contributes to membrane 
depolarization-dependent induction of Bdnf expression in cortical and hippocampal 
neurons (Publication II). Our findings reveal a TrkB signalling component in late Bdnf 
induction in cortical neurons, but not in hippocampal neurons (Publication II). It is 
possible that synthesis, secretion, and autocrine signalling leading to higher Bdnf mRNA 
levels take longer, and the contribution of BDNF-TrkB signalling would be even greater 
at later time points. Interestingly, we could not detect the component of autoregulation 
in hippocampal neurons (Publication II), although it has been previously demonstrated 
in vivo (Saarelainen et al., 2001). Together with difference in Bdnf inducibility between 
cortical and hippocampal neurons, it is plausible that Bdnf gene expression is more active 
in hippocampal neurons, resulting in higher basal levels of Bdnf and reduced effect of 
TrkB signalling after membrane depolarization. 

The involvement of CREB and its coactivators in Bdnf gene regulation after neuronal 
activity is more pronounced in cortical neurons than in hippocampal neurons (Publication 
II). Additionally, CRTC1 is necessary for Bdnf induction, particularly for the late induction 
of first cluster of Bdnf exons in cortical neurons but seems to impair the induction of Bdnf 
exon I in hippocampal neurons (Publication II). Our findings show that Crtc1 knockdown 
using CRISPR interference increases Bdnf exon I mRNA levels and BDNF protein levels, 
but not total Bdnf mRNA levels in the hippocampus (Publication II). These results can be 
explained by the use of an efficient translation initiation site in Bdnf exon I (Koppel et al., 
2015) which leads to higher BDNF protein levels. Considering that Bdnf exon I knockout 
animals exhibit severe phenotypic effects (see section 1.4.5), Bdnf exon I mRNA levels 
reach similar levels to Bdnf exon IV after membrane depolarization (Pruunsild et al., 
2011), and our results demonstrate that Bdnf exon I remarkably impacts BDNF protein 
levels after membrane depolarization (Publication II), it is crucial to investigate the 
regulation and levels of Bdnf exon I transcripts in future studies. 

Considering the relatively modest participation of CREB in Bdnf gene regulation in 
hippocampal neurons, we employed an in vitro DNA pulldown assay coupled with  
mass-spectrometry to identify brain region-specific regulators of Bdnf (Publication II). We 
detected numerous known regulators of Bdnf, such as CREB, USF and AP1 family 
members, ARNT2, MEF2, and MeCP2 (for references see Table 2). Additionally, we 
discovered several novel regulators of Bdnf, including FOXP1, SATB2, BCL11A (also known 
as CTIP1), and RAI1. Brain region-specific regulation of Bdnf could stem from differential 
expression of the regulators across different brain regions. For instance, FOXP1, SATB2, 
BCL11A, and TBR1 are expressed in specific cortical layers and are widely used as marker 
genes for different cortical layers (Britanova et al., 2008; Fazel Darbandi et al., 2018; X. 
Li et al., 2015; Wiegreffe et al., 2015; Woodworth et al., 2016). In contrast, PROX1 
determines dentate granule cell identity in the hippocampus and serves as a marker gene 
for hippocampal neurons (Iwano et al., 2012). Notably, these marker genes are also 
expressed in cultured neurons, exhibiting mostly non-overlapping expression pattern, 
with only a few cells expressing more than one of these marker genes simultaneously 
(Digilio et al., 2015). Our findings of the novel Bdnf regulators are intriguing, as it 
demonstrates that in addition to ubiquitously expressed transcription factors, cell  
type-specific transcription factors regulate Bdnf to possibly ensure specific expression of 
Bdnf during development. Furthermore, many of the discovered novel regulators of Bdnf 
are necessary for brain development and neuronal maturation (Braccioli et al., 2017; Dias 
et al., 2016; Fazel Darbandi et al., 2018; Iwano et al., 2012; Kaltezioti et al., 2020; Kennedy 
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et al., 2016; H. Li et al., 2019; McKenna et al., 2015; Page et al., 2018; Wiegreffe et al., 
2015), functions similar to those of BDNF signalling. In summary, we propose that BDNF 
is a crucial effector molecule that participates in brain development by conveying signal 
from developmental transcription factors. 

5.4 Distal regulatory regions governing Bdnf expression 
Our findings using dominant-negatives for CREB family and CBP show decrease in the 
expression of all major Bdnf transcripts during BDNF-TrkB signalling, even though we only 
demonstrate direct binding of CREB to specific Bdnf promoters (Publication I). In addition, 
Bdnf proximal promoter regions are not as responsive in reporter assays as the mRNA 
expression is in endogenous context following BDNF-TrkB signalling (Publication I). 
Therefore, we hypothesize the existence of a CREB family-dependent enhancer for Bdnf 
that controls Bdnf transcriptional autoregulation. Furthermore, in astrocytes Bdnf 
proximal promoters are not inducible upon stimuli in reporter assays but are in the 
bacterial artificial chromosome context (Koppel et al., 2018). Additionally, CTCF binds to 
the first and second cluster of Bdnf exons (J. Chang et al., 2010; Sams et al., 2016), 
regulates chromatin structure in the Bdnf locus (Sams et al., 2016), and loss of CTCF or 
cohesin complex reduces Bdnf expression levels (Calderon et al., 2022; J. Chang et al., 
2010). Given that CTCF together with cohesin complex remodel chromatin and form 
promoter-enhancer loops (Phillips & Corces, 2009) and Bdnf gene has been described to 
form long-range loops after neuronal activity (Beagan et al., 2020; Calderon et al., 2022), 
this data collectively suggests the existence of distal regulatory regions – enhancers – 
that participate in Bdnf gene regulation. 

We began by searching for enhancer-associated chromatin marks and identified a 
potential intronic region located downstream from Bdnf exon III, referred to as +3 kb 
enhancer (Publication III). Our findings demonstrate that in both reporter assays and in 
endogenous context, this intronic region can potentiate the expression of Bdnf 
transcripts, particularly those originating from the first cluster of exons in cortical 
neurons. In contrast, the +3 kb enhancer region is inactive in astrocytes (Publication III). 
Our results highlight two noteworthy points. Firstly, we present the first evidence of cell 
type-specific enhancers of Bdnf. Secondly, our results provide evidence of an enhancer 
region regulating only some of the promoters in a multi-promoter gene. It appears that 
the regulation of Bdnf transcripts occurs via clusters and the +3 kb enhancer regulates 
the expression of transcripts starting from exons I to III. 

To date, two additional enhancers of Bdnf have been described. First, a MEF2-regulated 
region located ~5 kbp upstream from the Bdnf exon I has been shown to potentiate the 
activity of Bdnf promoter I in hippocampal neurons but not in cortical neurons (Flavell  
et al., 2008; M. R. Lyons et al., 2012). The MEF2-dependent enhancer is the only currently 
known brain region-specific enhancer of Bdnf. Second, an enhancer ~210 kbp 
downstream from Bdnf exon I (and ~5 kbp upstream from Lin7c promoter; referred to as 
+170 kbp enhancer by the authors) has been reported to regulate all Bdnf transcripts 
during cortical neuron differentiation and following neuronal activity (Brookes et al., 
2023). This is the only reported enhancer involved in the developmental expression of 
Bdnf. Furthermore, Bdnf locus has been shown to form neuronal activity-induced  
long-range interactions with upstream ~840 kbp (Beagan et al., 2020; Nott et al., 2019) 
and ~1.7 Mbp regions (Beagan et al., 2020; Calderon et al., 2022). These regions have not 
been shown to functionally modulate Bdnf expression and have not been validated as 
enhancer regions of Bdnf. 
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An intriguing question for future research is the mechanism of these enhancers and 
whether they function synergistically, competitively, or redundantly (mechanisms of 
enhancers are reviewed in Long et al., 2016). Our current understanding suggests that at 
least the ~5 kb upstream MEF2-dependent enhancer is not synergistic in cortical 
neurons, as it does not function in cortical neurons like the other two described Bdnf 
enhancers. Whether the +3 kbp or +210 kbp enhancer regions function in hippocampal 
neurons remains to be studied. In contrast, +3 kbp and +210 kbp enhancers could be 
either additive or competitive, as both function in cortical neurons during neuronal 
maturation and following neuronal activity. How these enhancers precisely interact and 
whether the 840 kbp and 1.7 Mbp regions also contribute to Bdnf gene regulation are 
interesting questions for future research. Given that enhancers play a crucial role in  
cell-type specific regulation of gene expression, we anticipate the discovery of more Bdnf 
enhancers, regulating Bdnf expression at different developmental stages in various brain 
regions and across different cell types. 

We focused on the mechanism of regulation of the +3 kb enhancer region using  
in vitro DNA pulldown coupled with mass-spectrometry and we determined several  
E-box binding transcription factors, such as NeuroD family members, TCF4, USF family 
members, and MAZ (Publication III). Of these, NeuroD family participates in neuronal 
migration, maturation, signalling, and brain development (Bormuth et al., 2013; Guzelsoy 
et al., 2019; Ince-Dunn et al., 2006; Tutukova et al., 2021; Wilke et al., 2012); TCF4 
participates in neuronal migration, functioning, and brain development (Kennedy et al., 
2016; H. Li et al., 2019; Page et al., 2018; Schoof et al., 2020; Thaxton et al., 2018; 
Wittmann et al., 2021); and USF1 participates in the regulation of dendrite length and 
arborization (Sideromenos et al., 2022). Collectively, these transcription factors are 
important for proper neuronal functions. As the expression of Bdnf first cluster of exons 
is highly nervous-system specific (Aid et al., 2007; Esvald et al., 2023; Pruunsild et al., 
2007), the +3 kb enhancer region could provide the neuron-specific expression pattern 
using these E-box binding transcription factors. Additionally, we determined several 
stimulus-induced transcription factors, such as AP1 and EGR family members binding to 
the +3 kb region (Publication III). As AP1 family members regulate the expression of Bdnf 
exon I (Tuvikene et al., 2016), it is possible that the expression of this transcript is 
potentiated by AP1 transcription factors also via the +3 kb enhancer region. Finally, we 
describe CREB binding to +3 kb region in cortical neurons and CBP binding after 
membrane depolarization. Although we did not study CREB binding after stimulus, +3 kb 
enhancer region could be one of our hypothesized CREB-dependent enhancer regions, 
participating in the regulation of the first cluster of Bdnf exons.  

In conclusion, our results reveal that CREB family, along with its coactivators, 
participates in Bdnf gene regulation after BDNF-TrkB signalling and membrane 
depolarization through multiple promoters and an enhancer region. The presence of 
multiple promoters, and the formation of different transcripts with specific sub-cellular 
localizations and functional roles, raises the question why Bdnf gene regulation shows 
great redundancy. Functional CRE elements are found in Bdnf promoters I, IV, and IX 
(Pruunsild et al., 2011; Tabuchi et al., 2002; Tao et al., 1998), and CREB also binds the  
+3 kbp enhancer region (Publication III). In addition to CRE sequences, there are  
USF-binding elements in Bdnf promoters I and IV (W. G. Chen, West, et al., 2003; 
Pruunsild et al., 2011; Tabuchi et al., 2002); NPAS4-binding elements in Bdnf promoters 
I, IV, and IX (Pruunsild et al., 2011); NFkB-binding elements in Bdnf promoters I and IV 
(Lipsky et al., 2001; Lubin et al., 2007), and AP1 family-binding elements in Bdnf promoter 
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I and the +3 kbp enhancer region (Publication III, Tuvikene et al., (2016)). The reason of 
this extreme redundancy remains a mystery, but several intriguing possibilities might 
explain it. First, having the same regulatory elements in multiple Bdnf promoters might 
provide means to produce Bdnf from several promoters concurrently using the same set 
of transcription factors, thus amplifying the stimulus-dependent Bdnf expression levels. 
Second, it is possible that Bdnf promoters have evolved from one ancestral DNA 
sequence, explaining similar regulatory elements in multiple promoters. Third, different 
Bdnf promoters with similar transcription factor-binding sites could have evolved to 
ensure stable Bdnf expression in a variety of conditions.  



40 

6 Conclusion 
The present thesis provides novel insights into the complex regulation of Bdnf 
expression. We show the role of various transcription factors, coactivators, and an 
enhancer region in modulating Bdnf mRNA levels in response to specific stimuli. The main 
findings of this study are the following: 

• CREB family transcription factors together with coactivator CBP play a central role 
in Bdnf transcriptional autoregulation in cortical neurons (Publication I). 

• The regulation of Bdnf expression differs between cortical and hippocampal 
neurons, with greater inducibility of Bdnf mRNA and protein levels after 
membrane depolarization in cortical neurons (Publication II).  

• The involvement of CREB coactivators CBP and CRTC1 in the regulation of Bdnf 
expression after neuronal activity varies between cortical and hippocampal 
neurons, suggesting different regulatory mechanisms in different neuronal 
populations (Publication II). 

• FOXP1, SATB2, RAI1, and BCL11A are novel brain region-specific regulators of 
Bdnf gene expression (Publication II). 

• An intronic enhancer region downstream of Bdnf exon III specifically regulates the 
expression of Bdnf transcripts starting from the first cluster of exons in cortical 
neurons but not in astrocytes (Publication III). 
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“In the realm of mind, where thoughts abound, 

A great neurotrophin can be found, 
BDNF, its name, a powerful guide, 
Nurturing neurons far and wide. 

Connections flourish, synapses mend, 
In BDNF's presence, growth transcends, 

A dance of life, a neural blend, 
The great BDNF, our dearest friend.”  

- ChatGPT4 
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Abstract 

Dissecting stimulus-dependent transcription of brain-derived 
neurotrophic factor 
Neurotrophins are secreted signalling molecules that participate in various neuronal 
processes. One of the neurotrophins, brain-derived neurotrophic factor (BDNF), plays an 
important role in the central nervous system, supporting neuronal survival, 
differentiation, synapse formation and synaptic plasticity, thereby modulating both 
behaviour and memory functions. Abnormal BDNF levels are associated with many 
nervous system diseases, such as depression, and various neurodegenerative diseases, 
including Huntington’s disease. Deeper understanding of Bdnf expression improves our 
understanding of both brain development and functioning. Furthermore, to extend the 
possibility of using BDNF in therapy, it is important to understand the mechanisms of 
Bdnf regulation. 

In rodents, Bdnf gene consists of eight 5’ non-coding exons and one 3’ coding exon. 
The expression of different Bdnf transcripts is controlled by independent promoters that 
provide tissue and stimulus-specific expression. Different Bdnf transcripts vary in their 
subcellular localization, translatability, and participate in different physiological 
processes. Although the regulation of Bdnf expression after neuronal activity has been 
widely studied, little emphasis has been placed on brain region and cell type-specific 
regulatory mechanisms. Moreover, the mechanisms of Bdnf transcriptional 
autoregulation that amplifies and sustains BDNF-TrkB signalling are not well understood. 

In the current thesis we studied the mechanisms of Bdnf transcriptional 
autoregulation in cortical neurons and the regulation of Bdnf expression after neuronal 
activity in cortical and hippocampal neurons. First, we focused on the cAMP-response 
element binding protein (CREB) family of transcription factors and their coactivators and 
show that CREB family together with the coactivator CREB-binding protein (CBP) are the 
main mediators of Bdnf transcriptional autoregulation. Second, we show that CREB 
family and its coactivators CBP and CREB-regulated transcription coactivator 1 (CRTC1) 
participate in neuronal activity-induced Bdnf expression in cortical neurons but 
contribute less to Bdnf induction in hippocampal neurons. To further study brain region-
specific regulation of Bdnf, we performed in vitro DNA pulldown, and propose novel 
region-specific regulators of Bdnf, including FOXP1 and SATB2. Finally, we studied distal 
regulatory regions of the Bdnf gene and determined an intronic enhancer region that 
provides neuron-specific expression of the Bdnf transcripts starting from the first three 
Bdnf promoters. 

Collectively, the findings presented in the current thesis highlight differences in Bdnf 
gene regulation after different stimuli and between cell populations. Our results shed 
light on the molecular mechanisms that govern Bdnf expression, thus contribute to our 
understanding of brain development and the maintenance of the nervous system. Our 
results could lead to the development of potential therapeutic interventions targeting 
neurodegenerative and neuropsychiatric diseases. 
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Lühikokkuvõte 

Aju-päritolu neurotroofse teguri stiimulsõltuva 
transkriptsiooni uuringud 
Neurotrofiinid on sekreteeritavad signaalmolekulid, mis toetavad mitmeid neuronite 
funktsioone. Üks neurotrofiinidest, aju-päritolu neurotroofne faktor (BDNF), 
signaliseerib kesknärvisüsteemis ja toetab neuronite ellujäämist, diferentseerumist, 
sünapside moodustumist ja sünaptilist plastilisust, mõjutades kokkuvõttes nii käitumist 
kui ka õppimist ja mälu. BDNF-i tasemete hälbimist on kirjeldatud paljude närvisüsteemi 
haiguste, näiteks depressiooni puhul, ja mitmesuguste neurodegeneratiivsete haiguste, 
sealhulgas Huntingtoni tõve korral. Bdnf geeni avaldumise parem mõistmine suurendab 
meie arusaamist aju arengust ja toimimisest. BDNF-i rakendamiseks ravivõimalusena on 
oluline mõista Bdnf geeni avaldumise regulatsiooni mehhanisme neuronites. 

Närilistes koosneb Bdnf geen kaheksast 5' mittekodeerivast eksonist ja ühest 3' 
kodeerivast eksonist. Erinevate Bdnf-i transkriptide avaldumist kontrollivad sõltumatud 
promootorid, mis tagavad koe- ja stiimulspetsiifilise transkriptide avaldumise. Bdnf-i 
transkriptid erinevad oma lokalisatsiooni ja transleeritavuse poolest ning osalevad 
erinevates füsioloogilistes protsessides. Kuigi Bdnf-i avaldumise regulatsiooni pärast 
neuronaalset aktiivsust on laialdaselt uuritud, pole märkimisväärset rõhku pööratud 
erinevatele aju piirkondadele ega rakutüüpidele, kus võivad esinevad spetsiifilised 
regulatsioonimehhanismid. Veelgi enam, Bdnf-i transkriptsioonilist autoregulatsiooni, 
mis võimendab ja säilitab BDNF-TrkB signaliseerimist, pole märkimisväärselt uuritud. 

Käesolevas väitekirjas uurisime Bdnf geeni transkriptsioonilise autoregulatsiooni 
mehhanisme kortikaalsetes neuronites ja Bdnf-i avaldumise regulatsiooni pärast 
neuronaalset aktiivsust kortikaalsetes ja hipokampaalsetes neuronites. Esmalt 
keskendusime cAMP vastuselementi siduva valgu (CREB) transkriptsioonifaktorite 
perekonnale ja nende koaktivaatoritele. Me näitame, et CREB-i perekond koos 
koaktivaatoriga CREB-siduva valguga (CBP) on Bdnf-i transkriptsioonilise 
autoregulatsiooni peamised vahendajad. Teiseks näitame, et CREB-i perekond ja selle 
koaktivaatorid CBP ja CREB-reguleeritud transkriptsiooni koaktivaator 1 (CRTC1) 
osalevad neuronaalse aktiivsuse poolt indutseeritud Bdnf geeni avaldumises 
kortikaalsetes neuronites, kuid osalevad märkimisväärselt vähem hipokampaalsetes 
neuronites. Selleks, et lähemalt uurida Bdnf-i spetsiifilist regulatsiooni erinevates aju 
piirkondades, määrasime DNA-le in vitro siduvad valgud ja pakume selle põhjal välja uued 
ajuregiooni spetsiifilised regulaatorid, sealhulgas FOXP1 ja SATB2 transkriptsiooni-
faktorid. Viimaseks, uurisime Bdnf geeni distaalseid regulatoorseid alasid ehk 
enhanseralasid ja tuvastasime introonse ala Bdnf geenis, mis kontrollib esimese kolme 
Bdnf eksoni neuronspetsiifilist avaldumist. 

Väitekirjas esitatud tulemused toovad esile erinevused Bdnf geeni regulatsioonis 
pärast erinevaid stiimuleid ja erinevates rakupopulatsioonides. Kokkuvõttes avavad meie 
tulemused Bdnf geeni ekspressiooni reguleerivaid molekulaarseid mehhanisme ning 
aitavad seega kaasa aju arengu ja närvisüsteemi toimimise mõistmisele. Meie tulemused 
võivad viia uute neurodegeneratiivsete ja neuropsühhiaatriliste haiguste ravimite 
väljatöötamiseni. 
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YZ[Z\Z]ẐZ_ZZ_[Z_\ZàbcYdefgYhigjklhei
mnopYqreiYs
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�����������������������������
��	����
������������������67*�-8�96�������#$����%������������
���������"�k����������%�������%��������$�����������������
��-������#��#���#�l#l�#�%�m����������#����5��
��������
�������������#��������$���������5n�!��+-��56�����	-
����������������%%����#$����%�������������������
��������������������"���op�������
�����������������
��������#%�������%�����������
��������op#�������=�����$��=������%���=������������-�����
����������������=���%�
�����q�����!������%�����#4011�������"#$�������%�����$���67*��%�������%
��������������"������������������"�����10:�������#$��=�����%���������	
��������+-��56��%���%���=�����������"����5��
����������������%�����,2�3-���%�./0�0044�#�%%�������%���67*�-8�96�������-�%���%�������"�������5��
�����=",11-���%�./0�00;1��%=",1o-���%�./0�0113������3�%����67*���������#��-�
�������"�����10:�#�%�������������������"�������
���������"�>����	
��������+-��56��%��������������������

rstrtsurusvrvs r t u v w s xyz{|}~�z�z���z��~�� �~�z�������������}�z|}�z�}
�����z�����

ruwx�trtu r t u v w s xyz{|}~�z�z���z��~�� �~�z�������������}�z|}�z�}
�����z�������

rstrtsurus r t u v w s xyz{|}~�z�z���z��~�� �~�z�������������}�z|}�z�}
�����z������

rtuvwsx� r t u v w s xyz{|}~�z�z���z��~�� �~�z�������������}�z|}�z�}
�����z������

ruwx�trtutw r t u v w s xyz{|}~�z�z���z��~�� �~�z�������������}�z|}�z�}
�����z������|

ruwx�trtutw r t u v w s xyz{|}~�z�z���z��~�� �~�z�������������}�z|}�z�}
��������~���z���y���� �¡��y��

rr¢ur¢wr¢xr¢�tt¢ut¢w r t u v w s xyz{|}~�z�z���z��~�� �~�z�������������}�z|}�z�}
�� �¡£ ¤ �z���y���� �¡��y��

rstrtsurus
vr

r u w �
¥}~�~}�|�z�|�z�~�¦{�z�~}|{zy �~�z�������������}�z|}�z�}
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BCBDBEBFBGBHBIBJB B C D E F G HKLMNOPQLRLSTULVVPWX YPZLR[\]RŴR_̀ abROULNOZLXO

cdefRLSWXRg

BCDEFG B C D E F G HKLMNOPQLRLSTULVVPWX YPZLR[\]RŴR_̀ abROULNOZLXO
cdefRLSWXRggh

BCDEFGH B C D E F G HKLMNOPQLRLSTULVVPWX YPZLR[\]RŴR_̀ abROULNOZLXO
cdefRLSWXRggg

BCDEFGHIJ B C D E F G HKLMNOPQLRLSTULVVPWX YPZLR[\]RŴR_̀ abROULNOZLXO
cdefRLSWXRgi

BBjGCCjGDDjG B C D E F G HKLMNOPQLRLSTULVVPWX YPZLR[\]RŴR_̀ abROULNOZLXO
cdefRLSWXRig

BGCBCGDB B C D E F G HKLMNOPQLRLSTULVVPWX YPZLR[\]RŴR_̀ abROULNOZLXO
cdefRLSWXRgkN

BDFHJCB B C D E F G HKLMNOPQLRLSTULVVPWX YPZLR[\]RŴR_̀ abROULNOZLXO
cdefRhWlPXm

BGCBCGDBDG
EB

B D F J
nOPQPOhNRLVNUL̂PhoMRLQPONMLK YPZLR[\]RŴR_̀ abROULNOZLXO

pKqRULTWUOLU qrbspKYpR̀ta qrbspKYpR̀ta
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UVVWXVWYVWZVW[\\WX\WY\WZ V \ X ] Y ^ ZMJ_̀abcJLJdefJggbhI ibjJLklmLhnLopNqLafJ̀ajJIa
PQRST

V\VXV]VYV̂V V \ X ] Y ^ ZMJ_̀abcJLJdefJggbhI ibjJLklmLhnLopNqLafJ̀ajJIa
SrstLJdhILu

V\X]ŶZv[ V \ X ] Y ^ ZMJ_̀abcJLJdefJggbhI ibjJLklmLhnLopNqLafJ̀ajJIa
SrstLJdhILuuw

V\X]ŶZ V \ X ] Y ^ ZMJ_̀abcJLJdefJggbhI ibjJLklmLhnLopNqLafJ̀ajJIa
SrstLJdhILuuu

VXYZ[\V\X\Y\Z V \ X ] Y ^ ZMJ_̀abcJLJdefJggbhI ibjJLklmLhnLopNqLafJ̀ajJIa
SrstLJdhILux

V\X]ŶZv V \ X ] Y ^ ZMJ_̀abcJLJdefJggbhI ibjJLklmLhnLopNqLafJ̀ajJIa
SrstLJdhILxu

VXYZ[\V\X V \ X ] Y ^ ZMJ_̀abcJLJdefJggbhI ibjJLklmLhnLopNqLafJ̀ajJIa
SrstLJdhILuỳ

VXYZ[\V\X\Y V \ X ] Y ^ ZMJ_̀abcJLJdefJggbhI ibjJLklmLhnLopNqLafJ̀ajJIa
SrstLwhzbIK

^ ZVVŴ\\ŴXXŴ V \ X ] YMJ_̀abcJLJdefJggbhI ibjJLklmLhnLopNqLafJ̀ajJIa
{|tT

V̂\V\̂XVX̂]V V \ X ] Y ^ ZMJ_̀abcJLJdefJggbhI ibjJLklmLhnLopNqLafJ̀ajJIa
PQR}L~balL�up

VXYZ[\V\X\Y\Z\[ V \ X ] Y ^ ZMJ_̀abcJLJdefJggbhI ibjJLklmLhnLopNqLafJ̀ajJIa
ihà_PQR}
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ABCDEFGHIJKLMNOPQRSTUVWXYZT[TS\Z]̂_ORỲTRỲTZabcS\QcdS\ZMefghiZjMROkPcbOPk_cPQZ\lZmOSRJMnonZO[cZaP\mZTPRp\Z\SZ\cS\QcSqe]̂pOS̀rsPkt[bMefgdTZùTZb\dSmPSZ\cS\QvJiKwxcPQS̀\PRmNy\lS\QSTJ̀]ncRRcamROPkJKLMvzx_ỲTRỲTh{\Zhu||JKLMvnhJKLMxv}x_TZJMnv~xcPSONTQO\RvcNxoef�\PZOl̀[\PSTd��X��YZT[TS\Z_QOdd\Z\PSZcSUVWXvZUVWXxYZT[TS\ZvYxZ\kOTPR_cPQZcSUVWX|�mPSZcPRbcS\QZ\kOTPvZUVWX|��iKxpcR[\cRmZ\QmROPk�nJKoef�\PZOl̀[\PSORZ\YZ\R\PS\QcRY\Zl\PSck\TdOPYmSo��\Zck\TdS̀Z\\TZdTmZvz_~_�0��}_�0|xOPQ\Y\PQ\PS\�Y\ZO[\PSRORR̀TpPoLZZTZNcZROPQOlcS\{L�ofTcPSONTQalTPSZTbRQ\YOlSS̀\Rc[\QcScR\SOPzcPQ}o{ScSORSOlcbROkPOdOlcPl\ORZ\bcSO�\STS̀\\PZOl̀[\PSTdZUVWX|��iKZ\kOTPOPZ\RY\lSO�\baSZ\cS\Ql\bbRo{ScSORSOlcbcPcbaRORpcRPTSY\ZdTZ[\QTPPTcPSONTQalTPSZTbRo����sosu����sosrvYcOZ\QSpThScOb\Q�S\RS_lTZZ\lS\QdTZ[mbSOYb\lT[YcZORTPRmROPk�Tb[�{OQcj[\S̀TQxo

LR�cbQ_im�Oj\P\\Scbo�JKLMgc[ObaOPMefgiZcPRlZOYSOTPcb�mSTZ\kmbcSOTP �of\mZTRlOo_g\NZmcZau�_�s�s��svqx�u�sr�u����GH�G



��������	
����	
	����������������
����	�����������������������	��	���������� �����������!"����	������#$�%&&'����()*+�����"����
�����	
	�����#��,-./���0������������) �������������
��#���# ���	�	���
�����
���	������������� ���%&&�	
����"��
��#�	
	���,-./���������� ��!#��'���123+�4�
�����	�
������#�	������	���56/78�������� ��9&�1&:';<&�&%(2+��	�"�	"	������
	�"��	��	
9&�2=:';<&�&%==+��	�"�	�����������
	�"��	���	"	������
�����)��# ��	�������������	�����
��,-./������������	��������
 ������	�����	������	����>���	��������	,-./%?@���A� �>��)����������������	� ��� ��#�	
	���,-./����������)���)�	
��)�	
�������������������)��� 	�9&�1B:';<&�&%==+)9&�12:';<&�&%==+)9&�C(:';<&�&%2%+)�	
9&�1(:';<&�&(B=)"	��������
;<&�&1DD+��	�"��	������	�)�������>����E	�� �

	��
������"���0��	�>��	
	���#�������,-./�����������	
���'�	
���������+)�����"����������#�����"��
�������,-./���������>����	������	���������������	������������>���)�"����"������ ���������	
���,-./����������)��������������

����������������	��	�)�	
����"����#��	������,-./�0������	�FGGHIJKLMNOPQMRSLPNMTROUVQTUROLWTNUVGLMNLWRSSXQNYSVPZ[\Z\]N̂LTM_̀ abcdMe_PRfONGROf��������>�"������	��� 	��������	�"��	�����������		���
"�������������"����"���	���	������	�
���	
�	�g�#'h�����"
�����)C&&C+) �����!"���hi#j���� �����>���	���
	��������������������	'k	������)C&&C+��"���������)	�"��	������	�������������"�	
"�������0������	��,-./�0�	�����	��		����	������'4���	
�����)C&&*+) ����������0������	�������,-./���	���������	�����	��"
�
���
�����	� ����������������	�������	���"�����"����	������	 ���>�
������
����	�"��"��
	�"��	�����������	�lmnln7) �	�"��
���������		���
"�������������"������������g�#�	
����"��
����0������	��>�����
�����	�,-./���	������	���
�	�������"�����	�������������"�"�	�!���#��'���1(+�g����	�"��	�������"�	������	��
�	�������"�������
�	9%&:	������	�����#E#�����'���1(o+)	
���	�����"	���	�������"������	
"��
g�#����
����	����

pqrstuvwxy
z{|}~|���wx����z{����������

pqrs��ux��
z{|}~|���wx����z{����������

pqrs��ux���t
z{|}~|���wx����z{������z���

pqrs��ux����
z{|}~|���wx����z{������z�pqrs��ux���

z{|}~|���wx����z{�����z�����
pqrs��ux���

z{|}~|���wx����z{�����z���
pqrs��ux����

z{|}~|���wx����z{�������z�������

������u�v�wxv�t~wux ������u�v�wxv�t~wux ������u�v�wxv�t~wux ������u�v�wxv�t~wux

������u�v�wxv�t~wux ������u�v�wx v�t~wux ������u�v�wxv�t~wux
�z�������z�����
����
�z� � z� �� �� �� ��� �z� ��� ��� ���������t{�xy�����u����

���wx���
 w�����wx�

|}~|����¡
¢ �����wx� �u�~�����

£££ £££ £££ £££
£££ £££ £££

¤¥¦§̈©ª«¬®̄°±²³́µ±¶²±²·¶̧¹·º±»»¶¼¹½»́µ¾¿±¼±·µ¾²º¹²¼¾ÀµÁ²¹»·±¼·̧¹²µ½±µµ±¶²¹²À±²À́¼¾µ·º¾¾Â»̧¾µµ±¶²¶³¹¿¿ÃÄÅÆ·̧¹²µ¼̧±»·µ±²·º¾º±»»¶¼¹½»¹¿À¾²·¹·¾ÇÁ̧́µ̧¾Ç±¶²ÈÉÊË±½¾¼¶̧́µ¾»¿¶·µ¶³³ÌÍÎÍµ¿¶»¾̧¾¼¶̧À¾ÀÏ¾³¶̧¾¹²À¹³·¾̧®̄°¶̧ÐÁ·Ð±²³́µ±¶²Ñ¿¾³·Ò¹²Àµ¹½»¿¾³±¾¿À»¶·¾²·±¹¿·̧¹¼¾µŅ̃±Çº·ÒÈÓ·¶·¹¿¶³ÔÕ¿ÑÖÕÇ×Õ¿Ò¶³®̄°¶̧ÐÁ·ÐØ¹µ±²³́µ¾À¶Ù¾̧ÔÚ½±²±²·¶·º¾À¾²·¹·¾ÇÁ̧́µ¶Ù¾̧·º¾»¾̧±¶À±²À±¼¹·¾ÀÏÁ·º¾Ç̧¹ÁÏ¹̧ÈËº¾¾Ù¶Û¾À³ÌÍÎÍµ¿¶»¾¼º¹²Ç¾±µ¾Â»̧¾µµ¾À±²»¾̧¼¾²·¹Ç¾¶³Ï¹µ¾¿±²¾È®¾»±¼·¾ÀÙ¹¿́¾µ¹̧¾½¾¹²ÜÎÌÝ¶³Þ±²À¾»¾²À¾²·¹²±½¹¿µÑ²<Þ³¶̧Ï¶·ºÇ̧¶́»µÒÈßÊËº¾¾Â»̧¾µµ±¶²¿¾Ù¾¿µ¶³À±³³¾̧¾²·ÃÄÅÆ·̧¹²µ¼̧±»·µØ¹µ½¾¹µ̧́¾À³̧¶½À¾²·¹·¾ÇÁ̧±¶³Ï¶·º±»µ±¿¹·¾̧¹¿¹²À¼¶²·̧¹¿¹·¾̧¹¿º¾½±µ»º¾̧¾́µ±²ÇàáËâÍÐáÈËº¾¾Â»̧¾µµ±¶²¿¾Ù¾¿µ¶³ÃÄÅÆ·̧¹²µ¼̧±»·µØ¾̧¾²¶̧½¹¿±ã¾À·¶·º¾äåæçè¾Â»̧¾µµ±¶²¿¾Ù¾¿µ¹²À¹̧¾À¾»±¼·¾À¹µ³¶¿À±²À́¼·±¶²¼¶½»¹̧¾ÀØ±·º·º¾̧¾µ»¾¼·±Ù¾·̧¹²µ¼̧±»·¾Â»̧¾µµ±¶²¿¾Ù¾¿µ±²·º¾¼¶²·̧¹¿¹·¾̧¹¿º¾½±µ»º¾̧¾È®¶·µ¾̧»̧¾µ¾²·À¹·¹³̧¶½¹¿¿·º¾¾Â»¾̧±½¾²·µÈé¶̧±ã¶²·¹¿¿±²¾±²À±¼¹·¾µ·º¾Ç¾¶½¾·̧±¼½¾¹²¶³Ú¶̧Þ±²À¾»¾²À¾²·¹²±½¹¿µÑê<Ú¶̧ÞÒÈ®¹µº¾À¿±²¾±²À±¼¹·¾µ·º¾¿¾Ù¾¿¶³̧¾µ»¾¼·±Ù¾·̧¹²µ¼̧±»·µ±²·º¾¼¶²·̧¹¿¹·¾̧¹¿µ±À¾¹²ÀØ¹µµ¾·¹µÖÑ²¶±²À́¼·±¶²ÒÈÎ·¹·±µ·±¼¹¿µ±Ç²±³±¼¹²¼¾Ï¾·Ø¾¾²·º¾̧¾µ»¾¼·±Ù¾·̧¹²µ¼̧±»·¿¾Ù¾¿µ±²À¾²·¹·¾ÇÁ̧±¶³±»µ±¿¹·¾̧¹¿¹²À¼¶²·̧¹¿¹·¾̧¹¿º¾½±µ»º¾̧¾µëìììíîïÈïïÖÑ»¹±̧¾À·Ø¶â·¹±¿¾Àð·¾µ·Ê¼¶̧̧¾¼·¾À³¶̧½́¿·±»¿¾¼¶½»¹̧±µ¶²µ́µ±²Çé¶¿½ñÎ±À¹Û½¾·º¶ÀÒÈ
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����
�
��� �������������������������������
�
��������
�����	������I�������������
�������
����
�
�
�
��������
���defg��
��

����������#��������
��
����
�
��������
��
�
��������	��������## ��	�
��
�����������
���
����	���
�������%h4i*@jkl4)ml*((*7-./0no&'7j*@jp)A(-././ok*7('7)++4*@jq*6r)7(l-././2
���������	������
��������������������������������	������
��
������
����
�����
���������
����	���
����
�
�
��������
��	�������
�
���s��������%h4i)(*+,-./0/2�������������������
������������������������
�
��������
���������������
���
����	���
�
����� ������������
����
�
������������������H��������	���
������
��
��������������
 �������
���	����������9����
��
tu�v�������
�����������
�
���
�����������I����
����%�uu��2�
���
����"��
������
��
�
��� ����������������������
�������������������������
����
�	����������������������������
�%34567).w2
�	�������������������	����������#
���������
����
����������
�
��������
��������������
���
����	���
��������%t�xx �������������	��������	����������������������	�����������2������
��	�
��
����������
����
��������������
%34567).82�����	����������uu��
��������
������	�����������������������������������
�������
����
�����������
������������
�
��������
�����	�
�������������
���������

����
�
���������
�������
�������� ��	�
��
���������
�����defg��
�����������������
������
���
����defg��
���	������
y;!�������
�������
�������	����I���������
������
����
��������%zl'Al)(*+,-011{o|766@A4+j)(*+,-./002�
� c}�D ������
��� ������ ���c ���
��
� 
� ����� c}�D �����������
%~A�*+j)(*+,-././o�6�4m)@))(*+,-./0Co�*A6j*)(*+,-.//�2�E����������
��������������� �����������������
���	��������t<y� �����
���	�
������������������������
������������
��������������� ��	�
��
��
�
����

����
��

������������������&'(()(*+,-./01������������������������� �������¡����¢�£��¡�¡�  ��£�¤������¥�¦��¤�¡�§��������£������������ �̈�¥ ¤� ¡���¡���©¥�ª«¬���£����� �������¡��¥�������¥�®��̄£�������ª°°¬�����������£�������£���¦�������¡��£���¤������¥� ��������¤���̈������¦�����������£���������¤����¥¤���£�����¤���£±²¢²³���¦�����¡�������¥�̈ ���¡�£¥��¡¤��©¥��������¥���£������ �������¥�����������¥���� ����¦���£���������®��̄�́��µ�������� ��������������¶·̧ ¹ºª«¬���¥�������£���¶�¥�°°»¼½¾¿«ÀÁ«Â¼½¾¿ÁÃ¼Ã�¥£°¿£������¤�¡�º��¥�����ÄÅÆ¶�ÄÅÆº�́ �������¡�¦�¡��������²ÆÇ���È¤�����£��������¥�ÉÆÅ©ÊËÌ ��Í���������������¥�¢¡����������¡¶?)@*A)AB6)(*+,-./0C�¥�� »ÎÎ�¡������������¬¤��¬º��ÄÅÆ�́ �������¡�¦�¡�̈ ���£��¤ ���������������¤��� ��¶·º����¡¡�� ��¶¹º�Ê�¡�����¤������¡¡�� ��̈ ��¥���Ï§����ÄÅÆ�́ �����������¥�̈ ��©¥���¡���¦��������¥�������¡����¡¤����¥��¡¡�̈ ��£�£¤���¤  ¡�����¶�º���£¤��°»ÐXẀVNZ̀__̂NÑNS]ÒÓ©¥�ª«¬���¥�������£����¥�̈ ������Ï� �����Ô«Õ¼½��¥������������������ÐXẀVNZ̀__̂NÑNS]ÖÓ©¥�ª«¬���¥�������£����¥�̈ �� ���¥����������¤��¤�������¥�����ÄÅÆ¶�ÄÅÆº�́ �������������¤¡�¤�����¤�����
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XYb

GBGG?
? GBG?A?B? GBAFF?BE ??

E@
GBG ??

DI
FBEJKLJK LJKL LLLLL

LL LLL
LLL
LLC?CFCGCICEC

DCHCAC@C
MNOPMQRMSPT U??VWOXMYZNT[RT\ U??VWOXMYTP]PT̂P UGVWOPMQZNT[RT\ UGVWOPMQTP]PT̂P_P̀RYX]PÒaSXZPTR̂PORSYX]
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U??VWOXMYTNMXSOTP{XNMU??VWOXMYTNMXSOTP{XNMUGVWOPMQRMSPTOTP{XNMUGVWOPMQRMSPTOTP{XNM
MNOPMQRMSPTU??VWOXMYOZNT[RT\U??VWOXMYOTP]PT̂PUGVWOPMQOZNT[RT\UGVWOPMQOTP]PT̂P klmnOoh|}|j~hklmnOoh|}|j~hklmnOoh|}|j~hklmnOoh|}|j~hklmnOoh|}|j~h
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