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AP-1 Transcription Factors Mediate BDNF-Positive
Feedback Loop in Cortical Neurons

Jürgen Tuvikene, Priit Pruunsild, Ester Orav, Eli-Eelika Esvald, and Tõnis Timmusk
Department of Gene Technology, Tallinn University of Technology, 12618 Tallinn, Estonia

Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family, regulates both survival and differentiation of several
neuronal populations in the nervous system during development, as well as synaptic plasticity in the adult brain. BDNF exerts its
biological functions through its receptor TrkB. Although the regulation of BDNF transcription by neuronal activity has been widely
studied, little is known about TrkB signaling-dependent expression of BDNF. Using rat primary cortical neuron cultures, we show that the
BDNF gene is a subject to an extensive autoregulatory loop, where TrkB signaling upregulates the expression of all major BDNF
transcripts, mainly through activating MAPK pathways. Investigating the mechanisms behind this autoregulation, we found that
AP-1 transcription factors, comprising Jun and Fos family members, participate in the induction of BDNF exon I, III, and VI transcripts.
AP-1 transcription factors directly upregulate the expression of exon I transcripts by binding two novel AP-1 cis-elements in promoter I.
Moreover, our results show that the effect of AP-1 proteins on the activity of rat BDNF promoters III and VI is indirect, because AP-1
proteins were not detected to bind the respective promoter regions by chromatin immunoprecipitation (ChIP). Collectively, we describe
an extensive positive feedback system in BDNF regulation, adding a new layer to the elaborate control of BDNF gene expression.

Key words: AP-1; BDNF autoregulation; BDNF-positive feedback loop; Fos; Jun; TrkB

Introduction
Brain-derived neurotrophic factor (BDNF) is a secretory protein
belonging to the neurotrophin family (Huang and Reichardt,

2001). BDNF binds to two distinctive classes of receptors, recep-
tor tyrosine kinase subfamily member TrkB and tumor necrosis
factor receptor superfamily member p75 NTR, with mature BDNF
preferentially binding to the TrkB receptor and proBDNF to the
p75 NTR receptor (Lu et al., 2005). During development, BDNF
functions as a differentiation and survival factor for various pop-
ulations of neurons in the peripheral nervous system and CNS,
strictly regulating the number of neurons needed for proper
functioning of the nervous system (Bibel and Barde, 2000; Huang
and Reichardt, 2001; Park and Poo, 2013). In the adult brain,
BDNF has an important role in long-term potentiation (LTP)
and memory formation (for review, see Park and Poo, 2013).
Dysregulation of BDNF expression is implicated in various neu-
ropsychiatric disorders, indicating the importance of BDNF in
higher cognitive functions and mood regulation (for review, see
Autry and Monteggia, 2012).

BDNF has a complex gene structure (Timmusk et al., 1993),
with the rodent BDNF gene consisting of one protein-coding 3�
exon that is spliced together with one of the eight noncoding 5�

Received Sept. 8, 2015; revised Dec. 17, 2015; accepted Dec. 21, 2015.
Author contributions: J.T., P.P., and T.T. designed research; J.T., P.P., E.O., and E.-E.E. performed research; J.T.,

P.P., E.O., E.-E.E., and T.T. analyzed data; J.T., P.P., and T.T. wrote the paper.
This work was supported by Estonian Research Council (institutional research funding IUT19-18 and Grant

ETF8844), National R&D program “Biotechnology” (Grant AR12030), Estonian Enterprise (Grant EU27553), Norwe-
gian Financial Mechanism (Grant EMP128), and Estonian Academy of Sciences. We thank Epp Väli and Maila Rähn for
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Significance Statement

Here, we show for the first time that in rat primary cortical neurons the expression of all major BDNF transcripts (exon I, II, III, IV,
VI, and IXa transcripts) is upregulated in response to TrkB signaling, and that AP-1 transcription factors participate in the
induction of exon I, III, and VI transcripts. Moreover, we have described two novel functional AP-1 cis-elements in BDNF promoter
I, responsible for the activation of the promoter in response to TrkB signaling. Our results indicate the existence of a positive
feedback loop for obtaining sufficient BDNF levels necessary for various TrkB signaling-dependent physiological outcomes in
neurons.
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exons (Aid et al., 2007). In humans, two additional exons (Vh and
VIIIh) have been described (Pruunsild et al., 2007). Each of the 5�
exons, except the human cassette exons VIII, VIIIh, and IXb, has
its own promoter, allowing complex spatiotemporal regulation
of BDNF expression in different brain regions and peripheral
tissues throughout development (Aid et al., 2007; Pruunsild et al.,
2007) and in response to various stimuli (Metsis et al., 1993;
Karpova et al., 2010; Salerno et al., 2012; Baj et al., 2013).

AP-1 transcription factors, consisting of Fos and Jun family
members, are immediate early genes, whose expression in the
CNS is induced by various stimuli, including hypoxia, sensory
stimulation, neurotransmitters, neurotrophins, and other gro-
wth factors (Sheng and Greenberg, 1990; Radler-Pohl et al., 1993;
Karin et al., 1997; Herdegen and Leah, 1998). AP-1 proteins have
a conserved basic leucine zipper domain, where the leucine zip-
per mediates protein dimerization and the basic region is respon-
sible for binding to DNA (Eferl and Wagner, 2003). AP-1
transcription factors preferentially bind to the AP-1 element (also
known as TRE, TPA-response element), with consensus se-
quence TGAC/GTCA (Eferl and Wagner, 2003). As with other
basic leucine zipper domain-containing transcription factors,
AP-1 proteins can bind DNA only as dimers, and binding to DNA
greatly increases the dimer stability (Patel et al., 1994). Whereas
Fos family proteins (c-Fos, FosB, Fra1, Fra2) are unable to form
homodimers (Halazonetis et al., 1988; Shaulian and Karin, 2001),
members of the Jun family (c-Jun, JunB, JunD) are able to form
both homodimers and heterodimers within the family, and het-
erodimers with Fos family proteins or with other transcription
factors, such as members of the ATF family, C/EBP, and others
(Herdegen and Leah, 1998; Chinenov and Kerppola, 2001).

There is evidence suggesting that AP-1 proteins play a role in
synaptic plasticity and memory (for review, see Alberini, 2009).
For instance, AP-1 proteins have been implicated in both mem-
ory formation (Grimm et al., 1997) and consolidation of addic-
tive behavior (Raivich and Behrens, 2006; Pérez-Cadahía et al.,
2011). AP-1 proteins also regulate neuronal survival and apopto-
sis, with the outcome depending on the exact cellular context and
stimulus (Herdegen and Leah, 1998).

Although the mechanisms of calcium- and neuronal activity-
dependent BDNF expression have been widely studied (for
review, see West et al., 2014), little is known about TrkB
signaling-dependent regulation of BDNF gene expression, with
the main focus having been on studying the regulation of exon IV
transcripts (Yasuda et al., 2007; Zheng and Wang, 2009; Bambah-
Mukku et al., 2014). Here, we show for the first time that in rat
primary cortical neurons, the expression of all major BDNF tran-
scripts is induced in response to TrkB signaling, and that part of
this positive feedback loop is dependent on AP-1 family tran-
scription factors.

Materials and Methods
Primary neuron cultures. All animal procedures were performed in com-
pliance with the local ethics committee. Preparation of rat primary neu-
ron cultures was performed as follows. Cortices and hippocampi of both
male and female embryonic day (E)20 –E21 Sprague Dawley rat pups
were dissected, cells were dissociated using trypsin-EDTA (0.25% tryp-
sin, 1 mM EDTA, Life Technologies) for 20 min at 37°C, washed once
with 1� HBSS, and treated with 0.05% DNase I (Roche) solution in 1�
HBSS (including 12 mM MgSO4) for 5 min at 37°C. After washing with
1� HBSS again, solution of 0.1% trypsin inhibitor (AppliChem) and 1%
BSA (Sigma-Aldrich) in 1� HBSS was added and cortices and hip-
pocampi were triturated using flame-polished Pasteur pipette. Undisso-
ciated tissue clumps were allowed to sediment by gravity for 3–5 min,
supernatant was moved to a new tube and centrifuged at 200 � g for 5

min. Neurons were resuspended in prewarmed Neurobasal A med-
ium (Invitrogen) containing 1� B27 supplement (Invitrogen), 1 mM

L-glutamine (PAA Laboratories), 100 U/ml penicillin (PAA Laborato-
ries), and 0.1 mg/ml streptomycin (PAA Laboratories), and plated on
culture plates previously coated with 0.2 mg/ml poly-L-lysine (Sigma-
Aldrich) in borate buffer, pH 8.5. At 2 d in vitro (DIV), one-half of the
medium was replaced with fresh medium, containing 5-fluoro-2�-
deoxyuridine (10 �M final concentration, Sigma-Aldrich) to inhibit pro-
liferation of glial cells.

Cloning and mutagenesis. Full-length coding sequences of AP-1 genes
were amplified from either human genomic DNA or from human cDNA,
for Jun family and Fos family members, respectively, using Phusion Hot
Start II High-Fidelity DNA Polymerase (Thermo Scientific). For expres-
sion in eukaryotic cells, the protein coding sequences of AP-1 genes were
cloned into pQM vector backbone (Icosagen) after murine phosphoglyc-
erate kinase 1 (PGK ) promoter (mouse genome assembly GRCm38/
mm10, chromosome X region 106186727-106187231). The sequence
coding for VP16 transactivation domain was obtained from pACT ve-
ctor (Promega), the sequence coding for V5-tag was obtained from
pcDNA3.1 vector (Invitrogen), to make vectors coding for VP16- or
V5-tagged AP-1 proteins, respectively. Plasmid encoding A-Fos was ob-
tained from Addgene (plasmid 33353).

The rat and human BDNF promoter I reporter constructs and the respec-
tive plasmids with mutated AP1-1 and PasRE site have been described pre-
viously (Pruunsild et al., 2011). For amplifying human and rat BDNF
promoter III and VI regions from genomic DNA, Phusion Hot Start II High-
Fidelity DNA polymerase (Thermo Scientific) was used. The respective pro-
moter regions were cloned upstream of firefly luciferase-coding sequence
into pGL4.15 [Luc2P/Hygro] vector (Promega).

Site-directed mutagenesis was performed using complementary prim-
ers containing the desired mutation and Phusion Hot Start II DNA poly-
merase. After PCR, sample was treated with 0.5 U/�l DpnI restriction
enzyme (Thermo Scientific) for at least 1 h at 37°C to digest parental
DNA template, and transformed into TOP10 competent cells (Invitro-
gen). All constructs were verified by sequencing.

Treatments and RT-qPCR. At 7– 8 DIV, as indicated below each figure,
primary neurons were treated with 50 ng/ml human recombinant BDNF
(Peprotech). Where indicated, cells were pretreated with inhibitors of differ-
ent signaling pathways for 30 min before adding BDNF to the medium. Final
concentrations of the compounds were as follows: 0.1% DMSO (Sigma-
Aldirch), 10 �M U0126 (Tocris Bioscience), 10 �M Bix02189 (Axon Med-
chem), 1 �M PD184352 (Sigma-Aldrich), 25 nM Az-23 (Axon Medchem), 10
�M Go6983 (Tocris Bioscience), 100 nM Wortmannin (Millipore), 1 �M

U73122 (Cayman Europe). Total RNA was isolated using RNeasy Micro or
Mini kit (Qiagen) according to the manufacturer’s protocol.

For human embryonic kidney HEK293 cell-line, cells grown on six-
well plate were transfected using LipoD293 DNA In Vitro Transfection
Reagent (SignaGen) according to the manufacturer’s instruction, using 3
�g of DNA and a ratio of 1:2 DNA–LipoD293 per well. Forty-eight hours
after transfection, cells were lysed and RNA was isolated using RNeasy
Mini kit (Qiagen).

First strand cDNA was synthesized from 500 to 2000 ng or 5 �g of
RNA, for primary neurons or HEK293, respectively, using oligo(dT)20

primer and Superscript III Reverse Transcriptase (Invitrogen) as recom-
mended by the manufacturer. Quantitative PCR (qPCR) reactions were
performed in triplicates using LightCycler 480 SYBR Green I Master
qPCR mix (Roche) on LightCycler 480 II Real Time PCR System
(Roche). Levels of HPRT1 mRNA were used to normalize qPCR data.
Before statistical analysis, normalized data were log-transformed and
autoscaled using data of all time points for the respective transcripts (Fig.
1A), or using data of the respective transcripts in DMSO-treated neurons
that were left untreated or treated with BDNF for 3 h (Fig. 1 B, C). For
graphical representation, data were backtransformed, with error bars
representing upper and lower limits of backtransformed mean � SEM.

Primer sequences used to amplify rat HPRT1 and rat BDNF transcripts have
beendescribedpreviously(Kairisaloetal.,2009).ForamplifyinghumanHPRT1
and human BDNF (hBDNF) transcripts, the following primers were used: hu-
man HPRT1 (forward: GCCAGACTTTGTTGGATTTG, reverse: CTCTC
ATCTTAGGCTTTGTATTTTG), hBDNF exon I (forward: AACAAGA
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CACATTACCTTCCAGCAT, reverse: CTCTTCTCACCTGGTGGAACATT),
hBDNF exon III (forward: TGGCTTAGAGGGTTCCCGCT, reverse:
ATGGGGGCAGCCTTCATGCA), hBDNF exon IV (forward: GAAGTC
TTTCCCGGAGCAGCT, reverse: ATGGGGGCAGCCTTCATGCA), and
hBDNF exon VI (forward: GGTTTGTGTGGACCCCGAGTTC, reverse
ATGGGGGCAGCCTTCATGCA).

Western blot analysis. For Western blot analysis, primary neurons
were lysed in 1� Laemmli buffer. Proteins were separated using SDS-
PAGE and transferred to PVDF membrane (Millipore) using Trans-
Blot SD SemiDry Transfer Cell (Bio-Rad). Membranes were blocked
in 1� PBS containing 5% skimmed milk and 0.1% Tween 20 for 1 h at
room temperature, followed by incubation with primary antibody in
1� PBS containing 2% skimmed milk and 0.1% Tween 20 for 1 h at
room temperature or overnight at 4°C. Next, membranes were
washed 3 � 5 min with 0.1% Tween 20 solution in 1� PBS. Blots were
incubated with secondary antibody for 1 h at room temperature in 1�
PBS containing 2% skimmed milk and 0.1% Tween 20. Membranes

were washed 3 � 5 min and chemiluminescence signal was detected
using SuperSignal West Femto Chemiluminescence Substrate
(Thermo Scientific) and ImageQuant LAS 4000 bioimager (GE
Healthcare).

Antibodies against AP-1 family proteins were obtained from Santa
Cruz Biotechnology: c-Jun (1:5000, sc-1694x, H2808), JunB (1:5000, sc-
8051x, B1611), JunD (1:5000, sc-74x, G1911), c-Fos (1:5000, sc-7202x,
C3108), FosB (1:5000, sc-48x, K1811), Fra1 (1:5000, sc-605x, G1612),
and Fra2 (1:1000, sc-604x, G1911). GAPDH antibody was from Milli-
pore (1:5000, MAB374, lot 2506322). Stabilized Goat Anti-Mouse IgG
(H�L) Peroxidase-Conjugated (32430) and Stabilized Goat Anti-Rabbit
IgG (H�L) Peroxidase-Conjugated (32460) secondary antibodies (1:
5000 dilution) used in Western blot analysis were purchased from
Thermo Scientific.

Transduction using adeno associated virus vectors. Adeno associated
virus (AAV) virions coding EGFP or A-Fos under the control of human
Synapsin I promoter were prepared as described previously (Koppel et
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Figure 1. TrkB signaling induces rBDNF mRNA expression in primary cortical neurons. A, Expression of all measured BDNF transcripts is induced by TrkB signaling. At 7 DIV, rat primary
cortical neurons were treated with 50 ng/ml BDNF for the time indicated; endogenous BDNF mRNA levels were measured using RT-qPCR with primers specific for transcripts with the
respective 5� exons, or primers against coding region to measure total BDNF mRNA. mRNA levels are shown as fold induction relative to the levels of the respective transcripts in untreated
cells (CTRL). B, C, BDNF induction in response to TrkB signaling is mediated mainly by the MAPK pathway. Inhibitors of different signaling pathways (10 �M U0126, 10 �M Bix02189, 1
�M PD184352, 25 nM Az-23, 10 �M Go6983, 100 nM Wortmannin, 1 �M U73122) or vehicle (0.1% DMSO) was added to the culture medium 30 min before treating primary neurons with
50 ng/ml BDNF for 3 h at 7 DIV. BDNF expression was measured using RT-qPCR. For each transcript, mRNA levels are shown relative to the respective transcript’s mRNA expression in cells
treated with vehicle and not treated with BDNF. Error bars represent SEM of at least three independent experiments in A–C. Asterisks indicate statistical significance relative to the
respective transcript’s untreated control (A), or relative to the respective transcript levels in cells treated with DMSO and either left untreated or treated with BDNF for 3 h, respectively
(B, C). *p � 0.05, **p � 0.01, ***p � 0.001; t test on log-transformed and autoscaled data.
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al., 2015). Titer of infectious particles was assessed by immunocytochem-
istry using either anti-EGFP antibody (a kind gift from Andres Merits,
Institute of Technology, University of Tartu, Tartu, Estonia) or anti-
FLAG antibody (F1804, Sigma-Aldrich). Primary neurons were infected
with two to three multiplicity of infection at 2 DIV, immunocytochem-
istry, and Western blot analysis or BDNF treatment and RNA extraction
were performed at 8 DIV. RT-qPCR data were log-transformed and au-
toscaled using data of the respective transcripts in neurons infected with
AAV-EGFP. Statistical analysis was performed on autoscaled data. For
graphical representation, data were backtransformed to linear scale, with
error bars indicating upper and lower limits of backtransformed mean �
SEM.

DNA transfection and luciferase reporter assay. For luciferase reporter
assay, neurons grown on 48-well plates were transfected at 6 DIV using
Lipofectamine 2000 (Invitrogen) reagent according to the manufactur-
er’s recommendations. Lipofectamine–DNA ratio of 2:1 was used, with
0.5 �g of DNA per well. Where applicable, BDNF promoter construct
and plasmids coding effector proteins or empty pQM vector were
cotransfected at 1:1 ratio. For normalization, 20 ng pPGK/pGL4.83 plas-
mid, expressing Renilla luciferase under the control of murine PGK pro-
moter, was cotransfected per well.

At 7 DIV, neurons were treated with 50 ng/ml human recombinant
BDNF (Peprotech). Cells were lysed after 8 h of BDNF treatment using
1� Passive Lysis Buffer (Promega) and luciferase assays were performed
using Dual-Glo Luciferase Assay System (Promega). Luminescence was
measured in duplicate samples using GeniOS Pro (Tecan). For present-
ing data in relative luciferase units (RLUs), background signal from un-
transfected neurons was subtracted from both firefly luciferase (FFLuc)
and Renilla luciferase (RLuc) signals. Background corrected FFLuc sig-
nals were normalized using RLuc signals. Normalized data were log-
transformed and autoscaled using data of wild-type (WT) promoter
construct (cotransfected with empty pQM vector, where applicable). For
statistical analysis, autoscaled data were used. For graphical representa-
tion of results, means, and mean � SEM of autoscaled data were calcu-
lated and backtransformed to linear scale. Error bars represent upper and
lower limits of backtransformed mean � SEM.

Electrophoretic mobility shift assay. For preparation of cell lysates, neu-
rons grown for 7 DIV on a 10 cm dish were washed with 1� PBS and
collected in 200 �l ice-cold sonication buffer containing 20 mM HEPES-
KOH, pH 7.9, 25% glycerol, 500 mM KCl, 1.5 mM MgCl2, 0.4 mM EDTA,
1 mM EGTA, 5 mM DTT, 0.5 mM PMSF, 1� cOmplete Protease Inhibitor
Cocktail (Roche), and 1� PhosSTOP Phosphatase Inhibitor Cocktail
(Roche). Lysates were then incubated on ice for 15 min, sonicated until
no viscous matter remained, and centrifuged at 4°C and 16,100 � g for 10
min. Aliquots of supernatant were snap-frozen in liquid nitrogen and
stored at �80°C.

Oligonucleotides (5 pmol per reaction) were labeled with T4 polynu-
cleotide kinase (Thermo Scientific) using ATP �- 32P (PerkinElmer). Af-
ter labeling, sense and antisense oligonucleotides were annealed in
annealing buffer (50 mM NaCl, 1 mM EDTA, 0.2� PNK buffer A, 100 �l
total volume) by placing the tubes in a 95°C water bath and allowed to
cool to room temperature overnight. Annealed oligonucleotides were
separated from unincorporated label using Sephadex G-50 (Pharmacia
Fine Chemicals) resin.

Electrophoretic mobility shift assay (EMSA) binding reaction con-
tained �10 �g (estimated using BCA Protein Assay Kit; Pierce) crude
whole-cell protein extract (�2.25 �l lysate), 1 �g poly(dI-dC; Sigma-
Aldrich), 0.1 mg/ml BSA (Thermo Scientific), and 1� binding buffer (10
mM HEPES-KOH, pH 7.5, 0.5 mM EDTA, 2 mM MgCl2, 0.05% NP-40,
4% Ficoll-400) in a total volume of 20 �l. Binding reactions were equil-
ibrated on ice for 10 –15 min, followed by addition of 75 fmol radioactive
probe and an additional 20 min incubation at room temperature. For
competition experiments, tenfold excess of unlabeled competitor was
added 5 min before adding the probe. For supershift experiments, 1 �g of
antibody was added to the binding reaction and incubated for 1 h at room
temperature before adding the probe. Electrophoresis was performed
using 4 –5% non-denaturing polyacrylamide gels containing 0.25� TBE
and 0.01% NP-40, with 0.5� TBE as electrophoresis buffer.

ChIP. Neurons grown on 10 cm dishes were left untreated or treated
with 50 ng/ml BDNF for 2 h at 7 DIV. Following treatment, chromatin
was crosslinked for 10 min using 1% formaldehyde, crosslinking reaction
was quenched by adding a final concentration of 200 mM glycine to the
medium and incubating for 10 min. Cells were washed twice with 1�
PBS and scraped together in ice-cold lysis buffer (1% SDS, 10 mM EDTA,
50 mM Tris-HCl, pH 8.0, cOmplete Protease Inhibitor Cocktail, Roche).
Lysates were kept on ice and sonicated to obtain DNA fragments of an
average length �1 kbp. After sonication, lysate was centrifuged for 5 min
at 16 100 g to remove insoluble material. Lysate protein content was
measured using BCA Protein Assay kit (Pierce). Lysate (700 –1000 �g
protein per IP) was diluted 1:9 with dilution buffer (1% Triton X-100,
150 mM NaCl, 2 mM EDTA, 20 mM Tris-HCl, pH 8.0, cOmplete Protease
Inhibitor Cocktail, Roche) and samples were rotated with 5 �g pan-Fos
antibody (Santa Cruz Biotechnology, sc-253x, K0110), c-Jun antibody
(Santa Cruz Biotechnology, sc-1694x, H2808), or no antibody overnight
at �4°C. Then, 50 �l of 50% Protein A Sepharose CL-4B (GE Health-
care) slurry that had been preabsorbed with 200 �g/ml BSA and 10 �g/ml
sheared salmon sperm DNA overnight at �4°C, was added to each sam-
ple and rotated an additional 2– 4 h at �4°C. Sepharose-chromatin com-
plexes were washed four times with wash buffer (1% Triton X-100, 0.1%
SDS, 150 mM NaCl, 2 mM EDTA, 20 mM Tris-HCl, pH 8.0, cOmplete
Protease Inhibitor Cocktail, Roche), and once with final wash buffer (1%
Triton X-100, 0.1% SDS, 500 mM NaCl, 2 mM EDTA, 20 mM Tris-HCl,
pH 8.0, cOmplete Protease Inhibitor Cocktail, Roche). Immune com-
plexes were eluted three times using 50 �l elution buffer (1% SDS, 100
mM NaHCO3); eluates from the same samples were combined. Chroma-
tin was de-crosslinked by incubating samples with 250 mM NaCl at 65°C
overnight. DNA was purified using QIAquick PCR Purification Kit (Qia-
gen). Abundanceof targetgenomicregionswasquantifiedusingqPCRwiththe
following primers: rat BDNF (rBDNF) promoter I (forward: ACGTCCGCTG
GAGACCCTTAGT, reverse: GGCAGCCTCTCTGAGCCAGTTA), rBDNF
promoter III (forward: TAGGTGAGAACCTGGGGCAA, reverse: CTTG
AGCTTCCCCAACCTCG), rBDNF promoter IV (forward: ATGCAATGCC
CTGGAACGGAA, reverse: CGGTGAATGGGAAAGTGGGTGG), rBDNF
promoter VI (forward: CGCTGTCTGACCAATCGAAG, reverse: GTTTC
CTTCTCCAAGCCGGG), rat matrix metallopeptidase 9 (MMP9) promoter
(forward: CTTTGGGCTGCCCAACACACA, reverse: GAAGCAGAATTT
GCGGAGGTTTT), unrelated region (forward: TAGACCCAGGAGGGA
GTTATTTAAGAG, reverse: TTGGGAATGCAATGCAGTGTGTAC). Data
were calculated as a percentage of immunoprecipitated DNA relative to the re-
spective target levels in input DNA. Data were log-transformed, means and
mean�SEM were calculated, and statistical analysis was performed. For graph-
ical representation, data were backtransformed into linear scale with error bars
representing backtransformed mean � SEM.

For ChIP analysis in HEK293 cells, cells grown on 10 cm dishes were
transfected with polyethylenimine (PEI), using 10 �g DNA per 10 cm
dish and DNA:PEI ratio of 1:2. Twenty-four hours after transfection,
chromatin was fixed and cells were lysed as with primary neurons. Lysate
made from cells grown on one 10 cm dish was used per IP, 50 �l of
anti-V5 agarose 50% slurry (Sigma-Aldrich) that had been preabsorbed
with 200 �g/ml BSA and 10 �g/ml sheared salmon sperm DNA, was used
per sample and rotated overnight at 4°C. Washes and elution were per-
formed as with ChIP analysis from lysates of primary neurons. The fol-
lowing primers were used to quantify immunoprecipitated DNA regions
with qPCR: hBDNF promoter I (forward: TCACGACCTCATCGGCTGGA,
reverse: GACGACTAACCTCGCTGTTT), hBDNF promoter IV (forward:
CTGGTAATTCGTGCACTAGAGT, reverse: CACGAGAGGGCTCCACG
GT), human metallothionein 2A (MT2A) promoter (forward: GTTCGCT
GGGACTTGGAGG, reverse: ACTCGTCCCGGCTCTTTCTA), unrelated re-
gion (forward: GTCATGAGGGCTCCACTCTTA, reverse: AAGGGCAAA-
GAGGGCAACAGA).Datawerenormalizedtothe levelsof therespective target
in input DNA and calculated as fold induction relative to the respective levels in
pQM transfected cells. Data were log-transformed and autoscaled, means and
mean�SEM were calculated, and statistical analysis was performed. For graph-
ical representation, data were backtransformed into linear scale with error bars
representing backtransformed mean � SEM.

Statistical analysis. For statistical analysis, all data were log-tran-
sformed to obtain normal distribution of the data. Where noted in figure
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legends, log-transformed data were autoscaled according to Willems et al.
(2008) before statistical analysis, to account for variations between biological
replicates. As the data does not meet ANOVA’s requirement of homoscedas-
ticity (due to normalization and autoscaling, the control groups have zero
variance), two-tailed unequal variance t test (Welch’s t test) was used on
log-transformed data instead of ANOVA. Only hypothesis specified a priori
were tested for statistical significance. To preserve the power of statistical
analysis, p values were left uncorrected for multiple comparisons as recom-
mended by Rothman (1990), Feise (2002), and Streiner and Norman (2011).
Differences were considered statistically significant when p � 0.05. In all
experiments, data are presented as mean � SEM.

Results
Expression of BDNF mRNA in rat primary cortical neurons is
induced in response to TrkB signaling
To investigate BDNF gene autoregulation and to determine the
temporal pattern of TrkB signaling-induced BDNF mRNA tran-
scription, we used rat primary cortical neuron cultures. At 7 DIV,
neurons were either left untreated or treated with 50 ng/ml BDNF
for 30 min to 6 h, after which the levels of different BDNF tran-
scripts were measured using RT-qPCR (Fig. 1A).

Our results showed that the expression of BDNF mRNA was
strongly induced in response to BDNF treatment of primary neu-
rons (Fig. 1A), with a �2-fold induction seen already at 30 min
and a peak induction of �16-fold at 3 h of BDNF treatment, after
which the levels started to decline. Next, we measured the expres-
sion of different BDNF transcripts and found that the expression
of exon I, II, III, IV, VI, and IXa transcripts was induced after
treating primary neurons with BDNF. The expression of exon V
transcripts was too low to measure reliably.

The induction of exon IV transcripts was similar to that of
total BDNF mRNA, which is in accordance with the fact that exon
IV-containing transcripts are the most abundant BDNF tran-
scripts in the rat cerebral cortex (Timmusk et al., 1994; Aid et al.,
2007), thus comprising the majority of total BDNF mRNA mea-
sured. A statistically significant �2-fold increase in the expres-
sion of exon IV transcripts was seen at 30 min, and a maximum
induction of �19-fold was detected after 3 h of BDNF treatment.

The overall temporal pattern of induction for exon I, II (II C,
longest splice variant), and VI transcripts was similar, with a
slight (�2-fold) but statistically insignificant induction after 1 h
of treatment with BDNF, and a statistically significant maximum
induction at 3 h of stimulation. The highest induction in response
to BDNF was seen for exon I-containing transcripts, with a peak
of �145-fold increase at 3 h. A moderate induction was seen for
exon II transcripts (�10-fold) and a low induction for exon VI
transcripts (�5-fold) at 3 h time point. Interestingly, the levels of
exon III-containing transcripts continued to rise, albeit statisti-
cally insignificantly (p 	 0.18 for 6 h vs 3 h time point) even after
3 h of treatment, reaching �12-fold induction at 6 h.

Notably, the induction of exon IXa-containing transcripts
showed a faster temporal pattern than other BDNF transcripts; a
strong �7-fold induction was seen already after 30 min of treat-
ment, with a peak induction of �19-fold at 1 h, after which the
levels of exon IXa transcripts started to decline.

Next, we decided to check which signaling pathways were re-
sponsible for the TrkB signaling-dependent BDNF mRNA induc-
tion. It is known that TrkB signaling activates three major pathways:
MAPK cascade, PI-3K and AKT pathway, and PLC�1-dependent
activation of PKC and intracellular calcium stores (Reichardt, 2006).
Therefore, we applied inhibitors of these pathways 30 min before
treating neurons for 3 h with BDNF. RNA was extracted and the
expression levels of different BDNF transcripts were measured using
RT-qPCR (Fig. 1B,C). We found that Az-23, a potent Trk inhibitor

(Thress et al., 2009), abolished the BDNF-dependent BDNF mRNA
induction, indicating that TrkB signaling, and not signaling through
p75NTR, was responsible for the induction.

Using MAPK cascade inhibitors U0126 (MEK1 and MEK2
inhibitor), Bix02189 (ERK5 inhibitor), and PD184352 (ERK1/2
inhibitor), we found that both ERK5 and ERK1/2 pathways
contribute to the TrkB signaling-induced expression of BDNF
mRNA. Pretreating neurons with U0126 decreased the BDNF-
induced levels of all measured transcripts. Similar effect was seen
for Bix02189, with the exception of exon III transcripts, for which
Bix02189 strongly increased both the basal and the induced levels
(both to �30-fold compared with vehicle-treated neurons not
stimulated with BDNF). The robust increase of exon III mRNA
levels by the ERK5 inhibitor Bix02189 is possibly accountable to
an off-target effect, as similar results were not seen when inhibit-
ing both ERK1/2 and ERK5 with U0126. Similarly to U0126
treatment, PD184352, an ERK1/2-specific inhibitor, caused a sta-
tistically significant decrease in the BDNF-induced levels of exon
I, II, and IXa transcripts.

Inhibiting PI-3K with Wortmannin decreased the BDNF-
induced levels of total BDNF mRNA by �10% (Fig. 1B). At the level
of different transcripts, the BDNF-induced expression of exon
I-containing transcripts was decreased by 40% compared with exon
I mRNA levels in vehicle-treated neurons stimulated with BDNF
(Fig. 1C). Interestingly, Wortmannin increased the basal, but not the
BDNF-induced levels of exon III transcripts. The expression of other
BDNF transcripts was not affected by inhibiting PI-3K. Together
with the results obtained using Bix02189, this indicates that the reg-
ulation of exon III transcript basal expression is significantly differ-
ent from that of other BDNF transcripts.

Applying PKC inhibitor Go6983 to the media did not have
significant effect on the TrkB signaling-induced levels of total
BDNF mRNA (Fig. 1B). Nevertheless, Go6983 decreased the in-
duction of exon I-containing transcripts by �50%, but did not
have a statistically significant effect on the BDNF-induced levels
of other transcripts (Fig. 1C). Notably, Go6983 increased the
basal levels of all transcripts except exon III transcripts. However,
U73122, a PLC inhibitor, did not have an effect on the expression
of any BDNF transcripts neither at 1 �M (Fig. 1C) nor 2.5 �M

concentration (data not shown). As inhibiting PLC upstream of
PKC failed to reproduce the effect of Go6983 on the basal levels of
BDNF expression, the upregulation by Go6983 can probably be
attributed to an off-target effect.

Collectively, rat BDNF expression is strongly induced by ap-
plying BDNF to cultured primary neurons, indicating the exis-
tence of a positive feedback loop in the regulation of BDNF
expression, and this feedback loop is mainly regulated by the
activation of MAPK cascades downstream of TrkB receptor.

TrkB signaling-dependent induction of rat BDNF exon I, III,
and VI transcripts requires AP-1 proteins
There is evidence that BDNF stimulates AP-1 binding and AP-1-
dependent transcriptional activity in neurons (Gaiddon et al., 1996;
Okamoto et al., 2003). Therefore, we decided to investigate the pos-
sible role of AP-1 transcription factors in the regulation of BDNF
expression by TrkB signaling. By using RT-qPCR and Western blot
analysis, we determined that the expression of mRNA and also pro-
tein of all AP-1 members was induced in response to TrkB signaling
in our cortical neuron cultures (Fig. 2A,B).

To test whether AP-1 transcription factors play a role in the
TrkB signaling-dependent BDNF induction, we used AAV-
mediated overexpression of FLAG-tagged A-Fos (Fig. 3A,B), a
dominant-negative form of AP-1, consisting of the c-Fos leucine
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zipper domain with an acidic amphipathic extension appended
to the N-terminus (Olive et al., 1997). Infected neurons were
treated with BDNF at 8 DIV for different time periods, and BDNF
transcript levels were measured using RT-qPCR. We found that
overexpressing A-Fos did not change the basal level of BDNF
mRNA expression (Fig. 3C). However, A-Fos overexpression de-
creased the induced level of total BDNF mRNA by �30% at 3 h of
BDNF treatment (from 9.8- to 6.9-fold induction compared with
EGFP-expressing neurons not treated with BDNF).

At the level of alternative transcripts, A-Fos overexpression
did not change the basal expression of any BDNF transcript, but
effectively reduced the BDNF-dependent induction of exon
I-containing transcripts by 86% and 73% at 3 and 6 h time point,
respectively (Fig. 3D). However, the induction of exon I tran-
scripts was not completely abolished by the overexpression of
A-Fos, with a �7.6-fold induction remaining at 3 h time point
compared with untreated neurons overexpressing EGFP. This
indicates that the induction of exon I transcripts might also be
regulated by other transcription factors in addition to AP-1, or
that the remaining induction of exon I transcripts occurs in the
minority of cells (�10%) that were not infected. A-Fos also di-
minished the TrkB signaling-dependent induction of exon III-
containing transcripts, with the induction being completely
abolished at 3 h time point, and reduced by 36% at 6 h treatment
with BDNF, and reduced the induced levels of transcript VI by
�18 and �40% at 3 and 6 h BDNF treatment, respectively. The

induction of exon II, IV, and IXa transcripts was not changed by
overexpressing A-Fos, indicating that the integrity of TrkB sig-
naling itself was not compromised. Collectively, these results
indicate that AP-1 activity is needed for the TrkB signaling-
dependent transcription of BDNF exon I, III, and VI transcripts,
but not for their basal expression.

Induction of BDNF promoter I in response to TrkB signaling
is mediated by AP-1 proteins
As BDNF exon I-containing transcripts showed the strongest induc-
tion in response to BDNF treatment, we first decided to elucidate the
mechanism behind this induction. For this, we transfected plasmids
containing the human or rat BDNF promoter I (pI) regions in front
of luciferase coding sequence, together with either A-Fos, or c-Fos
and c-Jun overexpression vectors into rat primary neurons. Neurons
were treated with BDNF for 8 h to induce TrkB signaling, after which
cells were lysed and luciferase activities were measured. According to
our reporter assays, both rat (Fig. 4A) and human (Fig. 4B) BDNF pI
activity were upregulated by BDNF treatment (�12.2- and �10.9-
fold induction, respectively). Cotransfecting A-Fos together with the
reporter constructs effectively decreased the induced levels of
promoter activity for both rat and human BDNF pI, by 88 and
83%, respectively. Overexpressing AP-1 proteins c-Jun and
c-Fos increased the promoter activity of human and rat BDNF
pI in both unstimulated and BDNF-treated cells (Fig. 4 A, B).
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Figure 2. TrkB signaling induces expression of AP-1 family members in rat primary cortical neurons. A, RT-qPCR analysis of AP-1 family mRNA levels after treating primary neurons with 50 ng/ml
BDNF. mRNA levels are shown as fold induction relative to the levels of the respective transcripts in untreated cells. Error bars represent SEM of three independent experiments. B, Western blot
analysis of neurons treated with 50 ng/ml BDNF for the indicated time at 7 DIV showing that the expression of all the members of the AP-1 family is induced upon TrkB signaling. Bands corresponding
to different AP-1 proteins or GAPDH are shown with arrows.
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Next, we checked the effect of overexpressing different combina-
tions of AP-1 transcription factors on human BDNF (hBDNF) pI
activity. For that, rat primary neurons were cotransfected with the
hBDNF pI luciferase construct and combinations of expression con-
structs encoding different AP-1 factors. The results of the luciferase
assay (Fig. 4C) showed that overexpression of Fos family members
alone was not able to elevate the basal or induced levels of hBDNF pI.
This is possibly because of the fact that Fos family proteins can only
bind DNA when heterodimerized with a member of the Jun family,
ATFs, or other possible partner proteins (Eferl and Wagner, 2003).
Interestingly, overexpression of FosB reduced the induced levels of
hBDNF pI upon BDNF treatment. Overexpressing Jun family mem-
bers alone increased the basal hBDNF pI activity �1.5- to 2-fold,
whereas only c-Jun was able to raise the pI-dependent luciferase
levels in BDNF-treated cells (�2-fold). In combination with Fos
family proteins, Jun family factors were more potent activators of
hBDNF pI than Jun family members alone. Overexpression of c-Jun
together with different Fos family proteins greatly increased the basal
activity of pI (from �7-fold for Fra1, up to �15-fold for c-Fos), and

also the BDNF-induced pI activity (�3-fold). JunB, on the other
hand, was not a potent activator of hBDNF pI even together with Fos
family proteins: although a modest increase (�3- to 4-fold) in the
basal levels of pI expression was detected, only JunB in combination
with c-Fos or Fra2 was able to slightly raise the induced levels of pI
(�1.7-fold). Albeit with a less potent activation of hBDNF pI, over-
expressing JunD together with Fos family transcription factors
showed similar results as overexpressing c-Jun in combination with
Fos family members.

Collectively, these results indicate that both rat and human
BDNF pI are regulated by AP-1 proteins, and different combina-
tions of AP-1 proteins can elicit distinct responses on the activity
of hBDNF pI.

AP-1 proteins regulate human BDNF promoter I activity
through two conserved AP-1 elements
To determine the location of cis-elements necessary for the
BDNF-dependent hBDNF pI induction, we used deletion mu-
tants of the pI reporter, where the promoter region was shortened
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Figure 3. A-Fos, a dominant-negative form of AP-1, interferes with TrkB signaling-dependent induction of BDNF mRNA. A, B, Immunocytochemistry (ICC) (A) and Western blot (WB) analysis (B)
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TrkB signaling. Primary neurons were infected with AAVs encoding either EGFP or A-Fos at 2 DIV and treated with 50 ng/ml BDNF at 8 DIV. BDNF transcript levels were measured using RT-qPCR. mRNA
levels are shown relative to the respective transcript levels in untreated neurons transduced with AAV-EGFP. Error bars indicate SEM of at least three independent experiments, and asterisks indicate
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1296 • J. Neurosci., January 27, 2016 • 36(4):1290 –1305 Tuvikene et al. • AP-1 Proteins in BDNF Autoregulation



from the 5� end (pI SphI and pI Eco31 constructs; Fig. 5B). We
found that while the region between �333 and �242 was not
needed for the BDNF-dependent promoter activation (pI SphI
construct), removing the region �333 to �166 (pI Eco31 con-
struct) decreased the fold induction by 69% compared with
the pI WT reporter. Additionally, we determined that TrkB
signaling also induced the activity of the �166 to �25 region
(pI Eco31 construct) by �4.4-fold. These results indicate that
the cis-elements necessary for the TrkB signaling-dependent
activation of hBDNF pI are located between �242 and �25 bp
relative to the transcription start site, and that these elements
reside both in the �242 to �166 bp region and the �166 to
�25 bp region.

Using bioinformatic analysis of human and rat BDNF pI
sequences, we found two putative AP-1 sites (TCACTCA, des-
ignated as AP1–1, and TTAGTCA, designated as AP1-2) in
BDNF pI that are conserved between human and rat (Fig. 5A).
According to Seldeen et al. (2009), cis-elements differing from
the consensus AP-1 element (TGAC/GTCA) by any single nu-
cleotide are capable of binding AP-1 transcription factors.
Furthermore, functional AP-1 elements with the core se-

quence TTAGTCA have been described in the SV40 promoter
(Angel et al., 1987) and in the rat follicle stimulating hormone
receptor (FSHR) promoter (Griswold et al., 2001).

To investigate the role of the identified AP1-1 and AP1-2
elements in hBDNF pI activation in response to TrkB signal-
ing, we used reporter constructs where these putative AP-1
sites were mutated (Fig. 5B). Mutating the AP1-1 site (pI
AP1–1m construct) decreased hBDNF pI induction upon
BDNF treatment from 14.0-fold to 7.6-fold, whereas mutation
of the AP1-2 site (pI AP1-2m construct) lowered the induction
to 4.1-fold. Mutating both the AP1-1 and the AP1-2 site (pI
AP1–1m2m construct) did not further decrease the fold in-
duction compared with mutating only the AP1-2 site. It has
been reported that the AP1-1 site overlaps with a functional
PasRE cis-element necessary for hBDNF pI induction in re-
sponse to neuronal activity (Pruunsild et al., 2011). Interest-
ingly, mutation of the PasRE (mutation according to
Pruunsild et al., 2011) enhanced the induction of hBDNF pI in
response to TrkB signaling by 2.3-fold, indicating a possible
competitive regulation of pI activity by AP-1 and bHLH-PAS
proteins. Together, these results show that the AP1-1 and
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AP1-2 sites are both needed for the induction of hBDNF pI by TrkB
signaling, with the AP1-2 site having the predominant role.

As the combination of c-Fos and c-Jun overexpression was
one of the most efficient combinations of AP-1 proteins in induc-

ing transcription from hBDNF pI in both untreated and BDNF-
treated neurons (Fig. 4C), we decided to use this combination to
investigate the role of the AP1-1 and AP1-2 sites in the regulation
of hBDNF pI by AP-1 proteins. For this, we used the WT hBDNF
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pI promoter construct, or constructs with mutated AP-1 sites,
together with overexpression of c-Fos and c-Jun in rat primary
neurons (Fig. 5C). Overexpressing c-Fos/c-Jun together with the
WT hBDNF pI construct raised both the basal (�16-fold) and the
BDNF-induced expression levels (�3-fold) of hBDNF pI (Fig.
5C). Mutating either of the AP1-1 or AP1-2 elements decreased
the effect of c-Fos/c-Jun overexpression on pI activity upon TrkB
signaling, but did not completely remove it. When both sites were
mutated, the BDNF-induced levels of pI activity were not
changed by AP-1 protein overexpression. However, mutating
both the AP1-1 and the AP1-2 site did not completely abolish the
effect of AP-1 protein overexpression on the basal promoter ac-
tivity levels, as AP-1 protein overexpression was able to raise the
pI AP1–1m2m reporter activity �1.5-fold. Mutating both the
AP1-1 and the AP1-2 site together, but not either of the sites
alone, decreased the BDNF-induced activity of pI to the same
level as in the case of overexpressing A-Fos together with the WT
hBDNF pI construct (�2.1 and �2.4-fold induction, respec-
tively, compared with the WT promoter activity in untreated cells
cotransfected with empty pQM vector), indicating that the two
AP-1 sites described in this study are the main cis-acting elements
responsible for the AP-1-mediated activation of hBDNF pI upon
TrkB signaling.

Fos and Jun family proteins bind human BDNF promoter I
in vitro
Next, we decided to investigate whether hBDNF pI is able to bind
AP-1 proteins in vitro. For that, we conducted EMSA using oli-
gonucleotides containing either the AP1-1 or the AP1-2 sequence

from hBDNF pI, denoted as pI AP1-1 oligo and pI AP1-2 oligo,
respectively (Fig. 6A). As a positive control, we used an oligo
containing the AP-1 consensus site from the human MT2A pro-
moter (Angel et al., 1987; Lee et al., 1987).

Using lysates from 7 DIV neurons treated with BDNF for 2 h
or left untreated, we found that, whereas the increase in AP-1
binding activity to AP1-1 oligo in response to 2 h of BDNF treat-
ment remained modest, AP1-2 oligo displayed a substantial in-
duction of AP-1 binding activity upon BDNF treatment,
comparable to that of the MT2A promoter oligo with the AP-1
consensus site (Fig. 6B). Using EMSA with excess unlabeled WT
oligos or oligos with mutations in the AP1–1, PasRE or AP1-2
sites, we found the major binding complexes (Fig. 6B, arrow with
AP-1) to be specific to both the AP1-1 and the AP1-2 site.

To determine the composition of the AP-1 complex, we preincu-
bated lysates with antibodies against different Jun and Fos family
proteins and performed EMSA (Fig. 6C). We detected that with
lysates of untreated neurons, both the AP1-1 and the AP1-2 site
bound only JunD. As revealed by the formation of supershifted com-
plexes with lysates from neurons treated with BDNF for 2 h, the
AP1-1 was bound by c-Jun, JunD, c-Fos, and FosB; and the AP1-2
was bound by c-Jun, JunB, JunD, c-Fos, and FosB. We did not detect
binding of Fra1 and Fra2 to either of the pI oligos (Fig. 6C). It is
possible that our assay was not sensitive enough to detect JunB su-
pershift using hBDNF pI AP1-1 oligo, as the supershifted complex of
JunB has similar mobility as another complex seen even without the
addition of antibody (Fig. 6C, denoted with?).

When using pI oligos in EMSA, we noticed a complex with
slower mobility (Fig. 6B,C, denoted with ?) than that of the main
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were used in all EMSA experiments. The AP-1 sites are shown in blue and bold, the PasRE site is underlined. Mutated nucleotides are shown in red. AP-1 site from the human MT2A promoter was used
as an AP-1 consensus oligo. B, EMSA showing AP-1 protein complex binding to hBDNF pI oligos. The probes and lysates used are shown below the panel. CTRL and 2 h BDNF denote lysates of
untreated neurons and lysates of neurons treated with 50 ng/ml BDNF for 2 h, respectively. Where indicated above the panel, 10-fold excess of unlabeled oligo was added to the binding reaction
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AP-1 complex. Furthermore, a complex with similar mobility
was also seen when using AP-1 consensus oligo as the probe.
Competition with unlabeled oligos indicated that this complex
binds to the AP1-2 site, but is not specific for the AP1-1 site (Fig.
6B). Of note, we saw a decrease in binding of this complex in
supershift experiments using pI AP1-1 oligo when the untreated
neuronal lysate was incubated with c-Jun and JunD antibody,
and when lysate from BDNF-treated neurons was incubated with
c-Jun antibody (Fig. 6C). Even though according to the compe-
tition experiments the complex was not AP1–1-specific, this in-
dicates that Jun family proteins might be involved. When using pI
AP1-2 oligo as the probe, we could not determine a clear pattern
in the decrease in binding of the slower-mobility complex in
supershift experiments. We propose that the complex consists of
Jun family homodimers, Jun family proteins together with ATFs,
or other possible Jun heterodimerization partners.

TrkB signaling-dependent induction of rat BDNF promoter
III but not human BDNF promoter III is positively regulated
by AP-1 proteins
As abolishing AP-1 activity reduced the induction of rBDNF exon
III transcripts upon TrkB signaling (Fig. 3D), we decided to study

whether the exon III proximal promoter region contains the nec-
essary elements for TrkB signaling-dependent induction. For
that, we cloned both the rat and human BDNF promoter III (pIII)
regions upstream of luciferase reporter gene, and transfected
these constructs into rat primary neurons together with plasmids
encoding different effector proteins. Neurons were then treated
with BDNF and luciferase activities were measured.

Our results showed that both rat BDNF pIII (Fig. 7A) and human
BDNF pIII (Fig. 7B) were induced �2-fold upon TrkB signaling.
Overexpressing A-Fos decreased both the basal and the BDNF-
induced activity of rat BDNF (rBDNF) pIII, by 18 and 30%, respec-
tively, indicating that AP-1 activity is involved in the induction of
rBDNF pIII. Moreover, overexpressing c-Fos and c-Jun increased
both the basal and the induced levels of rBDNF pIII, by 36 and 86%,
respectively (Fig. 7A). In contrast, the activity of human BDNF
(hBDNF) pIII was not affected by A-Fos, and overexpressing c-Fos
and c-Jun rather decreased the activity of the promoter, suggesting
that AP-1 proteins do not participate in the TrkB signaling-
dependent regulation of hBDNF pIII (Fig. 7B).

Using bioinformatic analysis, we identified two putative AP-1
elements in the rat BDNF pIII region, that we named AP1-1 and
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Figure 7. TrkB signaling-dependent induction of rBDNF pIII but not of hBDNF pIII is positively regulated by AP-1 proteins. A, B, At 6 DIV, rat primary neurons were cotransfected with rat (A) or
human (B) BDNF promoter III-dependent luciferase reporter constructs (indicated above the graphs) together with different expression constructs or empty vector pQM. At 7 DIV, neurons were left
untreated (CTRL) or treated with 50 ng/ml BDNF for 8 h, after which luciferase activities were measured. Luciferase activity in untreated cells cotransfected with pQM was arbitrarily set as 1. C,
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AP1-2 (Fig. 7C). Of note, both of these sites are conserved be-
tween human and rat. To check whether these AP-1 elements are
responsible for the TrkB signaling-dependent induction of
rBDNF pIII, we used luciferase reporter constructs where these
sites alone (pIII AP1–1m and pIII AP1-2m constructs) or to-
gether (pIII AP1–1m2m construct) were mutated (Fig. 7D). Us-
ing reporter assay, we found that neither mutating these sites
alone nor in combination had effect on the induction of rBDNF
pIII in response to TrkB signaling (Fig. 7D).

Together, these results indicate that rat and human BDNF pIII
are differentially regulated in response to TrkB signaling, and that
rBDNF pIII does not seem to contain functional AP-1 sites, sug-
gesting that the effect of AP-1 proteins on rBDNF pIII activity is
indirect.

Induction of BDNF promoter VI in response to TrkB
signaling needs AP-1 activity
To elucidate the mechanism behind the TrkB signaling-induced
expression of BDNF exon VI transcripts, we cloned the rat and
human BDNF promoter VI (pVI) regions into luciferase reporter
plasmid and transfected them into rat primary neurons together
with either A-Fos, or c-Fos and c-Jun coding plasmids, treated the
cells with BDNF and measured luciferase activity (Fig. 8A,B).
The activities of rBDNF pVI and hBDNF pVI were only slighty
induced, 1.2- and 1.4-fold, respectively, upon TrkB signaling.
Overexpressing A-Fos together with rBDNF pVI reporter con-
struct decreased both the basal and the induced activity of the
promoter, by 21 and 26%, respectively. However, overexpressing
c-Jun and c-Fos also reduced the promoter activity, by 30 and
37% for the basal and the induced levels, respectively. Compara-
ble effects were seen for hBDNF pVI, indicating that the regula-
tion of both rat and human BDNF pVI is similar. Bioinformatic
analysis failed to find AP-1 cis-elements conserved between rat

and human in BDNF pVI, suggesting that the effect of AP-1 pro-
teins on BDNF pVI activity is indirect.

AP-1 proteins bind endogenous BDNF promoter I in rat
primary neurons upon TrkB signaling
Next, we analyzed how the binding of AP-1 proteins to different
rBDNF promoter regions changed in response to TrkB signaling
in primary neurons. For this, we treated primary neurons with
BDNF for 2 h at 7 DIV, and performed ChIP analysis using pan-
Fos and c-Jun antibodies. The MMP9 promoter region, which
has previously been shown to bind c-Fos in primary neurons in
response to TrkB signaling (Kuzniewska et al., 2013), was used as
a positive control. As transduction with AAV-A-Fos did not
change the inducibility of rBDNF exon IV-containing transcripts
in response to TrkB signaling (Fig. 3C), we used the rBDNF pro-
moter IV region as an internal negative control for ChIP analysis.

Our results showed that in unstimulated neurons, neither Fos
family proteins (Fig. 9A) nor c-Jun (Fig. 9B) bound to rBDNF
promoters I, III, IV, and VI. This is in accordance with the fact
that the basal expression and DNA binding activity of Fos family
proteins and c-Jun is very low in unstimulated neurons (Figs. 2B,
6C). However, when the cells were treated with BDNF for 2 h,
binding of the Fos family members and c-Jun was detected at the
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rBDNF pI region (Fig. 9). The extent of this binding was compa-
rable to that of the MMP9 promoter region used as a positive
control. No significant binding of AP-1 proteins was seen for
rBDNF promoters III, IV, and VI.

Collectively, these results indicate that AP-1 proteins directly
regulate the activity of rBDNF pI, whereas the effect of AP-1
proteins on rBDNF pIII and pVI activity is indirect, possibly
acting through different transcription factors that are induced by
AP-1 proteins.

AP-1 proteins upregulate human BDNF exon I but not exon
III or exon VI transcripts in HEK293 cells
To assess, whether AP-1 proteins regulate hBDNF transcription
in the endogenous context, we overexpressed c-Fos and c-Jun, or
their constitutively active VP16-fusion counterparts in HEK293
cells and measured the expression of different hBDNF transcripts
using RT-qPCR (Fig. 10A). Whereas overexpressing c-Fos and
c-Jun did not significantly increase the expression of hBDNF
transcripts, VP16-Fos and VP16-Jun induced the expression of
hBDNF exon I-containing transcripts �3.4-fold, indicating that
AP-1 proteins are able to upregulate the expression of endoge-
nous hBDNF exon I transcripts. mRNA levels of exon IV and
exon VI transcripts were not changed in response to overexpress-
ing AP-1 proteins or their VP16-chimeric counterparts. The ex-
pression of hBDNF exon III transcripts was not detectable in
HEK293 cells.

Next, we investigated whether AP-1 proteins bind endoge-
nous hBDNF pI using ChIP assay in HEK293 cells overexpressing

V5-tagged AP-1 proteins (Fig. 10B). We found that the overex-
pressed AP-1 proteins bound the hBDNF pI region and the
MT2A promoter, used as a positive control, but not the hBDNF
pIV region, which was used as a negative control. As AP-1 pro-
teins did not regulate the expression of hBDNF exon III and exon
VI transcripts, we did not check AP-1 binding to these promoters.
Together, our results indicate that the expression of endogenous
hBDNF exon I transcripts can be directly regulated by AP-1
proteins.

Discussion
The role of BDNF as an autocrine or paracrine survival factor has
been well established (Miranda et al., 1993; Ghosh et al., 1994;
Acheson et al., 1995; Davies and Wright, 1995; Hansen et al.,
2001; Jiang et al., 2005; Kuribara et al., 2011; Wang et al., 2015).
Autocrine functions of BDNF have also been implicated in axon
development (Cheng et al., 2011) and dendritogenesis (Wirth et
al., 2003). Here, we show that the expression of BDNF mRNA is
extensively upregulated by TrkB signaling. We propose that this
positive feedback loop is important in providing sufficient levels
of BDNF in the aforementioned processes. Furthermore, as TrkB
signaling can induce BDNF secretion (Krüttgen et al., 1998), the
positive feedback mechanism of BDNF expression described in
the current study could result in a local self-amplifying autocrine
loop.

Autocrine activation of BDNF-TrkB axis is also associated
with an unfavorable outcome in neuroblastomas, with TrkB sig-
naling stimulating both growth and survival of tumor cells (Ho et
al., 2002; Girgert et al., 2003). Although it has not been shown
that the activation of TrkB induces BDNF transcription in neu-
roblastomas, it is plausible that such positive feedback loop exists
and contributes to the survival of tumor cells. Furthermore, dys-
regulation of BDNF expression is associated with the pathophys-
iology of various psychiatric disorders (Autry and Monteggia,
2012). Therefore, elucidating the mechanism behind BDNF au-
toregulation could lead to better therapeutic means for both
treating cancer and psychiatric disorders where the regulation of
BDNF expression is defective.

So far, two studies have assessed the BDNF-TrkB-induced
positive feedback loop in BDNF transcriptional regulation in pri-
mary cortical neurons, focusing on the regulation of exon IV
transcripts (Yasuda et al., 2007; Zheng and Wang, 2009). The
study by Yasuda et al. (2007) showed that BDNF exon IV tran-
scripts are upregulated in response to TrkB activation by BDNF
in cultured rat primary cortical neurons. However, the regulation
of other BDNF transcripts was not studied. Similar observation
about the induction of BDNF exon IV transcripts was made by
Zheng and Wang (2009). In their study, the effect of BDNF treat-
ment on the induction of BDNF exon I, II, and VI transcripts was
addressed in addition to exon IV transcripts, and it was found
that the levels of these transcripts are not induced in response to
TrkB signaling. In the present study, we show that not only the
expression of exon IV transcripts, but also of exon I, II, III, VI,
and IXa transcripts is upregulated by TrkB signaling in primary
neurons, with the fastest induction for exon IV and exon IXa
transcripts, and the strongest induction for exon I transcripts,
indicating that different BDNF promoters are used to control the
exact temporal pattern of total BDNF mRNA expression after
TrkB activation. It should be noted that in the study by Zheng and
Wang (2009), BDNF transcript levels were measured only at 1 h
after TrkB activation. Thus, their results are in accord with our
study, because we show that the expression of exon I, II, and VI
transcripts was not significantly induced after 1 h of BDNF treat-
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Figure 10. AP-1 proteins regulate the levels of hBDNF exon I transcripts and bind hBDNF pI in
HEK293 cells. A, RT-qPCR analysis of different hBDNF transcripts in HEK293 cells transfected with
either EGFP coding vector, c-Fos and c-Jun overexpression constructs, or the respective AP-1
VP16-fusion protein overexpression constructs. The expression of hBDNF exon III transcripts
could not be detected (n.d., Not detectable). mRNA expression is shown relative to the expres-
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binding of AP-1 proteins to endogenous hBDNF pI in cells overexpressing V5-tagged c-Fos and
c-Jun proteins. HEK293 cells were transfected with combination of V5-tagged Fos and Jun
expression constructs or empty pQM vector. Immunoprecipitation was performed using anti-V5
agarose. Binding of overexpressed Fos-V5 and Jun-V5 to hBDNF pI and pIV was measured using
qPCR, the human MT2A promoter (MT2A prom) region and an unrelated region in chromosome
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levels in cells transfected with empty pQM vector. Error bars represent SEM of at least three
independent experiments (A, B). Statistical significance is relative to the respective transcript
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transformed and autoscaled data (B).
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ment, whereas exon IV transcripts displayed a moderate �8-fold
induction. Furthermore, we show that at later time points the
levels of exon I, II, and VI transcripts are also increased in re-
sponse to TrkB signaling. As it has been reported that the expres-
sion of BDNF exon IV transcripts can be induced as an
immediate-early gene in response to neuronal activity (Lauter-
born et al., 1996; Tao et al., 1998), it is possible that the fast
induction of exon IV and IXa transcripts upon TrkB signaling
could be independent of protein synthesis. It is plausible that in
vivo, the BDNF transcripts that are induced first in response to
TrkB signaling provide enough BDNF to start and sustain the
BDNF autocrine loop, which in turn would induce the expression
of other, more slowly inducible BDNF transcripts (eg, exon I, II,
III transcripts), further prolonging the TrkB signaling necessary
for various physiological outcomes.

The effect of TrkB signaling on the regulation of BDNF tran-
scription has also been shown in vivo: infusion of BDNF into the
dentate gyrus of adult anesthetized rats triggers stable LTP, an
activity-dependent synaptic plasticity, and upregulates both
BDNF exon IV-containing transcripts and total BDNF mRNA
levels (Wibrand et al., 2006). Furthermore, it has been reported
that C/EBP�-mediated BDNF-positive feedback loop regulating
BDNF exon IV mRNA expression in the hippocampus is impor-
tant for memory consolidation in vivo (Bambah-Mukku et al.,
2014), indicating that BDNF autoregulation is critical for hip-
pocampus-dependent memory functions. We propose, in the
light of our results obtained using primary cortical neuron cul-
tures, that not only the induction of exon IV transcripts, but also
of other BDNF transcripts could be important for memory-
related functions. Moreover, our results suggest that in addition
to the role of BDNF-positive feedback loop in the hippocampus,
such regulatory mechanisms might be involved in proper func-
tioning and/or development of the cortex.

It is well proven that BDNF potentiates synaptic transmission
that is connected to neuronal membrane depolarization (Lu,
2003; Park and Poo, 2013). As the expression of BDNF is also
activated by membrane depolarization and calcium influx into
neurons (Park and Poo, 2013), one might argue that the effects
seen in this study are a result of increased synaptic activity, and
not caused by direct regulation of BDNF gene expression by TrkB
signaling. However, it has been reported that TrkB signaling but
not neuronal activity activates ERK5 pathway in neurons (Ca-
vanaugh et al., 2001). By using pharmacological inhibitors, we
show that the BDNF-positive feedback loop in primary cortical
neurons is conveyed through both ERK1/2 and ERK5 pathways,
suggesting that the induction of BDNF is at least partially con-
veyed through different pathways upon TrkB signaling and neu-
ronal activity. Furthermore, it has been described that upon
neuronal activity, hBDNF pI is activated by the depolarization-
induced NPAS4 transcription factor through a conserved PasRE
element in BDNF pI (Pruunsild et al., 2011). Here, we show that
this PasRE element is not involved in the TrkB signaling-
mediated activation of hBDNF pI. Moreover, it has been reported
that in primary culture of cortical neurons, synapses are not yet
functional at 7 DIV (Basarsky et al., 1994; Chiappalone et al.,
2006; Cohen et al., 2008). Therefore, it is highly unlikely that the
induction of BDNF in response to TrkB signaling in our study
was due to an increase in neuronal activity.

Although the cis-elements responsible for the neuronal
depolarization-dependent BDNF transcription have been widely
studied (West et al., 2001; Greer and Greenberg, 2008; Pruunsild
et al., 2011), the cis-elements and trans-acting factors regulating
BDNF expression in response to TrkB signaling have been poorly

characterized. Here, we show that AP-1 family transcription fac-
tors are necessary for the upregulation of BDNF exon I, III, and
VI transcripts in response to TrkB signaling. Moreover, we have
identified two functional AP-1 cis-elements in hBDNF pI, that are
conserved between human and rat. Importantly, we have previ-
ously shown that the AP1-1 cis-element in hBDNF pI is not nec-
essary for hBDNF pI activation in response to depolarization
(Pruunsild et al., 2011). Here, we show that the AP1-1 element
mediates TrkB signaling-dependent activation of hBDNF pI. Fur-
thermore, as stated previously, the neuronal activity-responsive
PasRE element in hBDNF pI (Pruunsild et al., 2011) does not
contribute to the BDNF-dependent promoter activation. Rather,
mutating the PasRE site increased the promoter’s inducibility in
response to TrkB signaling, possibly indicating complex interplay
and competitive inhibition between TrkB signaling and neuronal
activity-dependent induction of hBDNF pI. Together, these re-
sults indicate that the regulation of BDNF expression by neuronal
activity and TrkB signaling can be conveyed through different
cis-elements and trans-acting factors, further adding complexity
to the elaborate regulation of BDNF gene expression.

AP-1 transcription factors have been implicated in the regu-
lation of BDNF transcription by other groups. Compared with
wild-type mice, the induction of BDNF in response to kainate-
evoked neuronal activity was reduced in the hippocampi of post-
natal forebrain neuron conditional c-Fos knock-out mice both at
mRNA (Dong et al., 2006) and protein levels (Zhang et al., 2002).
No change in basal BDNF levels was seen in those knock-out mice
(Zhang et al., 2002). It is plausible that the lower BDNF induc-
ibility by kainate treatment seen in the c-Fos knock-out mice is
due to faulty BDNF autoregulation, since our results indicate that
AP-1 activity is needed for the TrkB signaling-dependent induc-
tion of BDNF exon I, III, and VI transcripts. The dysregulation of
BDNF expression in the c-Fos knock-out mice could partially be
caused by subeffective use of the two novel AP-1 sites in BDNF pI
identified in our study. Moreover, in agreement with our results,
overexpressing constitutively active c-Fos in cultured hippocam-
pal neurons increases BDNF mRNA levels (Benito et al., 2011),
further indicating that AP-1 proteins are involved in the regula-
tion of BDNF expression.

In conclusion, we have shown that in primary cultured
cortical neurons, the BDNF gene is a subject to an extensive
autoregulatory-positive feedback loop, where TrkB signaling in-
duces the expression of all major BDNF transcripts. Elucidating
the mechanism behind this phenomenon, we found that the up-
regulation of exon I, III, and VI transcripts is dependent on AP-1
family transcription factors, with a direct effect on BDNF pro-
moter I and an indirect effect on promoters III and VI. Finally, we
have identified two conserved functional AP-1 sites in the BDNF
promoter I region necessary for the induction of exon I tran-
scripts in response to TrkB signaling. This novel knowledge of
BDNF autoregulation and its mechanisms provides new insights
into the complex regulation of BDNF gene expression.
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