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Differential Regulation of the BDNF Gene in Cortical and
Hippocampal Neurons
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Brain-derived neurotrophic factor (BDNF) is a widely expressed neurotrophin that supports the survival, differentiation, and
signaling of various neuronal populations. Although it has been well described that expression of BDNF is strongly regulated
by neuronal activity, little is known whether regulation of BDNF expression is similar in different brain regions. Here, we
focused on this fundamental question using neuronal populations obtained from rat cerebral cortices and hippocampi of
both sexes. First, we thoroughly characterized the role of the best-described regulators of BDNF gene - cAMP response ele-
ment binding protein (CREB) family transcription factors, and show that activity-dependent BDNF expression depends more
on CREB and the coactivators CREB binding protein (CBP) and CREB-regulated transcriptional coactivator 1 (CRTC1) in
cortical than in hippocampal neurons. Our data also reveal an important role of CREB in the early induction of BDNF
mRNA expression after neuronal activity and only modest contribution after prolonged neuronal activity. We further corro-
borated our findings at BDNF protein level. To determine the transcription factors regulating BDNF expression in these rat
brain regions in addition to CREB family, we used in vitro DNA pulldown assay coupled with mass spectrometry, chromatin
immunoprecipitation (ChIP), and bioinformatics, and propose a number of neurodevelopmentally important transcription
factors, such as FOXP1, SATB2, RAI1, BCL11A, and TCF4 as brain region-specific regulators of BDNF expression. Together,
our data reveal complicated brain region-specific fine-tuning of BDNF expression.
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To date, majority of the research has focused on the regulation of brain-derived neurotrophic factor (BDNF) in the brain but
much less is known whether the regulation of BDNF expression is universal in different brain regions and neuronal popula-
tions. Here, we report that the best described regulators of BDNF gene from the cAMP-response element binding protein
(CREB) transcription factor family have a more profound role in the activity-dependent regulation of BDNF in cortex than in
hippocampus. Our results indicate a brain region-specific fine tuning of BDNF expression. Moreover, we have used unbiased
determination of novel regulators of the BDNF gene and report a number of neurodevelopmentally important transcription
factors as novel potential regulators of the BDNF expression. /
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Introduction
Brain-derived neurotrophic factor (BDNF) is a neurotrophin
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that contributes to neuronal survival, differentiation and synaptic
plasticity (Chao, 2003; Park and Poo, 2013). The expression of
BDNF gene, consisting of numerous 5’ noncoding exons that are
spliced together with the common protein-coding 3’ exon, is
controlled by distinct promoter regions (Timmusk et al., 1993;
Aid et al., 2007; Pruunsild et al., 2007) that are used for stimul-
us-specific, cell type-specific and brain region-specific BDNF
expression. For example, in rodents BDNF transcripts containing
BDNF exon II or exon IXa are highly expressed in the hippocam-
pus, but at much lower levels in the cortex (Aid et al., 2007).
Transgenic mice encompassing the whole rat or human BDNF
locus revealed that the transgene could not recapitulate BDNF
expression in hippocampal dentate granule cells (Koppel et al.,
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2009, 2010), implying differences in BDNF expression between
cortex and hippocampus. The expression of different BDNF
transcripts is dysregulated in a brain region-specific manner in
patients with schizophrenia and in response to antidepressants
(Wong et al,, 2010), and in mice after chronic mild stress (P.
Huang et al., 2018). Overall, the expression of BDNF varies in
different brain regions in both health and disease.

It is acknowledged that BDNF has critical and distinguished roles
in the cortex and hippocampus (Bergami et al., 2008; Hong et al.,
2008; Sakata et al., 2009; Bambah-Mukku et al,, 2014; Wang et al,,
2015; Ortiz-Lépez et al,, 2017; Mudd et al,, 2019). Understanding
cell type-specific and brain region-specific stimulus-dependent regu-
lation of BDNF expression serves as the basis for discerning how
BDNF affects brain development and function. Therefore, we set out
to compare the regulation of neuronal activity-dependent BDNF
expression in cortical and hippocampal neurons.

To date, a number of transcription factors, including cal-
cium-response factor (CaRF; Tao et al., 2002), Neuronal PAS
Domain Protein 4 (NPAS4; Lin et al., 2008; Pruunsild et al.,
2011), cAMP-response element binding protein (CREB; Shieh et
al., 1998; Tao et al., 1998; Tabuchi et al., 2002; Hong et al., 2008;
Benito et al., 2011; Pruunsild et al., 2011; Palomer et al., 2016;
Tai et al., 2016), nuclear factor of activated T-cells (NFAT;
Vashishta et al., 2009), and myocyte enhancer factor 2 (MEF2;
Flavell et al., 2008; Lyons et al, 2012) families have been
described in regulating neuronal activity-dependent BDNF
expression (for review, see West et al., 2014). Notably, CaRF has
been shown to regulate the levels of BDNF exon IV in cortex but
not in hippocampus (McDowell et al., 2010) and MEF2 family
transcription factors have been suggested to participate in the regu-
lation of BDNF exon I levels in hippocampal but not in cortical
neurons (Flavell et al., 2008; Lyons et al., 2012). Among the tran-
scription factors that regulate activity-dependent BDNF expression,
CREB transcription factor family is the best described. Notably,
CREB binding to CRE-elements in the genome is cell-type specific
(Cha-Molstad et al., 2004), and CREB target genes vary in different
brain regions (Tanis et al., 2008). Although the role of CREB in the
regulation of BDNF gene expression is well-established in both cort-
ical and hippocampal neurons, it is not known whether the role of
CREB in activity-dependent expression of BDNF is the same in
both of these neuronal populations.

Here, focusing on the CREB transcription factor family we
describe that the regulation of BDNF transcription by these fac-
tors and their coactivators CBP and CRTCI is more prominent
in cortical than in hippocampal neurons. Furthermore, our
results indicate the role of CREB family in regulating the basal
and early induced levels of BDNF mRNA after neuronal activity,
whereas CREB family has a minor role in the late induction.
We also show that CREB and coactivators CBP and CRTCl1 are im-
portant for proper induction of BDNF protein expression after
membrane depolarization in cortical neurons. We describe the
component of BDNF-TrkB signaling in membrane-depolarization
induced expression of BDNF in cortical but not in hippocampal
neurons. Additionally, we used in vitro promoter pulldown
coupled with mass spectrometric detection of the bound tran-
scription factors and report novel regulators of BDNF, namely
FOXP1, SATB2, RAIl, TCF4, BCL11A. Our results highlight
the brain region-specific fine-tuning of BDNF expression.

Materials and Methods

Rat primary neuron culture and treatments

All animal procedures were performed in compliance with the local
ethics committee. Cortical and hippocampal neuron cultures were
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generated from Sprague Dawley rat male and female pups of the same
litter at embryonic day 20-21 as described in Esvald et al. (2020). For
lentivirus-mediated overexpression, neurons were transduced at 0 days
in vitro (DIV). All lentiviruses encoding EGFP, A-CREB, negative guide
RNA (gRNA), CREB1 gRNA, CRTC1 gRNAs, and dCas9-KRAB-T2A-
GFP were used as detailed by Esvald et al. (2020). At 2 DIV, half of the
growth medium (for experiments with low molecular-weight inhibitors)
or the whole media (in experiments where neurons were transduced
with lentiviral particles) was changed and a final concentration of 10 um
mitotic inhibitor 5-fluoro-2’'-deoxyuridine (Sigma) was added. For the
Western blotting experiments, the neurons were plated in DMEM
(Invitrogen) and 10% FBS (Pan Biotech) and the media was changed to
supplemented NBA media after ~1.5 h. Half of the media was changed
at 2 DIV and 5 DIV. In all the experiments, at 7 DIV (~24 h before the
experiment), 1 uMm tetrodotoxin (Tocris Bioscience) was added to the
media to inhibit spontaneous neuronal activity. For experiments with
low molecular-weight inhibitors, 5 um CBP-CREB interaction inhibi-
tor (CCII; in DMSO, Merck Millipore, catalog #217505, lot 2758191)
or 25 nm Az23 (in DMSO, Axon Medchem) was added 1 h or 30 min,
respectively, before KCI treatment at 8 DIV. Control cells were treated
with the corresponding volume of DMSO. At 8 DIV, 25 mm KCI
(Applichem; with 5 um D-(2R)-amino-5-phosphonovaleric acid (D-
APV, Cayman Chemical Company) to reduce excitotoxicity) was
used to elicit membrane depolarization for 1, 3, or 6 h.

RNA extraction and RT-qPCR

After treatment, cultured neurons were lysed at 8 DIV in RLT lysis buffer
(containing 1% [ -mercaptoethanol (VWR Life Sciences) in experiments
with lentivirus transduction) and RNA was purified with RNeasy Mini kit
(QIAGEN) according to the manufacturer’s recommendations with
on-column digestion of genomic DNA using RNase-Free DNase
set (QIAGEN). RNA concentration was measured with BioSpec-
Nano (Shimadzu) or with Nanodrop 2000c (Thermo Scientific)
spectrophomoteter.

To compare mRNA levels from cortical and hippocampal tissues, the
lysates were prepared from the same pup and biological replicates were
obtained from pups of different litters. The cortex and hippocampus of 8-
day-old Sprague Dawley rat pups were dissected and frozen in 80°C.
Tissue was weighed and homogenized in QIAzol lysis reagent (QIAGEN)
at a ratio of 1 ml/100 mg of tissue (but not <500 pl). The amount of cortex
was normalized to the amount of hippocampus by taking mass equivalent
of homogenous lysate for RNA purification. Next, Qiazol was added to all
lysates to achieve a volume of 1 ml and incubated for 5 min at room tem-
perature. Then, 200 pl of chloroform was added, the mixture was shaken
vigorously, and incubated at room temperature for 3 min. Finally, the sol-
utions were centrifuged at 12,000 x g at 4°C for 15 min and the aqueous
phase was transferred to a new tube. Lastly, equal volume of 70% ethanol
was added, vortexed, and transferred to a Mini Spin column (EconoSpin).
RNA purification was then performed as for cultured neurons using
RNeasy Mini kit (QIAGEN) solutions and on-column digestion of DNA.
The concentrations of RNA were measured with Nanodrop 2000c
(Thermo Scientific) spectrophomoteter.

Equal amounts of RNA were taken to synthesize complemen-
tary DNA (cDNA) using SuperScript IV Reverse Transcriptase
(Thermo Fisher Scientific) and oligo(dT),, primer. qPCR was per-
formed using HOT FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne)
and LightCycler 480 Instrument II (Roche). Primers used in qPCR are
listed in Tuvikene, 2021. All mRNA expression levels were normalized
to HPRT1 expression levels.

Western blotting

The neurons were grown on 24-well plates, treated at 8 DIV with KCI,
and lysed in 1x Laemmli buffer (without bromophenol blue and -
mercaptoethanol) followed by heating at 95°C for 5 min. The protein con-
centration was measured with Pierce BCA Protein Assay kit (Thermo
Scientific) according to the manufacturer’s protocol. After measuring the
concentration, bromophenol blue and S-mercaptoethanol (VWR Life
Sciences, 5% final concentration) were added, lysates were heated at 95°C
for 5min, and centrifuged at 16,000 x g for 1 min.
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Equal amount of total protein (16-20 p1g) per experiment was loaded
along with 100-200 pg of recombinant mature BDNF protein (Icosagen,
catalog #P-105-100) and separated on 15% gel using SDS-PAGE. The
proteins were transferred to a PVDF membrane using Trans-Blot Turbo
Transfer system (Bio-Rad) high MW program (constant 1.3 A, 10 min).
Next, the membranes were blocked for at least 1 h at room temperature
in 5% skimmed milk in TBST buffer (1x Tris-buffered saline (pH 7.4)
and 0.1% Tween 20), incubated overnight at 4°C with primary anti-
BDNF antibody (Icosagen, catalog #327-100, clone 3Cl1, 1mg/ml,
1:1000) in 2% milk in TBST, and then overnight at 4°C with secondary
antibody anti-mouse IgG conjugated with horseradish peroxidase (HRP;
Thermo Scientific, 1:5000) in 2% milk. After both incubations the mem-
brane was washed three times with TBST for 5 min at room temperature.
Chemiluminescence signal was produced with SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Scientific) or SuperSignal West
Atto Maximum Sensitivity Substrate (Thermo Scientific). The signal was
measured using ImageQuant Las 4000 (GE Healthcare Life Sciences)
imaging system.

To measure CREB protein levels, the anti-mouse IgG-HRP signal
was quenched with 30% H,O, for 20 min at 37°C, followed by three
washes with TBST buffer. The membrane was blocked again for at least
1 h at room temperature in 5% skimmed milk in TBST buffer. Anti-
CREB antibody (Cell Signaling, D76D11, rabbit mAb #4820, 1:2500) was
incubated overnight at 4°C in 2% milk in TBST and secondary antibody
anti-rabbit IgG-HRP (Thermo Scientific, 1:5000) in 2% milk for at least
1 h at room temperature. To measure FLAG-A-CREB levels, the previ-
ous signal was again quenched with H,O,, the membrane was washed
and blocked as described above, and then reprobed with mouse mono-
clonal anti-FLAG M2-HRP antibody (Sigma-Aldrich, #A8592, 1:5000)
overnight at 4°C in 2% milk.

CRTC1 protein levels were analyzed from a separate 10% gel. The
proteins were transferred to PVDF membrane using Trans-Blot Turbo
Transfer system (Bio-Rad) with modified high MW program (constant
1.3 A, 15min). The membrane was blocked and washed as described for
other membranes. Primary anti-CRTC1 antibody (Cell Signaling, C71D11,
rabbit mAb #2587, 1:1000) was incubated overnight at 4°C in 2% milk and
secondary antibody anti-rabbit IgG-HRP (Thermo Scientific, 1:5000) in 2%
milk for at least 1 h at room temperature.

For loading control, the membranes were stained with Coomassie so-
lution (0.1% Coomassie Brilliant Blue R-250 Dye, 25% ethanol, 7% acetic
acid), followed by washes with destaining solution (30% ethanol, 10%
acetic acid) and rinsing with tap water. The membranes were imaged
using ImageQuant Las 4000 (GE Healthcare Life Sciences) system.

BDNF, CREB, CRTC1, and FLAG-A-CREB protein levels were quanti-
fied using densitometric analysis with ImageQuant TL software (GE
Healthcare Life Sciences, version 7.0). A marginally small constant number
was added to each densitometric value (to account for undetectable signal
of pro-BDNF in untreated cortical neurons in some experiments), and the
specific protein levels were then normalized using Coomassie staining val-
ues. Statistical analysis was performed as described below (Experimental
design and statistical analysis).

In vitro DNA pulldown and mass spectrometry

Rat BDNF promoter I and BDNF promoter IV regions were amplified by
PCR from luciferase reporter plasmids (published in Esvald et al., 2020).
The primers used are listed in Tuvikene, 2021. The biotinylated PCR
products were purified using DNA Clean and Concentrator-100 kit
(Zymo Research).

Nine hippocampi and three cortices from 8-day-old Sprague Dawley
rat pups of both sexes were dissected and snap-frozen in liquid nitrogen.
Nuclear lysates were prepared and in vitro DNA pulldown was per-
formed as described previously (Tuvikene et al., 2021). Here, 350 ug
of nuclear proteins were bound to 75 pmol of biotinylated DNA in the
pulldown assay. The subsequent mass spectrometric analysis and custom
R-script are also described previously (Tuvikene et al., 2021). At least a
1.5-fold enrichment to one promoter respective to the other was consid-
ered as specific binding and tissue-specificity was calculated only for
transcription factors passing the specific binding criteria. All proteins
detected in mass spectrometry are listed in Extended Data Figure 7-1.
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Analysis of RNA-sequencing (RNA-seq) data

Raw RNA-seq data of previously published RNA-seq experiments [SRA
accession numbers ERP016406 (Dias et al., 2016), SRP049264 (Araujo et
al., 2015), SRP058362 (McKenna et al., 2015), SRP068801 (Jaitner et al.,
2016), SRP074487 (W.H. Huang et al.,, 2016), SRP102696 (Araujo et al.,
2017), SRP166779 (Garay et al., 2020), SRP261474 (Carullo et al., 2020)]
were downloaded directly as fastq files from European Nucleotide Archive
with the assistance of SRA-explorer (www.sra-explorer.info). Adapter and
quality trimming was done using BBDuk (part of bbmap version 38.79)
using the following parameters: ktrim = r k=23 mink=11 hdist=1 tbo
qtrim = Ir trimq = 10, and minlen =50 (for SRP261474), minlen =45 (for
ERP016406, SRP102696), minlen =30 (for SRP049264), minlen =25 (for
SRP166779, SRP068801, SRP058362) or minlen=65 (for SRP074487).
Reads were mapped to 6 (annotation from ENSEMBL, release 101, for
SRP261474), hgl9 genome (annotation from Gencode release 34, for
SRP049264), or mm10 (annotation from Gencode M25 primary assembly,
for the rest of the datasets) using STAR aligner (version 2.7.3a). Detected
splice junctions were combined, junctions on mitochondrial DNA and
junctions with noncanonical intron motifs were removed. Novel splice
sites with at least 10 reads (for ERP016406, SRP261474 and SRP(074487),
or at least five reads (for the rest of the datasets) in the whole dataset were
added for 2nd pass alignment using STAR. Aligned reads were assigned to
genes (to determine total BDNF expression levels) or exons (to determine
the expression levels of BDNF exon I and exon IV) using FeatureCounts
(version 2.0.0), with additional -B -C arguments for paired-end reads.
Counts were normalized using DESeq2 R package (version 1.28.1) and
visualized using ggplot2 R package (version 3.3.2). Statistical analysis was
performed on log-transformed normalized counts using two-tailed equal
variance t test in Microsoft Excel 365.

Chromatin immunoprecipitation (ChIP) assay

For ChIP assay from tissue, 10-12 hippocampi and six cortices from 8-
day-old Sprague Dawley rat pups of both sexes from the same litter were
dissected and snap-frozen in liquid nitrogen. Pups from different litters
were considered biological replicates. Tissue pieces were weighed and
homogenized in 1% formaldehyde (Cell Signaling, catalog #12606,
diluted in PBS; the volume of the fixing solution was 20x the mass of
the tissue) with Dounce tissue grinder (Wheaton) using loose pestle 20
times. After that, the homogenate was transferred to a 15-ml tube and
incubated for 10 min at room temperature with rotation. Final concen-
tration of 0.125 M glycine was added to quench formaldehyde and the
mixture was rotated for another 10 min at room temperature. Next, the
mixture was centrifuged at 2600 x g at 4°C for 5min and the pellet was
washed two times with ice-cold PBS (20x volume of the tissue weight).
A protocol to obtain nuclear lysates was developed based on Vierbuchen
et al. (2017). Briefly, the pellet was resuspended in 20x volume of ice-cold
L1 [50 mm HEPES (pH 7.5), 140 mm NaCl, 1 mm EDTA, 1 mm EGTA,
0.25% Triton X-100, 0.5% NP-40, 10% glycerol, 1 x cOmplete protease in-
hibitor cocktail (Roche)], rotated for 10 min at 4°C and centrifuged at
2600 x g at 4°C for 5 min. The pellet was next resuspended in L2 [10 mm
Tris-HCI (pH 8.0), 200 mm NaCl, 1x cOmplete protease inhibitor cocktail
(Roche)] in a volume of 20x the weight of the initial tissue piece, rotated
for 10 min at 4°C and centrifuged at 2600 x g at 4°C for 5min. Finally,
the nuclear pellet was resuspended in 10x volume of L3 [10 mm Tris-HCl
(pH 8.0), 100 mm NaCl, 1 mm EDTA, 0.5 mm EGTA, 0.1% sodium deoxy-
cholate, 0.5% N-lauroylsarcosine, 1x cOmplete protease inhibitor cocktail
(Roche)], incubated on ice for a couple of minutes, and transferred to
Diagenode 15 ml tubes onto prewashed sonication beads (0.2 g of beads
per 0.5 ml of nuclear lysate was prepared by washing three times with 1 ml
PBS, vortexing and spinning the beads down). After transferring the nuclear
lysates onto the beads, the mixture was vortexed vigorously to improve soni-
cation efficiency. Chromatin was sonicated using the BioRuptor Pico device
(Diagenode) for five cycles 30 s on and 30 s off, vortexed vigorously and
sonicated for another five cycles. Next, the lysate was transferred to a new
tube, final concentration of 1% Triton X-100 was added, and centrifuged at
4500 x g at 8°C for 5min in a swing-out rotor. The protein concentration
was measured with BCA kit, and 200-275 pig of nuclear protein was used
per IP; 10 pug of CREB (Cell Signaling, D76D11, rabbit mAb #4820) or
TCF4 (CeMines) antibody or 4.8 ug of BCL11A (Developmental Studies
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Hybridoma Bank, PCRP-BCL11A-1G10) antibody was used for overnight
incubation at 4°C. At the same time, 50 ul Dynabeads Protein G
(Invitrogen) per IP were prewashed 2 times with 0.02% Tween 20-PBS
and blocked overnight with 200 pig/ml BSA (Thermo Scientific) at 4°C.

The next day, the Dynabeads were washed twice with 0.02% Tween
20-PBS and diluted in L3, containing Triton X-100 and protease inhibitor
solution. Dynabeads were added to the lysates and incubated on a rotator
for 5-7 h at 4°C. Finally, the beads were washed four times in 1 ml wash
buffer [1% Triton X-100, 0.1% SDS, 150 mMm NaCl, 2 mm EDTA, 20 mm
Tris-HCl (pH 8.0), 1x 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), 1x cOmplete protease inhibitor
cocktail (Roche)]. DNA-protein complexes were eluted with 50 ul elution
buffer (1% SDS, 100 mm NaHCOs, 1 mm EDTA) at 37°C for 10 min for
three times with the final elution performed at additional 65°C for 5 min. At
the same time, 10% of input samples were also diluted with elution buffer to
a final volume of 150 ul. Final concentration of 250 mm NaCl was added to
IP and input samples and samples were decrosslinked overnight at 65°C.

Next day, 125 ug/ml RNase A (PanReac Applichem) was added and
incubated at 37°C for 1-2 h. Then, final concentrations of 6 mm EDTA
and 240 ug/ml proteinase K (Fisher Bioreagent) were added and incubated
at 45°C for 2 h. The genomic DNA was purified using QIAquick PCR
Purification kit (QIAGEN).

DNA enrichment was measured with qPCR using primers listed in
Tuvikene, 2021 and LightCycler 480 SYBR Green I Master kit (Roche). The
DNA enrichment was calculated as percent of input relative to the levels of
unrelated region (URR).

Experimental design and statistical analysis
Sample size estimation was not performed, and randomization and
blinding were not used. Statistical analysis was performed on log-
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Schematical depiction of the tools used in the current study to elucidate the role of CREB family in BDNF gene
regulation. A, CREB regulates transcription of the target genes together with coactivators (BP (or P300) and CRTGs. B,
Overexpression of a dominant-negative form of CREB, named A-CREB, which dimerizes with CREB family members based on
their basic leucine zipper domain (bZip) and inhibits binding to the DNA, therefore inhibiting CREB family-requlated transcrip-
tion. C, CRISPR interference (CRISPRi) system targeting dCas9-KRAB to the CREBT gene promoter impairs the transcription of
CREBT gene, reducing the levels of CREB. D, A low molecular weight compound CClI binds to the ¢-Myb-site on (BP and pre-
vents (BP binding to CREB family members. E, CRISPRi system targeting dCas9-KRAB to the CRTCT gene promoter impairs the
transcription of CRTC1, reducing the levels of CRTC1. Schematics were created with BioRender.com.
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transformed, mean-centered and autoscaled
data (where applicable). For data in Figures 3
and 5 that show the direct comparison of the
role of the effector in different cultures, the
data were only log-transformed. All tested
hypotheses were specified before conducting
the experiments. Two-tailed paired # tests were
performed using R 4.1.1 programming lan-
guage or Microsoft Excel 365 and p-values
were adjusted for multiple comparisons with
Holm or Holm-Sidék family-wise error rate
correction method using R p.adjust function or

, Reduced
~ dCas9 ) levels of GraphPad Prism 7.03 (GraphPad Software),
MR CREB respectively. Exact p-values are shown in
CREBT gene

extended data files. All experiments were
performed using three or four independent
biological replicates (cultures obtained from
different litters, n =3-4). For graphical rep-
resentation, transformed and scaled means
and mean = SEM were back-transformed to
linear scale with error bars representing
upper and lower limits of back-transformed
mean * SEM. For RNA-seq data from
(Carullo et al., 2020), statistical analysis was
performed using DESeq2 package in R.

Reduced
levels of
CRTC1

Results

Activity-dependent BDNF gene
regulation by CREB family
transcription factors

The expression of BDNF is induced in
response to various stimuli, of which
induction by neuronal activity is one of
the most well-studied (for review, see
West et al., 2014). We cultured rat corti-
cal and hippocampal neurons from pups
of the same litter to reduce the role of
biological variability and ensure the comparability of the two
neuronal populations, and investigated the role of CREB fam-
ily transcription factors in membrane depolarization-induced
BDNF gene expression (Fig. 1A). CREB family consists of
three basic-leucine zipper transcription factors - activating
transcription factor 1 (ATF1), cAMP-response element-bind-
ing protein (CREB), and cAMP response element modulator
(CREM; Mayr and Montminy, 2001). To investigate the
involvement of CREB family transcription factors in mem-
brane depolarization-dependent BDNF induction, we overex-
pressed a dominant-negative form of CREB, named A-CREB.
The mechanism of function for A-CREB is based on dimeri-
zation with CREB basic leucine zipper (bZip) domain (Ahn et
al., 1998). Since the bZip domain in ATF1, CREB, and CREM
is highly similar, A-CREB can impair the DNA binding of all
the CREB family members (Fig. 1B).

CREB family transcription factors have two main types of coac-
tivators that potentiate CREB-regulated transcription: CREB-bind-
ing protein (CBP) and P300 (for review, see Mayr and Montminy,
2001) and CREB-regulated transcriptional coactivators or CRTCs
(for review, see Saura and Cardinaux, 2017). Of these, CBP interacts
with phosphorylated kinase-inducible domain (KID; Parker et al.,
1996; Radhakrishnan et al., 1997; Shaywitz et al., 2000; Dahal et al,,
2017a,b) and CRTCs bind the bZip domain of CREB family mem-
bers (Luo et al,, 2012; Y. Song et al.,, 2018). To determine the rele-
vance of interaction between CREB family and its coactivator CBP,
we used a low molecular weight CBP-CREB interaction inhibitor
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(CCII; Best et al., 2004; Li and Xiao, 2009; Fig. 1D). To further eluci-
date the specific role of CREB transcription factor and CREB family
coactivator CRTCI in BDNF gene regulation, we silenced their
expression with CRISPR interference (Fig. 1C,D, respectively).

Finally, we have previously described a BDNF-TrkB signal-
ing-dependent positive feedback loop in rat cortical neurons
where BDNF-TrkB signaling induces the expression of all major
BDNF transcripts in a CREB-family and CBP-dependent man-
ner (Esvald et al., 2020). As membrane depolarization induces
both BDNF expression and BDNF secretion (for review, see Sasi
et al,, 2017; M. Song et al,, 2017), it is plausible that at least part
of the induction of BDNF expression after membrane depolari-
zation depends on TrkB signaling. Therefore, to determine
whether the BDNF-TrkB signaling component participates in
depolarization-dependent BDNF gene regulation, we treated the
cells with Trk receptor inhibitor Az23 (Thress et al., 2009) before
KCI treatment. We measured the expression levels of total
BDNF, major BDNF transcripts (exon I, IIc, III, IV, VI, IXa),
and CREB family members using RT-qPCR to elucidate gene
expression regulation after membrane depolarization in cortical
and hippocampal neurons.

First, we determined the extent and dynamics of neuronal ac-
tivity-dependent BDNF induction. Our results collectively showed
that total BDNF expression is more inducible in response to mem-
brane depolarization in cortical neurons than in hippocampal neu-
rons (Figs. 24, 3A). Our data also showed that all major BDNF
transcripts are induced faster in cortical neurons than in hippo-
campal neurons as the inductions in cortical neurons after 1 h
treatment were higher than in hippocampal neurons (Figs. 24,
3A). Similarly, after prolonged depolarization all major transcripts
except BDNF exon I transcripts showed higher inducibility in
cortical neurons than in hippocampal neurons, whereas BDNF
exon [ transcripts showed similar induction between the two cul-
tures (Figs. 24, 3A).

Next, we focused on the role of CREB family in the regula-
tion of BDNF gene expression. In cortical neurons, overex-
pression of a dominant-negative form of the CREB family,
A-CREB, decreased the basal expression and both the early
and late induction of the major BDNF transcripts (Figs. 2B,
3B). Meanwhile, in hippocampal neurons overexpression of
A-CREB diminished mainly basal expression and early induc-
tion of the major BDNF transcripts, while the late induction was
largely unaffected (Figs. 2B, 3B). In contrast to other BDNF tran-
scripts, the levels of BDNF exon VI transcripts were increased in
response to A-CREB overexpression both in unstimulated neurons
and after depolarization in both cortical and hippocampal neurons
(Figs. 2B, 3B). Collectively our results show that the neuronal activ-
ity-induced levels of BDNF are decreased by A-CREB overexpres-
sion more in cortical than in hippocampal neurons (Fig. 3B).

The specific knock-down of CREB1 gene expression (knock-
down ~7- to 8-fold in both cortical and hippocampal untreated
neurons, see Fig. 4C) revealed that CREB transcription factor
participates in the early induction of BDNF exon I and exon IV
transcripts in cortical neurons (Figs. 2C, 3C). In contrast, knock-
down of CREBI1 had only mild effect on BDNF expression in
hippocampal neurons with the strongest effect on the early
induction of BDNF exon IV (Figs. 2C, 3C). Notably, in both neu-
ronal cultures we again detected increase in the expression of
BDNF exon VI transcripts (Figs. 2C, 3C), showing an opposite
regulation compared with other BDNF transcripts by CREB
transcription factor.

Next, we focused on the coactivators of CREB family in the reg-
ulation of BDNF expression. Disrupting the interaction between
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coactivator CBP and CREB with low molecular weight inhibitor,
CCII, showed that the late induction of BDNF exon I containing
transcripts depends on CBP in both cortical and hippocampal neu-
rons (Figs. 2D, 3D). Interestingly, in cortical neurons impairing
CBP recruitment decreased both the early and late induction of
BDNF exon IV and exon VI transcripts, whereas in hippocampal
neurons the late induction of both transcripts was increased (Figs.
2D, 3D).

Knock-down of the coactivator CRTCI in cortical neurons
reduced CRTCI levels ~7-fold (see Fig. 4E) and mostly de-
creased the early induction of major BDNF transcripts (Figs. 2E,
3E). In hippocampal neurons the CRTC1 knock-down was
slightly more efficient and reduced the CRTC1 levels ~13-fold
(see Fig. 4E) and this increased both the basal expression of
BDNF transcripts of the first cluster of exons (exons I, Ilc, and
I1I) and induced levels of exon I and III transcripts (Figs. 2E, 3E).
In contrast to the opposite effect on BDNF exon I transcripts in
cortical and hippocampal neurons (Fig. 3E), CRTC1 knock-
down decreased the induction of BDNF exon IV transcripts in
both neuron cultures, although the effect was more prominent in
hippocampal neurons (Figs. 2E, 3E). CRTC1 knock-down also
decreased the early induction of BDNF exon VI transcripts in
cortical neurons, whereas such effect was not seen in hippocam-
pal neurons (Figs. 2E, 3E).

Lastly, we found that BDNF-TrkB signaling slightly contrib-
uted to the membrane depolarization-induced BDNF expression
at later time points in cortical neurons, whereas no effect of in-
hibiting BDNF-TrkB signaling was seen in hippocampal neurons
(Figs. 2F, 3F). The difference between cultures was consistently
seen for all transcripts after prolonged membrane depolarization,
although the difference was mostly not statistically significant
(Fig. 3F).

Collectively our results show that BDNF exon I and IV
transcripts, the most inducible BDNF transcripts, were con-
sistently dependent on CREB family and their coactivators
both in cortical and hippocampal neurons. Our results indi-
cate that the induction of BDNF exon I in cortical neurons
depends on CREB, CBP, and CRTCI1, with CRTC1 being im-
portant throughout the measured timepoints of depolariza-
tion and CBP rather at later timepoints. The induction of
BDNF exon IV in cortical neurons was also regulated by
CREB, CBP, and CRTC1, whereas the induction in hippo-
campal neurons was regulated by CREB and CRTCI1. The op-
posite effect of CRTC1 knock-down on BDNF exon I levels
in cortical and hippocampal neurons and the opposite regula-
tion of BDNF exon VI compared with other BDNF transcripts
need further investigation. Overall, our results suggest that the
activity-dependent regulation of BDNF transcripts in cortical
neurons relies more on the CREB family and coactivators than
in hippocampal neurons. Our results also suggest that the faster
inducibility of BDNF in cortical neurons could be a result of
the increased regulation by CREB family.

Activity-dependent expression and regulation of CREB
family members

To further elucidate the mechanism of CREB family-depend-
ent gene expression in different neuronal populations, we
measured the activity-dependent expression levels of all the
CREB family members, CREB1, ATF1, and CREM, in cortical
and hippocampal neurons. CREB1 is known to be a constitu-
tively expressed gene and CREB protein activity is mainly
regulated by posttranslational mechanisms (for review, see
Johannessen et al., 2004), as phosphorylation of CREB in the
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Figure 2.  Regulation of activity-dependent BDNF gene expression by CREB family transcription factors and their coactivators in cortical and hippocampal neurons. Cultured rat cortical (CTX)
or hippocampal (HC) neurons were left untreated (0 h) or treated with 25 mm Kl at 8 DIV for the indicated time (1, 3, or 6 h). Total BDNF levels (Coding) or different BDNF transcripts (indi-
cated hy the respective 5" exon name) were measured using RT-qPCR. 4, Induction of BDNF in response to membrane depolarization with KCl. Regulation of activity-dependent BDNF expres-
sion by various effectors: (B) overexpression of dominant-negative for the CREB family (A-CREB), (€) knock-down of CREB1 gene expression using CRISPRi, (D) disruption of the interaction
between (BP and CREB (CClI), (E) knock-down of coactivator CRTC1 with CRISPRi, and (F) inhibition of Trk receptor signaling with Az23. Data are shown relative to the transcripts’ levels in
untreated cells in the respective culture (A) or in the control cells [expressing EGFP, or negative guide RNA (gRNA) and dCas9-KRAB, or treated with DMSO] at the indicated time point in the re-
spective culture (B—F). The bar graphs show the average fold changes for n =18 (4, 3 independent experiments plus the combined data from all control cells shown on panels B—F) or n=3
(B—F) independent biological experiments. All data points are shown as dots, and each biological replicate (i.e., cultures derived from animals of different litters) is denoted with the same
color. Error bars represent mean == SEM. Statistical significance is shown compared with the expression levels in untreated cells in the respective culture (4) or in control cells at the respective
time point of KCI treatment in the respective culture (B—F). Group averages and exact p-values are shown in Extended Data Figure 2-1. #p << 0.1, *p << 0.05, **p << 0.01, ***p < 0.001,
paired two tailed ¢ test, corrected for multiple comparisons using Holm method.

kinase-inducible domain (KID) stabilizes its interaction with ~ both cortical and hippocampal neurons (Fig. 4A4). However, in
the transcriptional coactivator CBP (Dahal et al., 2017a, b).  hippocampal but not in cortical neurons there was a slight but
Our results showed that membrane depolarization slightly  consistent upregulation of both CREB1 and ATF1 mRNA lev-
decreases CREBI levels after 3 h membrane depolarization in  els at the 6-h time point (Figs. 44, 5A).
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Comparison of the effect of impairing CREB family and coactivators in cortical and hippocampal neurons on activity-dependent BDNF gene expression. Cultured rat cortical (CTX) or

hippocampal (HC) neurons were left untreated (0 h) or treated with 25 mm KCI at 8 DIV for the indicated time (1, 3, or 6 h). Total BDNF levels (Coding) or different BDNF transcripts (indicated
by the respective 5" exon name) were measured using RT-qPCR. Data from Figure 2 are shown relative to the transcripts’ levels in the control cells [cells expressing EGFP, or negative guide
RNA (gRNA) and dCas9-KRAB, or treated with DMSO] at the respective treatment time point. The bar graphs show the average fold changes of the effector, all data points are shown as dots,
and each biological replicate [i.e., cultures derived from animals of different litters, n = 18 (4) or n =3 (B-F)] is denoted with the same color. Error bars represent mean == SEM. Statistical sig-
nificance is shown compared with the effector fold change between cortical and hippocampal neurons at the respective time point of KCI treatment. Group averages and exact p-values are
shown in Extended Data Figure 3-1. #p << 0.1, *p << 0.05, **p << 0.01, ***p << 0.001, paired two tailed ¢ test, corrected for multiple comparisons using Holm method.

Next, we focused on the expression of CREM and inducible
cAMP early repressor (ICER). The expression of ICER inside the
CREM gene is controlled by an intronic promoter with four tan-
demly placed CRE elements, making it highly inducible by CREB
family transcription factors (Molina et al., 1993). ICER contains
only the CREM DNA binding domain and competes with the
CREB family members in binding to DNA, therefore attenuating
CREB family-regulated gene expression (Molina et al, 1993;
Walker et al., 1998; Mioduszewska et al., 2003). Since CREM gene
can also produce various repressor and activator forms of CREM
via alternative splicing and exon shuffling (Foulkes et al., 1991;
Laoide et al., 1993), we specifically measured the expression levels
of CREM activator forms that contain the KID domain. Our data
showed that the levels of the activator forms of CREM were slightly
and the negative regulator ICER were remarkably increased in
response to membrane depolarization (Fig. 4A). Notably, while the
induction of CREM activator forms was relatively similar in both
cortical and hippocampal neurons, the induction of ICER was
faster and reached a higher induced level in cortical neurons than
in hippocampal neurons (Figs. 44, 5A).

Next, we analyzed the expression of CREB family members
after overexpression of A-CREB, knock-down of CREBI1 and
CRTCI and inhibition of CBP recruitment by CCII Notably,
overexpression of A-CREB strongly induced the expression of
CREBI and CREM, with the effect being stronger in cortical neu-
rons, and also slightly induced ATF1 expression in both cultures
(Figs. 4B, 5B), indicating that CREB family members try to nor-
malize their functional levels in response to impairing CREB
family-dependent transcription. In agreement with Esvald et al.
(2020), knock-down of CREBI1 expression remarkably induced
the expression of CREM in both neuronal cultures (Fig. 4C), but
more strongly in cortical neurons (Fig. 5C), indicating the exis-
tence of a compensatory mechanism between CREB and CREM,
and also providing a possible explanation why A-CREB, which
inhibits all the members of the CREB family, tends to have a
more profound effect on BDNF gene expression than specific
silencing of CREB1. Neither inhibition of CBP recruitment nor
knock-down of CRTCI affected the expression of CREB1 and
ATFI in cortical neurons (Fig. 4D, E). Interestingly, the late
induction of CREBI1 in hippocampal neurons seems to slightly
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Figure 4. Regulation of ATF1, CREBT, and CREM by CREB family transcription factors and their

coactivators in cortical and hippocampal neurons. Cultured rat cortical (CTX) or hippocampal (HC)
neurons were left untreated (0 h) or treated with 25 mm KCl at 8 DIV for the indicated time (1, 3,
or 6 h). Levels of different CREB family members (ATF1, CREB1, and CREM activator forms contain-
ing the KID domain (CREM) or CREM negative regulator ICER) were measured using RT-qPCR. A,
Regulation of CREB family members in response to membrane depolarization with KCl. Regulation
of activity-dependent CREB family expression by various effectors: (B) overexpression of dominant-
negative for the CREB family (A-CREB), (€) knock-down of CREBT gene expression using CRISPRi,
(D) disruption of the interaction between (BP and CREB (CCll), (E) knock-down of coactivator
CRTC1 with CRISPRi. Data are shown relative to the transcripts levels in untreated cells in the re-
spective culture (A) or in the control cells [expressing EGFP, or negative guide RNA (gRNA) and
dCas9-KRAB, or treated with DMSO] at the indicated time point in the respective culture (B—E).
The bar graphs show the average fold changes for n = 12 (4, combined data from all control cells
shown on panels B-E) or n=3 (B-E) independent biological experiments. All data points are
shown as dots, and each biological replicate (i.e., cultures derived from animals of different litters) is
denoted with the same color. Error bars represent mean = SEM. Statistical significance is shown
compared with the expression levels in untreated cells in the respective culture (4) or in control cells
at the respective time point of K(I treatment in respective culture (B—E). Group averages and exact
p-values are shown in Extended Data Figure 4-1. #p << 0.1, *p << 0.05, **p << 0.01, ***p < 0.001,
paired two tailed ¢ test, corrected for multiple comparisons using Holm method.
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Figure 5. Comparison of impairing CREB family and coactivators in cortical and hippocam-
pal neurons on the gene expression of CREB family members. Cultured rat cortical (CTX) or
hippocampal (HC) neurons were left untreated (0 h) or treated with 25 mm KCl at 8 DIV for
the indicated time (1, 3, or 6 h). Levels of different CREB family members [CREB1, ATF1,
CREM activator forms containing the KID domain (CREM) or CREM negative regulator ICER]
were measured using RT-qPCR. Data from Figure 4 are shown relative to the transcripts lev-
els in the control cells [expressing EGFP, or negative guide RNA (gRNA) and dCas9-KRAB, or
treated with DMSQ] at the respective treatment time point. The bar graphs show the average
fold changes of the effector, all data points are shown as dots and each biological replicate
[i.e., cultures derived from animals of different litters, n = 12 (A) or n=3 (B-E)] is denoted
with the same color. Error bars represent mean = SEM. Statistical significance is shown
compared with the effector fold change between cortical and hippocampal neurons at the re-
spective time point of K(I treatment. Group averages and exact p-values are shown in
Extended Data Figure 5-1. #p << 0.1, *p << 0.05, **p << 0.01, ***p < 0.001, paired two
tailed ¢ test, corrected for multiple comparisons using Holm method.

depend on CBP and CRTCI1 (Fig. 4D, E). The late induction of
CREM was increased upon CRTCI knock-down similarly in
both cultures (Figs. 4E, 5E).

The regulation of ICER by CREB family members was
different in cortical and hippocampal neurons. The expres-
sion of ICER was more inducible in cortical neurons (Figs.
4A, 5A) and this activity-dependent induction of ICER was
impaired by CREB1 knock-down in cortical neurons but
not in hippocampal neurons (Figs. 4C, 5C). The knock-
down of CRTCI decreased the induced levels of ICER in
both cultures (Fig. 4E), but the effect on ICER levels was
stronger and also apparent earlier after membrane depolari-
zation in cortical neurons compared with hippocampal
neurons (Fig. 5E). It appears that the induction of ICER is
lower and less dependent on CREB in hippocampal neu-
rons, suggesting that the ICER-dependent CREB family
negative feedback loop is also less potent in hippocampal
neurons than in cortical neurons.
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Activity-dependent regulation of BDNF protein levels

Next, we investigated whether BDNF protein levels are also
affected by impairing CREB family transcription factors and
coactivators. For that we used the same tools as for gPCR analy-
sis (Fig. 1), treated cortical and hippocampal neurons at 8 DIV
with KCl and analyzed the protein levels using Western blotting.
To detect BDNF we used a highly sensitive BDNF antibody that
has been validated on BDNF knock-out animal brain tissue
(Wosnitzka et al., 2020) and can detect even 15 pg of recombi-
nant BDNF in Western blotting (our unpublished data).

In agreement with the BDNF mRNA levels, our data show
that both pro-BDNF and mature BDNF protein levels are more
inducible in cortical neurons than in hippocampal neurons (Fig.
6A-D). Our results also indicate that the BDNF protein induc-
tion is faster in cortical than in hippocampal neurons, and that
an increase in pro-BDNF levels can be detected before mature
BDNF levels rise (Fig. 6A-D). The overexpression of A-CREB
abolished the activity-dependent expression of mature BDNF
protein in cortical neurons, while in hippocampal neurons only a
minor effect on mature BDNF protein levels was seen (Fig. 6A).
Similarly, the overexpression of A-CREB almost completely abol-
ished the induction of pro-BDNF in cortical neurons, and
decreased the induction in hippocampal neurons (Fig. 6A). In
accordance with the CREB1 mRNA levels, the overexpression of
A-CREB increased CREB protein levels in both cortical and hip-
pocampal neurons, but the effect on protein levels was more
prominent in hippocampal neurons (Fig. 6A).

We next focused on the specific role of CREB transcription
factor. The knock-down of CREBI1 gene decreased CREB protein
levels 5- to 8-fold in both cortical and hippocampal neurons, and
decreased the protein induction of mature BDNF in cortical neu-
rons at both 3 and 6 h of KCl treatment, and in hippocampal
neurons only at the 6 h time point (Fig. 6B). A decrease in the
levels of pro-BDNF was detected in both cortical and hippocam-
pal neurons, with the effect being smaller in hippocampal neu-
rons (Fig. 6B).

Next, we focused on the coactivators CBP and CRTCI in the
regulation of BDNF expression levels. By impairing CBP recruit-
ment the induction of pro-BDNF and mature BDNF induction
was greatly inhibited in cortical neurons, and was again mostly
evident in hippocampal neurons only at the 6 h time point (Fig.
6C). Interestingly, CCII treatment slightly increased CREB pro-
tein levels in cortical neurons (Fig. 6C), although we did not
detect any effect on the CREB1 mRNA levels (Fig. 4D).

Finally, CRTC1 knock-down decreased CRTCI1 protein levels
~7-and ~15-fold in cortical and hippocampal neurons, respec-
tively (Fig. 6D). We also detected depolarization-dependent de-
phosphorylation of CRTCI as a shift in the mobility in Western
blot analysis. Interestingly, CRTC1 knock-down had an opposing
effect on the BDNF protein levels in cortical and hippocampal
neurons — CRTC1 knock-down decreased the depolarization-
induced levels of pro-BDNF and mature BDNF in cortical neu-
rons but increased their levels in hippocampal neurons (Fig. 6D).
Although the CRTC1 knock-down did not increase total BDNF
mRNA levels, it increased BDNF exon I mRNA levels in hippo-
campal neurons (Fig. 2E), and thus the increased BDNF protein
levels in hippocampal neurons could be explained by more effi-
cient translation of BDNF exon I-containing transcripts as shown
previously (Koppel et al., 2015). The lower levels of CRTC1 did
not affect the CREB protein levels (Fig. 6D).

Collectively, our data show that CREB family and coactivators
CBP and CRTCI are the main regulators of activity-dependent
induction of BDNF in cortical neurons, whereas they play a less
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prominent role in the induction of BDNF levels in hippocampal
neurons.

Identification of tissue-specific transcription factors binding
to BDNF promoters I and IV in vitro

Since, to our surprise, the role of CREB family in BDNF gene
regulation was smaller than we expected, especially for the late
induction and in the hippocampus, we next aimed to decipher
which transcription factors additionally regulate BDNF gene
expression in the cortex and hippocampus. For that we employed
in vitro DNA pulldown assay with promoter I and IV fragments
using 8-day-old rat cortical and hippocampal tissue nuclear
lysates and identified the bound proteins using label-free liquid
chromatography-coupled mass spectrometry (LC-MS; Fig. 7A).
A similar approach has previously been used to determine tran-
scription factors that bind to an obesity-related SNP region
within the BDNF gene (Mou et al, 2015) and to an intronic
enhancer region inside the BDNF gene (Tuvikene et al., 2021).
Here, we selected transcription factors from mass spectrometric
analysis according to Gene Ontology classification and compared
their signal between pulldowns using either BDNF promoter I or
IV. We set a ratio of 1.5 as a threshold for specific binding
between the two promoter regions and then determined the
brain region preference of the identified promoter-specific tran-
scription factors (Fig. 7B).

For BDNF promoter I, we detected binding of several factors
that are widely acknowledged to regulate the activity of the pro-
moter, ie., cAMP-response element binding protein (CREB;
Tabuchi et al,, 2002; Pruunsild et al., 2011), aryl hydrocarbon re-
ceptor nuclear translocator 2 (ARNT?2; Pruunsild et al., 2011;
Bloodgood et al,, 2013) and activator protein 1 (AP1) family
transcription factors JunB and JunD (Tuvikene et al., 2016). For
BDNF promoter IV, our assay also revealed numerous transcrip-
tion factors previously reported to regulate the activity of the
promoter (Fig. 7B), including myocyte enhancer factor 2 (MEF2)
family members MEF2a and MEF2c (Flavell et al., 2008; Lyons et
al., 2012; Chen et al., 2020), USF1 and USF2, the members of
upstream stimulatory factor (USF) family of basic helix-loop-he-
lix leucine zipper proteins (Chen et al., 2003b; Pruunsild et al,,
2011), and methyl CpG binding protein 2 (MeCP2; Chen et al.,
2003a; Martinowich et al.,, 2003; Yazdani et al., 2012; Tai et al,,
2016). Moreover, several of the factors have a predicted binding
site (Fig. 7B) according to Jaspar in silico prediction (Fornes et
al., 2020). Based on the rediscovery of many known regulators of
BDNF, we conclude that our in vitro pulldown assay is reliable
and could therefore possibly also determine novel regulators of
BDNEF. We discovered numerous potential regulators of BDNF
promoter I that might confer brain region-specific expression.
For example, nuclear factor 1 protein NFIA, homeobox protein
PROX1, and zinc finger proteins ZFP37 and KLF12 showed
enriched binding to BDNF promoter I in the hippocampal lysate
and zinc finger protein BCL11A and T-box family transcription
factor TBR1 in the cortical lysate (Fig. 7B). Meanwhile, homeo-
box proteins SATB1 and SATB2, and forkhead box protein
FOXP]I, identified by us as novel regulators of BDNF promoter
IV, showed cortex-specific binding and zinc finger protein RAI1
and helix-loop-helix protein TCF4 showed hippocampus-specific
binding to BDNF promoter IV (Fig. 7B).

Differential expression of the in vitro bound factors in
different neuronal populations

Next, we asked whether the transcription factors that showed
brain region-preference in the in vitro promoter pulldown assay
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Figure 6.  Regulation of activity-dependent BDNF protein levels by CREB family transcription factors and coactivators in cortical and hippocampal neurons. Cultured rat cortical (CTX) or hippo-
campal (HC) neurons were left untreated (0 h) or treated with 25 mm KCl at 8 DIV for the indicated time (1, 3, or 6 h). Regulation of activity-dependent BDNF protein expression was analyzed
using lentiviruses encoding EGFP- or A-CREB (A), dCas9-KRAB along with negative control guide RNA (neg gRNA) or gRNA targeting CREB1 promoter (CREB1 gRNA; B), or preteated with CBP-
CREB interaction inhibitor (CCll; €), or with dCas9-KRAB along with gRNA targeting CRTC1 promoter (CRTC1 gRNA; D). A-CREB, CREB, CRTC1, pro-BDNF, and mature BDNF (mBDNF) protein levels
were measured using Western blotting and representative Western blotting images in cortical and hippocampal neurons are shown on the left, with Coomassie staining as a loading
control. The pro-BDNF and mature BDNF levels were measured from the same membrane and their protein levels are shown using the same exposition time. The bar graphs on the right show
densitometric analysis of the expression levels of CREB, CRTCT, pro-BDNF, and mature BDNF normalized with Coomassie signal. The protein levels in untreated control neurons (EGFP- or neg
gRNA-expressing neurons or neurons treated with DMSO) were taken as 1. Error bars represent mean == SEM of four biological replicates (n = 4), and individual data points of each biological
replicate are shown with dots. Statistical significance is shown relative to the respective protein levels in control cells at the respective time point of KCl treatment in respective culture. Group
averages and exact p-values are shown in Extended Data Figure 6-1. #p << 0.1, *p << 0.05, **p << 0.01, ***p < 0.001, paired two tailed ¢ test, corrected for multiple comparisons using Holm
method.
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Figure 7.

Numerous novel and previously reported transcription factors bind to BDNF promoters | and IV in vitro. A, Schematic of the setup of the in vitro DNA pulldown experiment (sche-

matics created with BioRender). Cortical and hippocampal tissues were isolated from 8-day-old Sprague Dawley rat pups, nondenaturing nuclear lysates were prepared and subjected to in vitro
promoter pulldown. Transcription factors bound to BDNF promoters | and IV were determined by LC-MS/MS. All peptides, proteins and transcription factors detected in mass spectrometry are
listed in Extended Data Figure 7-1. B, Transcription factors showing promoter-specific binding to BONF promoters | (upper panel) and IV (lower panel). Specific binding was determined as
>1.5 ratio of binding signal to one promoter relative to the other promoter in the respective tissue sample. The figure depicts only transcription factors that were found to bind specifically to
the respective promoter in either cortical or hippocampal sample. List of transcription factors with semicolons between gene names mark uncertainty in assigning the detected peptides to pro-
teins. The red lines represent zero (no tissue-specific difference) and borders of 2-fold difference in label free quantification (LFQ) intensity between the two tissues. Colors indicate the maximal
LFQ signal intensity for the indicated transcription factor in either cortical or hippocampal samples. The red asterisks mark transcription factors that have a binding site in the respective pro-

moter according to Jaspar database (Fornes et al., 2020).

2-fold difference in expression levels between cultured cortical
and hippocampal neurons (Fig. 8B; Extended Data Fig. 8-1). Of
the novel factors that showed specific binding to BDNF pro-
moter I, Prox1 has remarkably higher expression levels in hippo-
campal neurons, and Tbrl is more highly expressed in cortical

neurons (Fig. 8B), in agreement with our in vitro pulldown assay.
Foxpl, Mef2c, Satb1, Satb2, and the high-mobility group (HMG)
domain-containing Sox5, which showed preferential binding to
BDNF promoter IV in cortical lysates, also have higher expression
levels in cortical neurons than in hippocampal neurons (Fig. 8B).
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Figure 8.  Various transcription factors that bind BDNF promoters in vitro are differentially expressed in cortical and hippocampal neurons and in cortex and hippocampus in vivo. 4, B, RNA-
sequencing (RNA-seq) data from embryonic day 18-derived rat cultured cortical (CTX) or hippocampal (HC) neurons treated with 10 mm KCl or vehicle for 1 h at 11 DIV (from Carullo et al.,
2020) was used to analyze the expression levels of BDNF (4) and the transcription factors that we determined as specifically bound to BDNF promoter regions in the in vitro promoter pulldown
experiment (B). Only transcription factors showing at least 2-fold expression difference between cultured cortical and hippocampal neurons in either untreated or KCl-treated neurons are
shown. RNA-seq counts were normalized with DESeq2 and are shown as box plots, where the hinges show 25% and 75% quartiles, the horizontal line shows the median value, the upper
whisker extends from the hinge to the largest value no further than 1.5x interquartile range from the hinge, the lower whisker extends from the hinge to the smallest value at most 1.5%
interquartile range of the hinge. All data points are shown with dots. Expression data and statistical analysis for all the transcription factors detected to bind BONF promoters in the in vitro pull-
down assay are listed in Extended Data Figure 8-1. C, mRNA levels of the selected transcription factors in cortex and hippocampus of P8 Sprague Dawley pups shown as relative to the expres-
sion levels in cortex measured by RT-gPCR (group averages and exact p-values are listed in Extended Data Fig. 8-2). The expression levels of the determined transcription factors in the human
cortex based on the GTEx portal are shown in Extended Data Figure 8-3. Error bars represent upper and lower limits of back-transformed mean == SEM of three different litters (n=3).
Statistigal significance is shown compared with the expression levels in cortex. *p << 0.05, **p < 0.01, ***p << 0.001, paired two tailed t test, corrected for multiple comparisons using
Holm-Siddk method.


https://doi.org/10.1523/JNEUROSCI.2535-21.2022.f8-1
https://doi.org/10.1523/JNEUROSCI.2535-21.2022.f8-2
https://doi.org/10.1523/JNEUROSCI.2535-21.2022.f8-3

9122 . J. Neurosci., December 7, 2022 - 42(49):9110-9128

Esvald et al. @ BDNF Regulation in Cortex and Hippocampus

A =aar B ®=cr C ®=aw D = an E B F B3 shCtrl G =w "
Foxp1 cKO FOXP1 Satb2 KO Satb2 cKO Rai1 cKO shRai1 Bcl11a
*% *% 150 4 *F** * # *
500 - : 5007 &5 800 =
750 i
» é » 400 A - » 1000 4 o, 400 * " " 1500
AR PNE: d 51 g g R Rk
| 5501 01, 3 3 3 %] 3 3 1000 1
9 QJ 3 9 9 u 400 u
- N N N N N N N
Bl & ‘200 A = T 500 T 200 ® s
2| € £ E 501 = 13 3 £ £
S 250 S S S S S 500 4 %' S 500 -
b4 b4 100 - P4 b4 b4 100 - P4 P4
-
0+ 0 0 0+ 0+ 0 0
X HC NPC [ar's HC CTX  HTH TTX vehicle BIC X HC
# 25 * *
N 1.00
8 6 - i é %I
15 o 20 60
|2 e 2 075 1 2 2 g | 2 2 0]
c| 3 3 3 44 3 3 15 3 3
o o . o v o 10 4 o O 40 - o
x el el a e el el el el
P& 4T g 050 g g g g g
5| 5 5 3 3 3 107 5 .
ol £ E E 24 E £ £ i = e 10
@ 5 5 Q S 025 I S 5 S 5 20 S
4 z =z 4 4 5 - 4 4
.
0 0.00 o = o-EF‘ 0+ 0 0¥ 0
CTX  HC NPC cTX HC CTX  HTH TTX vehicle BIC CTX  HC
¥ ¥ o i 60
8 -~ 60 %
6 30
S| 2 2 61 g 104 £ g ] 2 2
= 40
gl 3 T 4 3 i T 101 = 3 3
N N N N N N N
Ll s s T 54 s = s s
5| € £ £ £ E E 20 = E 207
) o 2 o 2 - o o 10 o 5 - o o
=z =z =z =z =z =z P4
-
0+ 0 0 0+ 0+ 0 0
X HC NPC cTX HC CTX  HTH TTX vehicle BIC X HC

Figure 9.

Transcription factors FOXP1, SATB2, RAI1, BCL11A regulate BDNF expression in a brain region-specific manner. Total BONF levels (upper panels), levels of BDNF exon | (middle pan-

els), and BDNF exon IV (lower panels) were analyzed from previously published RNA-seq experiments: (4) postnatal day 47 adult male mice cortex (CTX) and hippocampus (HC) in pyramidal
neuron-specific Foxp1 conditional knock-out (cKO) animals using Emx1-Cre driver (Araujo et al., 2017); (B) human neural progenitor cells (NPC) overexpressing GFP or FOXP1 (Araujo et al.,
2015); (€) postnatal day 0 CTX of Satb2 knock-out animals (McKenna et al., 2015); (D) adult mice HC CA1 region in Satb2 conditional knock-out in adult neurons using Camk2a-Cre driver
(Jaitner et al., 2016); (E) three-week-old Rai1 flox/flox (Ctrl) and Rai1 cKO using Nestin-Cre driver in CTX and eight-week-old Rai1 cKO using Vglut2-Cre driver in hypothalamus (HTH; W.H.
Huang et al., 2016); (F) Bru-seq to determine nascent transcripts in cultured cortical and hippocampal neurons derived from embryonic day 18 mice, grown 17 DIV and infected with lentiviruses
expressing shRNA against Rai1 (shRai1) and treated with either tetrodotoxin (TTX), vehicle, or bicuculline (BIC) for 4 h (Garay et al., 2020); () CTX and HC of 16-week-old male wild-type (WT)
or Bd11a heterozygous knock-out mice (Dias et al., 2016). RNA-seq counts were normalized with DESeq2 and are shown as box plots, where the hinges show 25% and 75% quartiles, the hori-
zontal line shows the median value, the upper whisker extends from the hinge to the largest value no further than 1.5 interquartile range from the hinge, the lower whisker extends from
the hinge to the smallest value at most 1.5 interquartile range of the hinge. All data points are shown with dots. Statistical analysis was performed on log-transformed data. #p << 0.1,

*p < 0.05, **p << 0.01, ***p < 0.001, unpaired equal variance two tailed ¢ test.

Next, we decided to validate the expression levels of a selec-
tion of transcription factors found in our in vitro pulldown assay
in the cerebral cortex and hippocampus of 8-day-old rat pups
using RT-qPCR (Fig. 8C; Extended Data Fig. 8-2). Interestingly,
we discovered that in vivo, both BDNF exon I and exon IV-con-
taining transcripts are substantially more expressed in the hippo-
campus than in the cortex (Fig. 8C). Of the transcription factors,
we determined that Prox1 was markedly more expressed in the
hippocampus and Satb2 and Tbrl were more expressed in the
cortex (Fig. 8C), which is in agreement with the preference
shown in the pulldown assay. Meanwhile, in agreement with no
preference in binding in the pulldown assay, the expression of
Crebl was similar in both brain regions. Interestingly, Rail and
Tcf4, that showed a strong preference in the in vitro pulldown
assay, did not show remarkable differences in their expression
levels between different brain regions. Finally, we verified the
expression of the identified transcription factors in the human
cortex and hippocampus using the data from the Genotype-
Tissue Expression (GTEx) portal (Extended Data Fig. 8-3).
Collectively, we determined that many of the novel region-

specific transcription factors binding to BDNF promoter regions,
e.g., TBR1, FOXP1, SATBI1, SATB2, and PROX1, are differen-
tially expressed, possibly explaining their brain region-specific
binding to BDNF promoters and suggesting their potential role
in tissue-specific regulation of BDNF expression.

Validation of brain region-specific regulators of BDNF
promoters I and IV

Next, to study whether the determined transcription factors
identified by us are brain region-specific regulators of BDNF, we
searched Gene Expression Omnibus (GEO) database for previ-
ously published RNA-seq datasets investigating the factors that
were determined by us to bind BDNF promoters in the in vitro
pulldown assay. First, in Foxpl conditional knock-out (cKO)
animals (Araujo et al, 2017), total BDNF levels were slightly
increased in the cortex but not in hippocampus (Fig. 94). When
analyzing BDNF expression at a transcript level, we determined
no change in the levels of BDNF exon I-containing tran-
scripts, however, in agreement with our in vitro DNA pull-
down experiment, we determined a slight increase of BDNF
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exon IV-containing transcripts in the FOXP1 ¢KO animals in
cortex but not in hippocampus. Furthermore, overexpressing
FOXP1 in human neural progenitor cells (Araujo et al.,, 2015)
increased the levels of both total and BDNF exon IV-containing
transcripts, whereas the levels of BDNF exon I-containing tran-
scripts were undetectable in both control and FOXP1 overex-
pressing cells (Fig. 9B). These results suggest that FOXP1 is a
novel regulator of BDNF exon IV-containing transcripts, with the
exact outcome depending on the brain region and/or cell type.

Second, we investigated the role of Satb family transcription
factors in the regulation of tissue-specific BDNF expression. It
has been reported that total BDNF mRNA levels are lower in
Satbl knock-out mice and that SATB1 binds to the BDNF
locus in vivo in cerebral cortex (Balamotis et al., 2012). Here,
we found that in the cortex of postnatal day 0 Satb2 knock-out
mice (McKenna et al., 2015), total BDNF levels were strongly
increased (Fig. 9C). Similarly, the levels of BDNF exon I and
exon IV-containing transcripts were both increased (Fig. 9C).
In contrast, in the hippocampus of adult conditional knock-
out of Satb2 mice (Jaitner et al., 2016) the BDNF expression
levels were the same as in wild type (Fig. 9D). While these
results are in agreement with our in vitro pulldown assay (Fig.
7B) and higher Satb2 expression levels in cortex (Fig. 8B,C),
we acknowledge that different effects in different brain regions
could also be because of the use of different genetic models of
Satb2 knock-out or because of the difference in the age of the
animals at the time of the analysis. Additional experiments are
needed to confirm the role of SATB2 as a tissue-specific regu-
lator of BDNF expression.

Third, we focused on RAI1, which showed binding to BDNF
promoter IV preferably in the hippocampus in our in vitro
pulldown experiment (Fig. 7B), and which has previously
been shown to regulate BDNF expression in the hypothala-
mus (Burns et al., 2010; W.H. Huang et al., 2016). To deci-
pher the role of RAI1 in the regulation of BDNF, we analyzed
BDNF expression levels in various Rail conditional knock-
out (cKO) animals (W.H. Huang et al., 2016). Our results
indicate that cKO of Rail had minor or no effect on total
BDNF expression in cortex of three-week-old animals, whereas a
strong decrease in the levels of total BDNF, exon I and exon IV-
containing transcripts was observed in the hypothalamus of
eight-week-old animals (Fig. 9E). Although no data were avail-
able on the effect of Rail knock-out in the hippocampus, these
results indicate that RAII regulates BDNF expression in a brain
region-specific manner, although it is not possible to rule out de-
velopmental stage-specific effects. As RAII has been described to
regulate activity-dependent gene expression (Garay et al., 2020),
we also analyzed BDNF expression levels in cultured neurons
where the expression of Rail was silenced (Garay et al., 2020),
and noted a slight decrease in the BDNF expression levels in
bicuculline-treated neurons on silencing Rail expression (Fig.
9F). However, this effect was similar for total BDNF levels and
BDNF exon I and exon IV-containing transcripts (Fig. 9F). Our
results suggest that RAI1 could be a stimulus-specific regulator
of BDNF gene expression.

Finally, we investigated the role of BCL11A (also known as
CTIP1) that bound to BDNF promoter I and showed stronger
binding in the cortex in our promoter pulldown assay (Fig. 7B).
In the heterozygous Bcllla knock-out mice (Dias et al., 2016)
total BDNF levels were increased in the hippocampus, but
remained the same in the cortex (Fig. 9G). At the transcript level,
Bcll1a knock-out slightly reduced BDNF exon I levels in the cor-
tex, but increased the levels in the hippocampus (Fig. 9G).
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However, the levels of BDNF exon IV were increased in both
cortex and hippocampus of Bcllla knock-out mice (Fig. 9G).
Collectively, these results indicate that BCL11A has different
effect on BDNF gene expression in different brain regions, how-
ever, the exact mechanism needs further clarification.

Finally, we focused on the promising candidates of region-
specific regulators of BDNF and investigated whether they bind
in vivo to BDNF promoters using ChIP assay. We focused on the
binding of CREB, BCL11A, and TCF4 and our results show that
all these factors bind in vivo to a BDNF intronic enhancer that is
located 3 kb downstream from BDNF promoter I (Fig. 10) as was
previously described for CREB and TCF4 in cultured neurons
(Tuvikene et al., 2021). Furthermore, all the factors bind to
BDNF promoters, however, not as efficiently as to the BDNF
+3 kb enhancer region (Fig. 10). First, while BCL11A does bind
to BDNF promoters, it only displays brain region-preference for
the +3-kb region. Next, CREB binding to both BDNF promoters
(and +3 kb region) was very stable in both cortex and hippocam-
pus, indicating a lack of brain region-dependent binding specificity
that is in agreement with our in vitro pulldown assay. Finally,
TCF4 showed a slight preference in binding to BDNF promoter I
and strong binding to the +3-kb enhancer region. Unfortunately,
as we could not find antibodies suitable for ChIP assay for FOXP1,
SATB2, and RAIl, we could not analyze their binding in vivo.
Collectively, our ChIP experiment suggests that BCL11A, CREB,
and TCF4 bind to BDNF promoters in vivo, however, with no no-
table differences in binding between cortex and hippocampus.

Discussion
In this study, we investigated comparatively BDNF gene expres-
sion in response to neuronal signaling in cortical and hippocam-
pal neurons and compared the role of CREB transcription factor
family. Our results show that, as expected, CREB family tran-
scription factors and specifically CREB in combination with its
coactivators CBP and CRTCI regulate the early induction of
BDNF exon I and IV transcripts after neuronal signaling in corti-
cal neurons. To our surprise, impairing the activity of CREB
family or its coactivators had remarkably smaller effects on
BDNF mRNA levels after prolonged stimulation than during the
early time points of membrane depolarization. The rapid activa-
tion of CREB via posttranslational mechanisms and the lower levels
of ICER, the endogenous negative regulator of the CREB family,
could explain the faster inducibility of BDNF mRNA in cortical
neurons. Although the early induction of BDNF mRNA seems to
be strongly regulated by CREB family, the much higher expression
levels of BDNF that are reached after prolonged neuronal signaling,
seem to be mediated by other potent transcription factors that are
synthesized as a second wave in response to neuronal activity.
Notably, the involvement of CREB family in the regulation of
BDNF gene expression in hippocampal neurons appears to be
complex. We made several observations on the regulation of
BDNF exon [ transcripts in hippocampal neurons: (1) overex-
pression of dominant-negative CREB and CREB knock-down
had opposing effects on the basal levels of BDNF exon I tran-
scripts, (2) inhibiting CBP recruitment had a profound effect on
the late induction of BDNF exon I transcript, although neither
overexpression of A-CREB nor CREB knock-down had such
strong effect, and (3) expression of BDNF exon I transcripts was
increased after CREB or CRTC1 knock-down, indicating their
potential (probably indirect) repressor activities. Notably, the
effect of CRTC1 knock-down on increased BDNF exon I mRNA
levels also seems to result in higher BDNF protein levels in
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Figure 10.

BCL11A, CREB, and TCF4 bind to BDNF promoters in vivo. ChIP-gPCR analysis of BCL11A, CREB, and TCF4 binding to BDNF intronic enhancer located +3 kb downstream of BDNF

promoter | (+3 kb enhancer), BDNF promoters | (pl) and IV (plV) in the cortex and hippocampus of 8-d-old Sprague Dawley pups. Data are shown as percent of input relative to the binding
of respective factor to unrelated region (URR). All data points are shown as dots, and each biological replicate (i.e., animals from different litters) is denoted with the same color. Error bars rep-
resent mean == SEM of two or three different litters (n = 2-3). Statistical significance is shown compared with the binding of the respective factor to URR in the respective brain region.
*p < 0,05, **p < 0,01, ***p < 0.001, paired two tailed ¢ test, corrected for multiple comparisons using Holm-Sidak method.

hippocampal neurons. Compared with cortical neurons where
both CRTCI1 and CBP participated in the induction of BDNF
exon IV transcripts, CRTC1 was clearly the dominant coactivator
in hippocampal cells. Collectively, this data show that in cortical
and hippocampal neurons BDNF gene regulation is different at
the level of CREB transcription factor family.

An interesting implication of our results is that the feedback
loop regulating CREB family-dependent gene expression is dif-
ferent between cortical and hippocampal neurons. While the reg-
ulation of CREM activator forms by CREB family transcription
factors was similar in both cortical and hippocampal neurons,
we noted differences in the regulation of the endogenous nega-
tive regulator of CREB family, ICER, between the two neuronal
populations. Namely, in cortical neurons neuronal activity-de-
pendent induction of ICER was stronger and CREB knock-down
had a more profound effect on its neuronal activity-dependent
expression than in hippocampal neurons. Furthermore, knock-
down of CRTCI had stronger effect on the induction of ICER in
cortical than in hippocampal neurons although the knock-down
itself was stronger in hippocampal neurons. It would be of inter-
est to investigate how the differences in the CREB family nega-
tive feedback loop affect CREB-dependent signaling.

Our results indicate that CREB family is a positive regulator
of the expression of BDNF exon IV, but is a negative regulator of
BDNF exon VI in neurons after membrane depolarization. In
contrast, CREB family is a positive regulator of both transcripts
after BDNF-TrkB signaling (Esvald et al., 2020). It could be
explained by suppression of the expression of BDNF exon VI by
transcriptional interference arising from transcription starting
from BDNF promoter IV. Also, as CBP is highly associated with
enhancer regions and impairing CBP recruitment decreased the
induced levels of BDNF exon VI, it is also plausible that BDNF
gene expression relies on a specific 3D chromatin structure
and enhancer region(s) that are regulated by CBP recruit-
ment. Competitive looping between specific promoter and
enhancer regions would explain the opposite effects seen on
BDNF exon IV and VI expression levels. We have previ-
ously shown that an intronic enhancer region governs the
regulation of first cluster of BDNF exons, but not exons IV
or VI (Tuvikene et al., 2021), showing that enhancers could
potentiate only specific BDNF promoter regions. Further
work will delineate the opposite effects of CREB family on
BDNF exon IV and VI levels.

Neuronal signaling is known to cause BDNF secretion (Sasi et
al,, 2017; M. Song et al., 2017) and the released BDNF can signal
the cells in an autocrine or paracrine manner by binding to TrkB
receptor to induce BDNF mRNA production (Tuvikene et al.,
2016; Esvald et al., 2020). Previous reports have shown that infu-
sion of BDNF to the adult rat hippocampus can elicit the expres-
sion of different BDNF transcripts (Wibrand et al., 2006; Esvald
et al,, 2020), implying that BDNF-TrkB signaling is also rele-
vant for BDNF expression in the hippocampus. Our previous
work has suggested that BDNF transcriptional autoregula-
tion and membrane depolarization-induced expression of
BDNF are regulated via distinct mechanisms in cortical neu-
rons (Esvald et al., 2020). Here, we note that TrkB signaling
slightly contributes to neuronal activity-dependent expres-
sion of BDNF in cortical neurons, but not in hippocampal
neurons. Further work is necessary to understand why the
TrkB signaling participates in cortical but not in hippocam-
pal neurons in activity-regulated expression of BDNF, and
what is the biological implication of this difference.

Finally, we focused on deciphering brain region-specific
regulators of BDNF and determined numerous transcrip-
tion factors that are involved in BDNF transcriptional regu-
lation. Interestingly, we detected transcription factors from
all the transcriptional waves of neuronal maturation during
cortical neurogenesis (Telley et al., 2016) and many of the
determined transcription factors are important for neuro-
nal differentiation and formation of specific brain regions.
For example, FOXP1 is needed for the differentiation of
neural stem cells (Braccioli et al., 2017), SATB2 for the dif-
ferentiation of subcerebral projection neurons (McKenna et
al., 2015), BCL11A for brain development (Dias et al., 2016)
and the migration and formation of polarity of cortical neu-
rons (Wiegreffe et al., 2015), TCF4 for neuronal migration
and cortical layering (Page et al., 2018; Li et al., 2019;
Wittmann et al., 2021) and other processes of brain development
(Kennedy et al., 2016; Thaxton et al., 2018; Phan et al., 2020; Schoof
et al,, 2020), TBR1 for synapse formation in cortical layer 6
(Fazel Darbandi et al., 2018), and PROX1 for suppression of
neurite outgrowth (Kaltezioti et al., 2020) and determining
granular cell identity in the dentate gyrus (Iwano et al.,
2012). Collectively, this array of different transcription fac-
tors implies that BDNF has a complex spatiotemporal regu-
lation depending on the developmental stage and brain
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region. In support of this, it has also been shown that NURR1
transcription factor regulates BDNF expression in midbrain
(Volpicelli et al., 2007) but not in cortical neurons (Abdollahi
and Fahnestock, 2022). It is plausible that BDNF is an effector
molecule guiding the development of the nervous system and
formation of neuronal circuits. Moreover, many of the tran-
scription factors we identified as novel regulators of BDNF
gene expression have been linked to various neurodevelopmen-
tal diseases. For example, in humans mutations in Foxpl gene
cause severe forms of autism spectrum disorder and intellectual
disability (Hamdan et al., 2010; Horn et al.,, 2010) and in mice
FOXP1 regulates genes implicated in autism (Araujo et al., 2015)
and Foxpl deletion causes anxiety-like behavior, impaired social
communication and spatial learning (Bacon and Rappold, 2012;
Araujo et al., 2017), alterations of Satb2 gene cause SATB2-associ-
ated syndrome characterized by delayed development and intellec-
tual disability (Zarate and Fish, 2017), mutations of Bcllla gene
lead to intellectual disability and autism spectrum disorders
(Simon et al,, 2020), TCF4 haploinsufficiency causes syndromal
mental retardation — Pitt-Hopkins syndrome (Amiel et al., 2007;
Brockschmidt et al., 2007; Zweier et al., 2007), Tbrl is one of the
highly associated genes in autism (O’Roak et al,, 2012) and its
knock-out causes increased anxiety and aggression in adult mice
(Fazel Darbandi et al.,, 2018) as well as behavioral abnormalities
that resemble autism (T.N. Huang et al., 2014). Notably, many of
the phenotypes caused by defects in these transcription factors
resemble those obtained with altered levels of BDNF, e.g., hyperac-
tivity, aggressiveness, obesity, memory problems, lower intellect,
and autism (Chao, 2003; Gray et al., 2006; Han et al., 2013; Zheng
et al,, 2016; Skogstrand et al., 2019). It is tempting to speculate that
some of the phenotypes observed when these transcription factors
are perturbed could arise from the insufficiency of BDNF. For
example, haploinsufficiency of RAI1, which is required for motor
functions and learning (Bi et al., 2007; W.H. Huang et al,, 2016),
causes Smith-Magenis syndrome (SMS; Slager et al., 2003; Bi et al.,
2004). Some phenotypic effects of SMS, including obesity, have
been explained by decreased levels of BDNF in the hypothalamus
(Burns et al,, 2010; W.H. Huang et al,, 2016) and overexpression
of BDNF has been shown to be an effective therapeutic approach
for SMS (Javed et al., 2021). However, further work is needed to
confirm this hypothesis for other novel BDNF regulators.

Our results deepen the understanding of BDNF gene expres-
sion, highlighting the complex regulation of BDNF in different
brain regions. This data could give insight for understanding var-
ious neurodevelopmental disorders but also for developing ther-
apeutics to modulate the expression of BDNF in a brain region
and cell type-specific manner. However, a substantial amount of
work is still required to understand the exact mechanisms that
govern BDNF gene expression, including chromatin conforma-
tion, the set of transcription factors expressed in a given cell,
their posttranslational modifications and the different participat-
ing signaling pathways in different neuronal populations.
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