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The brain-derived neurotrophic factor (BDNF) is a key regulator of neural development and plasticity. Longterm changes in the BDNF pathway are associated with childhood adversity and adult depression symptoms.
Initially, stress-induced decreases in the BDNF pathway were found in some studies, but subsequent reports
indicated the relationship between stress and BDNF to be much more complex, and the concept was
significantly revised. In the present mini-review, we focus on the structure and regulation of the Bbnf gene
as well as on the stress–BDNF interactions under early-life adverse conditions.
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The brain-derived neurotrophic factor (BDNF) is the
most abundant neurotrophin in the mammalian brain.
BDNF play an integral role in neural development and
also is associated with neuroprotection and neuronal
plasticity (Huang and Reichardt 2001; Park and Poo
2013). In 1995, Smith et al. demonstrated that chronic
stress reduces mRNA levels of Bdnf (Smith et al. 1995).
Hundreds of subsequent reports established that BDNF
is one of the most important endogenous mediators of
stress responses in the mammalian brain.
The developing brain is very sensitive to the effects
of early exposure to stressors especially due to reprogramming of a number of stress-sensitive gene pathways
(Chen and Baram 2016). Long-term changes in the
BDNF pathway are associated with susceptibility to subsequent stressors and predisposal to neuropsychiatric disorders in adulthood (Kudryavtseva et al. 2010; Jawahar
et al. 2015; Murgatroyd et al. 2015).
In the present mini-review, we focus on the structure
and regulation of Bbnf gene as well as on the stress–
BDNF interactions under early-life adverse conditions.

Keywords.

1.

BDNF gene structure and regulation

In mammals, Bdnf encompasses nine 5′ non-coding
exons (numbered I–VIII, IXA) and one 3′ proteincoding exon (IX) (Aid et al. 2007). In total, nine different promoters control BDNF transcription. Bdnf isoforms are produced by splicing individual non-coding
exons with the exon IX. Given that alternative splice
donor sites are found within exon II and two polyadenylation sites are present in the 3′ UTR of exon
IX, more than 20 distinct mRNA isofroms for this gene
may exist (Pruunsild et al. 2007). All mRNA isoforms
are translated into a single pro-BDNF protein that is
proteolytically processed to generate the mature protein
(Aid et al. 2007). Hence, time- and tissue-specific regulation of Bdnf expression is controlled at both the transcriptional and post-transcriptional steps and is needed
for proper BDNF activity in numerous processes.
Bdnf transcripts containing exons I, II, IV and VI are
predominantly expressed in neurons (Aid et al. 2007;
Pruunsild et al. 2007; Rousseaud et al. 2015). Furthermore,
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these transcripts display distinct subcellular localization in
these cells. This may indicate that the protein is translated
with different efficiencies in the soma or dendrites, thereby
producing localized effects (Baj et al. 2011, 2013). Expression of BDNF mRNA isoforms is differently affected by
early-life stress (ELS) (table 1), antidepressants, corticosterone, as well as by several other stimuli (Dwivedi et al.
2006; Baj et al. 2013).
Regulation of Bdnf promoter IV has been extensively studied. It can be induced by neural activity, NMDA receptor
(NMDAR) activation, calcium influx and via cAMPresponsive element-binding protein (CREB) activation
(Lyons and West 2011). BDNF-KIV mice do not produce a
functional protein from the promoter IV-driven isoform. This
leads to altered activity-dependent BDNF expression and
depression-like behaviour (Sakata et al. 2010). Notably,
experiments aimed at delineating the effects of stress on BDNF
primarily detect changes in transcription driven by promoter
IV (table 1; Fuchikami et al. 2010; Braithwaite et al. 2015).
To date, glucocorticoid DNA-binding response elements
have not been identified in any of the Bdnf promoters (Jeanneteau and Chao 2013), despite this ‘stress hormone’ is known
to significantly modulate BDNF levels (Suri and Vaidya 2013).
Gonadal steroid hormone, estradiol, has also been reported to be
involved in BDNF expression regulation, likely via binding the
ERE site in the promoter IX (Carbone and Handa 2013). In
addition to regulation through a variety of transcription factor
response elements, Bdnf gene expression is also epigenetically
regulated by DNA methylation and core histone modifications.
Primary BDNF transcripts can be processed at two alternative polyadenylation sites giving rise to BDNF mRNAs that
harbor either a short or a long 3′UTR (An et al. 2008). Expression of the long 3′UTR BDNF mRNA decreases in the hippocampus upon ELS (Calabrese et al. 2015). Distinct 3′UTR is an
important regulatory element of BDNF activity. Short BDNF
mRNA maintains basal levels of BDNF production under resting conditions. In the meantime, the long 3′UTR BDNF mRNA
remains translationally silent but can be turned on upon neuronal activation (Lau et al. 2010). The mechanism behind 3′UTRmediated and activity-dependent regulation of BDNF translation is under miRNA control (reviewed in Varendi et al. 2015).
Several miRNAs, such as miR-155, 191, and 206, can specifically reduce the Bdnf expression by targeting the binding sites
located exclusively in the long 3′UTR (Miura et al. 2012;
Tapocik et al. 2014; Varendi et al. 2014). High miR-16 expression may down-regulate BDNF expression under ELS conditions (Bai et al. 2012).
2.

Changes in BDNF expression induced by ELS events

Early-life adverse experience is known to alter the adult
stress response program, and contributes to vulnerability to
stress as well as to stress-related psychopathology (Heim and
J. Biosci. 41(4), December 2016

Nemeroff 2002). The very first studies on stress–BDNF
interactions focusing on the hippocampal area were consistent with a simple scenario that stress results in lower Bdnf
expression, which leads to attenuated neurogenesis and plasticity, and ultimately to mental disorders (Smith et al. 1995;
Ueyama et al. 1997). Subsequent reports indicated that the
relationship between stress and BDNF is far more complex,
and this scheme was significantly revised.
The data summarized in the table 1 show that the patterns
of Bdnf expression following ELS are complex and are
influenced by a number of factors, such as developmental
stage, duration and severity of stress, type of the stress
paradigm, brain areas and subareas analysed, sex and genetic
background of the animals used. The details of BDNF dynamics may vary across these studies, and yet most of them
agree in that Bdnf transcription or BDNF levels are reduced
in adults subjected to ELS (this review; Daskalakis et al.
2015).
There are several studies suggesting time-dependent
changes in BDNF expression in the hippocampus with notably discordant immediate and long-term effects (Lee et al.
2012; Miki et al. 2013; Suri et al. 2013; Miki et al. 2014).
Recent analysis of the hippocampal transcriptome showed
that ELS effects on the expression of many genes are highly
age-dependent and may vary significantly during the life of
the animal (Suri et al. 2014). Taking into account multiple
signalling pathways and downstream effects mediated by
BDNF, this protein can be viewed as one of the factors that
orchestrate ELS-dependent genetic dysregulation. Alternatively, BDNF can be regarded as the protein whose expression closely mimics this disturbed expression pattern.
3.

Epigenetic regulation of BDNF

Reduced BDNF levels have often been associated with increased DNA methylation at the BDNF promoters (reviewed
in Ikegame et al. 2013). DNA methylation is one of the
factors contributing to long-term epigenetic reprogramming
of gene activity in the developing brain. Not surprisingly
then is that methylation of the Bdnf gene is often considered
as the key mechanism of how ELS affects brain function and
mental health. Roth and colleagues have demonstrated that
early-life maltreatment induces DNA methylation changes at
Bdnf promoters IV and I, which is accompanied with reduced expression of this gene in the adult PFC (Roth et al.
2009; Blaze et al. 2013, 2015). The changes observed were
highly stable and were inherited by the offspring (Roth et al.
2009). Increased methylation levels at the exon IV and
promoter IV following pre- and postnatal stress exposure
have also been noted in the hippocampal tissue and amygdala (table 1). Methylation of Bdnf gene sequences recruits a
methyl-CpG binding protein 2 (MeCP2) to the promoters,
thereby blocking transcription factor binding (Boulle et al.

Postnatal
Caregiver manipulations
(PND1–7)
Postnatal MS
(PND2–21)
Postnatal MS (PND 9)
and⁄ or peri-adolescent
chronic stress (PCS)
(PND 28–43)

Roth et al. 2009

Postnatal MS
(PND 1–21)

Postnatal MS
(PND10–15)

Lee et al. 2012; Miki et
al. 2013, 2014

Postnatal MS
(PND 2–14)

Suri and Vaidya 2013

Xue et al. 2013

Prenatal
(variable stressors)

Neeley et al. 2011

Llorente et al. 2011

Aisa et al. 2009

Postnatal
MS (PND 2-14 or 7)
and acute (PND 60)/
chronic (PND 60–70)
stress

Period

Nair et al. 2007

Report

1. Cerebellum
2. Cerebral cortex
3. Hippocampus

1. mPFC
2. Hippocampus
3. NAc

Hippocampus
(DG subfield)

Hippocampus

Hippocampus

Hippocampus

1. PFC
2. Hippocampus

Hippocampus

Brain area

PND 56
Total BDNF mRNA and
exon VI transcripts ↑ in
B and C strains and unch
in A; proBDNF and
mBDNF ↓ in all rats;
proBDNF ↓ in B, C
PND21
Bdnf IV mRNA ↑
Bdnf IX mRNA levels ↑
2 months
Bdnf IV mRNA ↑
Bdnf IX mRNA levels ↑
15 months
Bdnf IV mRNA ↓
unch in Bdnf IX mRNA
PND 56
1. Significantly ↓BDNF
protein expression
2,3. unch
PND16-21
1. levels of mRNA and
BDNF ↑
PND 16-60

PND7
exon IV transcripts ↑
exon I transcripts ↓
exon IX, total BDNF mRNA
unch
PND14
total BDNF mRNA unch
PND21
total BDNF mRNA ↑
PND60, PND70
total BDNF mRNA ↓
PND90
1. mRNA levels ↓
2. mRNA levels remain unch
PND 60–75
significant ↓ in BDNF mRNA
PND 90
MS, per se, significantly ↓
BDNF mRNA in both sexes

Expression changes

PND21, 2 months
repressive
H3K9me2 modification at
promoter IV ↓
15 months
H3K9me2 at
promoter IV ↑

1. Hypermethylation
of exons IV and IX

Epigenetic context

Table 1. The results of the recent, most comprehensive rodent studies on changes of BDNF expression after ELS exposure

Wistar rats
males

Wistar rats, only males

Male Sprague-Dawley
rats

Wistar rats, males and
females.
The lowest BDNF
expression levels in
males MS+ PCS
A. Fischer
B. Sprague-Dawley
C. Lewis rats
only males

Wistar male rats

Long–Evans rats,
males and females

Sprague–Dawley rats
males

Genotype/species
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Postnatal MS (PND 2-14)
and juvenile stress
(CORT treatment)

Prenatal
(variable stressors)

Postnatal MS
(PND 2–14)

Postnatal
MS (PND 15-21)

Postnatal MS
(PND 1–21)

Boersma et al. 2014

Calabrese et al. 2015

Nishinaka et al. 2015

Seo et al. 2016

Postnatal MS
(PND 3–15)
SI (PND 21–51)
Postnatal
MS (PND 1–14)

Period

Hill et al. 2014a,b

Kundakovic et al. 2013

Biggio et al. 2014

Report

Table 1 (continued)

Hippocampus

1. Hippocampus
2. Striatum

1.VHP and ventro-mPFC
2. DHP and dorso-mPFC

1. Amygdala
2. Hippocampus
3. PFC

1.mPFC
2. Caudate
putamen
3.NAc
4. DHP
5. VHP

1. Hippocampus
2. Cortex

Hippocampus

Brain area

PND85–95
1. total Bdnf expression
and exon IV↓; the levels
of the long 3’UTR Bdnf
mRNAs ↓
2. unch in Bdnf expression
PND22
1. BDNF expression ↑ in
males and no changes in
females
2. BDNF expression ↑ in
females and ↓in males
12 weeks of age

16 weeks of age
1. mRNA and mBDNF
protein ↑ (expression of
exons I and II ↑).
2. exon IX levels unch
3. ↓ by CORT
4. Exons I, II, IV, VII and IX
mRNA ↑. mBDNF ↓ (MS)
5. BDNF expression was unch;
mBDNF ↓
PND21, PND80
1,2 Bdnf expression ↓
3. unchanged

PND35-40
1.Bdnf expression↓
2. Bdnf expression ↑

2.BDNF expression ↑
after stress, returns
back to normal and ↓in
adults
3. BDNF expression↓
after stress and ↑ in adults
PND 51
↓ BDNF protein expression

Expression changes

PND21
1, 2. Overall exon
IV DNA methylation ↑
3. No difference
PND80
1. Overall exon
IV DNA methylation ↑
2, 3. No difference

No effects on DNA
met in promoter IV;
↑ hippocampal Bdnf
IX met in Balb/cJ

Epigenetic context

Sprague–Dawley male
rats

Serotonin transporter
knockout Wistar rats
(SERT) only male
1. wild and mutant
background
2. wild
Male and female mice;
changes were sex-depended

Sprague Dawley rats,
only males

1.female mice
strain C57BL/6J
2.male mice strain
Balb/cJ
Wistar rats,
effect of MS+CORT
in mPFC
was specific to males; DHP
changes were restricted to
males
VHP changes –to female
proBDNF levels were
unch in the male DHP

Sprague-Dawley rats
males

Genotype/species
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Hippocampus
Prenatal
restraining the
pregnant dam

Restraint stress (RS)
8–11 weeks

Ac – acetylated histones; CORT – cortisol; DG – dentate gyrus; DHP – dorsal hippocampal regions; HDAC5 – histone deacetylase 5 (high HDAC expression causes histone
hypoacetylation); me, met – methylation; mPFC – medial PFC; MS – maternal separation; NAc – nucleus accumbens; PFC – prefrontal cortex;
PND – postnatal days; SI – social isolation; VHP – ventral hippocampal regions; ↓ ↑ – reduction/increase in expression levels; unch – unchanged.

Male mice
Kunming species
At promoter IV
levels
of acH3 and acH4 ↓
HDAC5 mRNA ↑
DNA met BDNF ↑
AcH3K14 level ↓
MS and MS+RS ↓ levels
of total and exon IV BDNF
mRNA
MS+RS maximum effect
PND40
BDNF- I, IV, VI, and IX
mRNA and protein
expression ↓
Zheng et al. 2016

Report

Table 1 (continued)

Period

Brain area

Expression changes

Epigenetic context

Genotype/species
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2016). MeCP2 also interacts with a histone deacetylase
(HDAC)/Sin3 complex and further reduces Bdnf gene expression (Zheleznyakova et al. 2016). It has been speculated
that under different environmental conditions Bdnf expression is controlled by methylation of distinct CpG sites
(Kundakovic et al. 2015; Boulle et al. 2016). In vivo inhibition of DNA-methyltransferase activity by Zebularine was
shown to be sufficient to reactivate Bdnf gene transcription
in hippocampus (Lubin et al. 2008).
There are several reports on the effects of ELS on histone
modifications. Female rats that were subjected to postnatal
stress have less histone H3K9/14 acetylation associated with
Bdnf IV DNA in the mPFC (Blaze et al. 2015). The effect
was even more pronounced for H3K14ac histone mark,
whose down-regulation was associated with higher DNA
methylation levels and reduced BDNF expression in male
mice exposed to prenatal stress (Zheng et al. 2016). Early
stress of maternal separation was associated with lower
levels of repressive histone methylation mark (H3K27me2)
at Bdnf promoter, which was accompanied with upregulation of Bdnf expression in adolescents in contrast to
what was observed in adults (Suri and Vaidya 2013). Reduced levels of acetylated histones H3 and H4 and significantly increased MeCP2 was reported for the promoter IV of
the Bdnf gene in the hippocampus of rats subjected to
maternal separation (Seo et al. 2016). Taken together, these
data are consistent with the idea that epigenetic machinery
may significantly contribute to BDNF regulation; however,
further studies are needed to delineate the exact molecular
events involved.
4.

Post-transcriptional control of BDNF

Stress-dependent control of BDNF is known to also occur
post-transcriptionally. BDNF is initially synthesized as a
precursor form (pro-BDNF) composed of two domains, an
N-terminal prodomain and C-terminal mature domain. Prodomain can be cleaved off the mature domain intracellularly
or extracellularly by distinct sets of enzymes. As a result, the
mature domains associate to form a dimer, which is known
as the mature BDNF (mBDNF); prodomain is functional as
well. Intriguingly, proBDNF and mBDNF bind to two different cell-surface receptors (p75NTR and TrkB, respectively) and so they have opposing functions in the BDNF
pathways (reviewed in (Hempstead 2015). The ratio of proBDNF to mBDNF varies with distinct developmental stages.
Recently, it has been demonstrated that prenatal stress may
cause the imbalance between mBDNF and proBDNF due to
decreased conversion of proBDNF to BDNF in the rat hippocampus (Yeh et al. 2012). The mBDNF–proBDNF ratio
was also profoundly reduced following neonatal stress exposure (Hill et al. 2014b). Many consequences of this imbalance between BDNF isoforms remain unknown. Yet,
J. Biosci. 41(4), December 2016
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increased proBDNF levels may lie in the heart of stressdependent behavioural changes such as depression and anxiety (Ruan et al. 2016). The good news is that conversion of
proBDNF to BDNF may be boosted not only by antidepressants (Lin 2015) but also by the enriched environment, for
instance, by voluntary physical activity (Cao et al. 2014).
This mini-review summarized only a small fraction of the
extensive literature on BDNF biology. Yet, it is clear that the
interplay between stress and BDNF is very complex. Even
minute changes in BDNF activity may influence brain
development and function later in life. The list of mental
disorders associated with long-term changes in BDNF activity continues to grow and now includes depression, eating
disorders, anxiety, post-traumatic syndrome, schizophrenia,
autism, neurodegenerative disorders, and drug and alcohol
abuse (Autry and Monteggia 2012). In light of these facts, it
is important to understand the molecular mechanisms that
provide natural developmental pathway following stress exposure. Clearly, to comprehensively address this question,
further studies are needed, and the exciting era of genomewide molecular analyses will likely be highly informative in
this regard.
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