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Abstract

Heat shock factor (HSF1) is a master stress-responsive transcriptional factor, protecting cells
from death. However, its gene regulation /n vivo in the brain in response to neuronal stimuli
remains elusive. Here, we investigated its direct regulation of the brain-derived neurotrophic
factor (BDNF) gene (Bdnf in response to acute neuronal stress stimuli in the brain. The results
of immunohistochemistry and chromatin immunoprecipitation quantitative PCR (ChIP-gPCR)
showed that administration of kainic acid (a glutamate receptor agonist inducing excitotoxity) to
young adult mice induced HSF1 nuclear translocation and its binding to multiple Banfpromoters
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in the hippocampus. Footshock, a physical stressor used for learning, also induced HSF1 binding
to selected Banfpromoters | and IV. This is, to our knowledge, the first demonstration of HSF1
gene regulation in response to neuronal stimuli in the hippocampus 7 vivo. HSF1 binding

sites (HSES) in Bdnfpromoters | and IV were also detected when immunoprecipitated by an
antibody of phosphorylated (p)CREB (cAMP-responsive element-binding protein), suggesting
their possible interplay in acute stress-induced Badnftranscription. Interestingly, their promoter
binding patterns differed by KA and footshock, suggesting that HSF1 and pCREB orchestrate to
render fine-tuned promoter control depending on the types of stress. Further, HSF1 overexpression
increased Bdnfpromoter activity in a luciferase assay, while virus infection of constitutively
active-form HSF1 increased levels of BDNF mRNA and protein /n vitro in primary cultured
neurons. These results indicated that HSF1 activation of Banfpromoter was sufficient to induce
BDNF expression. Taken together, these results suggest that HSF1 promoter-specific control

of Bdnfgene regulation plays an important role in neuronal protection and plasticity in the
hippocampus in response to acute stress, possibly interplaying with pCREB.
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Heat shock factor 1 (HSF1) is a master stress-responsive transcriptional factor, but its gene
regulation in the brain remains elusive. This article firstly demonstrated HSF1 gene binding
regulation of brain-derived neurotrophic factor (BDNF) in response to neuronal stress stimuli in
vivo in the hippocampus. Different types of acute stress to animals produced different patterns
of HSF1 biding to Bdnf promoters, while pCREB bound proximately to the HSF1 binding sites.
HSF1 binding to Bdnf promoters was sufficient to induce gene transcription, suggesting the roles
of HSF1 in stress-induced neuronal protection and plasticity, together with pCREB.
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Introduction

Brain-derived neurotrophic factor (BDNF) is a major neuronal growth factor in the brain,
critical for neuroprotection, synaptic plasticity, learning, and memory (Barde 1990; Figurov
et al. 1996; Nagahara & Tuszynski 2011; Thoenen 1995; Poo 2001; Lu 2003; Linnarsson et
al. 1997). However, its gene expression is decreased in many neurological and psychiatric
disorders including Alzheimer’s disease (Phillips et al. 1991; Connor et al. 1997; Murray

et al. 1994; Ferrer et al. 1999; Holsinger et al. 2000; Garzon et al. 2002; Hock et al.

2000), schizophrenia (Weickert et al. 2003; Hashimoto et al. 2005; Wong et al. 2010) and
depression (Dwivedi et al. 2003; Keller et al. 2010; Hing et al. 2012). Normalizing the
deficiency of BDNF is a potential therapy to ameliorate the related neuronal damages. For
this, understanding the mechanisms of the BDNF gene regulation is imperative.

BDNF gene regulation has been extensively studied over the past 30 years [see review in
(Sakata 2011)]. BDNF gene expression is increased by neuronal activity, i.e., depolarization
and Ca?* influx, which is induced by kainic acid, an agonist of glutamate kainate receptors
(Zafra et al. 1990), high potassium (Zafra et al. 1990; Tao et al. 1998), glutamate (Lindefors
etal. 1992; Zafra et al. 1991), a GABA antagonist (bicuculine) (Zafra et al. 1991), and
neuronal stimulation that induces long-term potentiation (LTP) (Patterson et al. 1992;
Patterson et al. 1996). LTP is a synaptic model of memory (Bliss & Collingridge 1993).
BDNF gene expression is also increased by /7 vivo conditions that increase neuronal
activity in the brain, such as enriched environments (Falkenberg et al. 1992), learning tasks
(Kesslak et al. 1998; Hall et al. 2000), and physical exercise (Neeper et al. 1995). Neuronal
activity-induced BDNF expression is critical for neuronal survival (Ghosh et al. 1994) and
hippocampal long-term synaptic plasticity (Sakata et al. 2013a).

Heat Shock Factor 1 (HSF1) is a master transcriptional factor that responds to various
stress, such as heat shock, oxidative stress, and infections, and protects cells from cell death
(Akerfelt et al. 2010; Anckar & Sistonen 2011; Barna et al. 2018). We recently discovered
that HSF1 activation by heat shock protein 90 (Hsp90) inhibitors increased transcription of
the BDNF gene (Badnf) in the hippocampus and ameliorated synaptic and memory deficits
in various Alzheimer’s disease mouse models (Chen et al. 2014; Wang et al. 2017). Hsp90
inhibitors have been investigated as a treatment option for Alzheimer’s disease (Blair et al.
2014), reducing abnormal tau protein (Luo et al. 2007; Dickey et al. 2007; Goryunov &
Liem 2007; Kim et al. 2017) and Ap toxicity (Chen et al. 2014; Wang et al. 2017; Ansar et
al. 2007; Lu et al. 2009). Thus, HSF1 gene controls of Banfin response to stress may be
one targeting mechanism to increase neuronal protection and resilience to stress. However,
whether HSF1 directly regulates the BDNF gene was unknown. In particular, the gene
regulation of HSF1 in the brain in response to neuronal stimuli remains elusive. Here, we
present evidence that HSF1 responds to acute neuronal stress /77 vivo and binds to specific
Badnfpromaoters in the hippocampus. We also investigated a possible interplay of HSF1
and CREB (Ca2*/cAMP Response Element Binding protein) because the HSF1-bindnding
sites (HSES) are located closely with the CREB-binding sites (CREs). CREB has been well
studied for BDNF gene regulation in response to neuronal activity. Upon neuronal activity,
phosphorylated (p)CREB binds to CREs in Bdnfpromoters (Shieh et al. 1998; Tao et al.
1998) [see review (West et al. 2001)]. We found that HSF1 and pCREB bound to Banf
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promoters upon stressful neural activity, which suggested that along with pCREB, HSF1 is a
key transcriptional factor for neuroprotection and memory in the brain in response to stress.

MATERIALS AND METHODS

Animals

We used young adult (2-6 months old) male and female C57BL/6J mice (RRID:
IMSR_JAX:000664, the Jackson Laboratory). All animal experiments were approved by
the University of Tennessee Laboratory Animal Care and Use Committee (#20-0188.0) and
were conducted in accordance with NIH guidelines. All animals were group-housed in a
climate-controlled vivarium in a normal 12:12 hour (h)-dark-light cycle with food and water
ad libitum. Mice were listed in a Microsoft Excel (RRID:SCR_016137) and sorted by the
age and sex, and then arbitrarily assigned to control or stress treatment by the order (1
control and 2 stress). No blinding was performed because the measures were objectively
done by a machine (e.g., qPCR).

Stress treatments

As stressors, we used kainic acid (KA) and footshock because these stressors have been
shown to induce BanfmRNA levels utilizing multiple promoters (Aid et al. 2007; Lubin

et al. 2008). For KA treatment, mice were administered KA (24 mg/kg, cat#0222, Tocris,
cat#5806232, Biogems) by intraperitoneal (/.p.) injection. Control mice received saline (/.p.,
1 ml/kg). For footshock treatment, mice acclimated for 1 h in the testing room were placed
in a fear-conditioning chamber (ActiMetrics, Wilmette, IL) for 200 sec, and then were given
two footshock stimuli (set at 0.7 mA, actual delivery of 0.1-0.2 mA, 2 sec) separated by

2 mins. A control mouse was placed in the same conditioning chamber but did not receive
footshock (0 mA). The mouse stayed in the chamber for additional 1 min and then returned
to the home cage. Stress was given at the same time between the groups and tissues were
collected between 14:00 and 18:00 h to avoid any effects of circadian rhythm; Badnfgene
regulation and HSF1 activity are rhythmic (Berchtold et al. 1999; Reinke et al. 2008).

Perfusion and Immunohistochemistry

To assess HSF1 activation by nuclear translocation, immunohistochemistry was performed
as described previously (Jha et al. 2011; Sakata et al. 2013b). Briefly, at the time

indicated after KA and footshock treatment, mice received /p. injections of 90 mg/kg of
ketamine and 10 mg/kg of xylazine for anesthesia, and were euthanized by transcranial
perfusion with 4% paraformaldehyde fixative. The brain was cryoprotected, frozen, and
then sliced using a cryostat (Leica, CM1850). Free-floating immunohistochemistry was
conducted using primary antibodies of rabbit anti-HSF1 (1:200; cat#4356, Cell Signaling
Technology, RRID: AB_2120258), mouse anti-NeuN (1:1000; cat#MAB377X, Millipore),
and rabbit anti-pCREB (1:1000, cat#9198, Cell Signaling Technology, RRID:AB_2561044),
and secondary antibodies, anti-rabbit Alexa Fluor 594 (1:500; cat#A32740, Invitrogen,
RRID: AB_2762824) and anti-mouse Alexa Fluor 488 (1:500; cat#A32723, Invitrogen,
RRID:AB_2633275). Images ware acquired on a microscope (1X50, Olympus) equipped
with a video camera or on confocal microscope (FV1000, Olympus).
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Promoter Sequence Analysis

We obtained the mouse genomic DNA sequence including Badnfpromoter regions

from https://www.nchi.nIm.nih.gov/gene/12064, and analyzed the promoter sequence, i.e.,
1,500bp upstream from transcription starting site of each Barnfexon using JASPAR
(Portales-Casamar et al. 2010).

Chromatin immunoprecipitation (ChIP)-quantitative (q)PCR

To examine HSF1 binding to Banfpromoters, ChIP-qPCR was conducted. Two hippocampi
from one mouse were used for one CHIP sample. Two mice, one control and one stressed,
were used for one ChIP experiment. A total of 8 independent ChIP experiments were
conducted per treatment group. One hour (or indicated time) after KA or foot-shock
treatment, mice were given isoflurane (1-3 mL/L vapor, for ~1 min) for rapid anesthesia
and sacrificed by decapitation. The hippocampus was removed and diced into ~1 mm pieces
and immediately frozen on dry ice within 3 min of death and stored at —80°C until further
use for ChiP.

ChIP was performed using Chromatin Immunoprecipitation Assay Kit (cat#17-295,
Millipore), following the manufactures instruction. Briefly, two hippocampi per tube were
incubated with 1% formaldehyde in PBS for 10 min at 37°C to cross-link nuclear proteins
to the DNA. Fixation was quenched by adding glycine at a final concentration of 125 mM
and by quickly washing three times with ice-cold PBS. Then the tissues were homogenized
by pipetting in SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris, pH 8.0) containing
protease inhibitors (1 mM PMSF, 1 ug/mL aprotinin, 1 ug/mL pepstatin, lug/mL leupeptin).
The tissues were placed on ice for 10 min and then sonicated on ice at 30% power for 8
cycles consisting of 3 sec pulse and 1 sec rest. This resulted in genomic DNA fragments
ranging in size from 200-1,000 bp. The lysates were centrifuged at 13,000 rpm for 5 min

at 4°C to remove insoluble material. Ten percent of the supernatant was kept for input. The
remaining supernatant was 10 fold diluted with ChlIP dilution buffer (0.01% SDS, 1% Triton
X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI, pH 8.0, 167 mM NaCl) containing protease
inhibitors (1 mM PMSF, 1 ug/mL aprotinin, 1 ug/mL pepstatin, Zug/mL leupeptin) and

then was divided three for immunoprecipitation with antibody detecting HSF1 (cat#4356,
Cell Signaling Technology; cat#sc-9144, Santa Cruz Biotechnology, RRID:AB_2120276)
or phospho-CREB (cat#9198, Cell Signaling Technology), or nonimmune rabbit 1gG
(cat#2729, Cell Signaling Technology, RRID:AB_1031062) as a negative control and
incubated overnight at 4°C. The quality of the antibody and immunoprecipitation were
verified by Western blotting (Supplementary Fig. 1). Chromatin-antibody complexes were
collected with protein A agarose beads (cat#16-157C, Millipore) and were washed
sequentially with low-salt, high-salt, LiCl buffers (Millipore) once, and then TE buffer

(10 mM Tris, ImM EDTA ph 8.0) twice. Chromatin was eluted with freshly made 1% SDS/
NAHCOj3 buffer. Chromatin samples and input were incubated at 65°C for 4 h in high-salt
conditions with shaking to reverse crosslinking. DNA fragments were then treated with
proteinase K followed by extraction with phenol/chloroform/ethanol. The DNA samples
were then subjected to qPCR. Primer pairs (see Supplementary Table 1) were designed

to amplify the region of the predicted putative HSF1 binding sites (HSES) in the Badnf
promoters (Table 1). An HSE in the Hsp70 promoter was used as a positive control for
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HSF1 binding (Abravaya et al. 1991). gPCR was carried out using SYBR Green Master

Mix (cat#1725271, BioRad). The fluorescence intensity of each amplicon was measured

by the real-time PCR system (Realplex2, Eppendorf). PCR conditions were 95°C for 2

min followed by 40 cycles at 95°C for 15 sec, 60°C for 15 sec, and 68°C for 20 sec.

ChIP data were normalized to the input DNA from each sample and the fold differences
were calculated using the 2(2ACY) method (Livak & Schmittgen 2001). The amplicons were
visualized by running on a 2% agarose gel in TBE buffer and Alphalmager™ System (Alpha
Innotech).

Luciferase assay of Bdnf promoter activity

Primary cortical and hippocampal neurons were prepared from E17 embryos of Sprague
Dawley rats as described previously (Chen et al. 2014). Briefly, pregnant rats were given
isoflurane (1-5 mL/L vapor, for 3-5 min) for rapid anesthesia and decapitated. The embryos
were decapitated and the pooled brain tissues from 4—6 pups were digested to prepare
neurons. The primary neurons were maintained in neurobasal medium supplemented with
0.8 mm I-glutamine and B27. The neurons at 13 days /n vitro (DIV13) were co-transfected
with plasmids containing HSF1 constructs and plasmids containing luciferase constructs
with Banfpromoters for 48 hours using lipofectamine 2000 (Invitrogen). HSF1 constructs
containing either wild-type HsfZ for HSF1 overexpression, HSF1 trimerization deletion
(HSF1A) for blocking HSF1 nuclear translocation, or HSF1 shRNA for HsfZ knockdown,
as described previously (Wang et al. 2017). The HSF1 trimerization deletion (HSF14)
plasmid was subcloned into G0345 vector (University of lowa viral vector core). The Banf
promoter-luciferase plasmids were created by inserting Bdnfpromoters upstream of exons
IV, V, and VI into pGL3-Basic vector (cat#E1751, Promega). The Banfpromoters were
amplified by PCR from rat genomic DNA with primers listed in Supplementary Table 2.
The luciferase reporter assay was performed according to the manufacturer’s instructions
(cat#E2920, Promega) on a Turner Designs TD-20/20 luminometer. The promoter activity
was analyzed by the luciferase activity relative to protein applied.

Adeno associated virus (AAV) treatment.

Primary rat hippocampal neurons were incubated with 1x10° adeno associated virus
(AAV) at 7 d in vitro (DIV7). AAV1-H-BH (6.11x102 viral genomes/mL), a
constitutively active form of HSF1 (Jung et al. 2008), and AAV1-dYFP vector

control (2.64 x1012 viral genomes/mL), were gifted from Dr. Deborah Young, the
University of Auckland, New Zealand. Construction of sShRNA-HsfZ was designed

using the following sequence 5’-GCCCAAGTACTTCAAGCACAA-3’. AAV-shRNA-Hsf1
(AAV2/5CMVeGFPhUBshRNAhsf1) was packaged at the Viral Vector Core Facility,
University of lowa at the titers of 1x1012 viral genomes/mL. All custom-made materials
will be shared upon reasonable request. After 7 days of incubation, neurons were harvested
for analyses of BDNF expression.

mMRNA analysis by qRT-PCR

Total RNA was extracted using TRIzol (Invitrogen). Single-stranded cDNA was synthesized
from 1 pg of total RNA using High-Capacity cDNA reverse transcription kits (cat# 4368814,
Applied Biosystems). Quantitative real-time PCR was performed with RealMasterMix

J Neurochem. Author manuscript; available in PMC 2024 April 01.
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SYBR ROX (5 Prime) according to the manufacturer’s protocols. Primers used are listed
in Supplementary Table 3.

Western blotting

To measure BDNF levels and to verify immunoprecipitation and antibody specificity,
Western blotting was performed as described previously (Sakata et al. 2009; Sakata et

al. 2013a; Wang et al. 2013). Briefly, eluates of immunoprecipitates or tissue lysates were
boiled in SDS sample buffer for 10 min. The samples were separated on SDS-PAGE gel
and then transferred to PVDF membranes. The membranes were blocked with 5% nonfat
dry milk in TBS with 0.1% Tween 20 (TBST) for 1 h, washed with TBST, and incubated
with primary antibodies [rabbit anti-HSF1 (1:1000; Cell Signaling, 4356 or Santa Cruz
Biotechnology, sc-9144); rabbit anti-BDNF (1:500; Santa Cruz Biotechnology, sc-546);
mouse anti-p-actin (1:10000; Sigma-Aldrich)] overnight at 4°C. After washing in TBST,
the membranes were incubated with secondary antibody (anti-mouse 1gG and anti-rabbit
IgG horseradish peroxidase-conjugated Abs, 1:5000; Sigma-Aldrich), imaged and quantified
using Image J (NIH).

Statistical analysis

Results

Data from two groups (e.g., control vs. treatment) were analyzed using Student-#test (two-
tailed). Data from three groups and more were analyzed using one-way ANOVA followed

by Tukey’s post-hoc test using Prism (GraphPad Software, San Diego, CA). We removed
outliers that were more than two standard deviations away from the mean, as they likely
resulted from technical errors. Otherwise, no exclusion criteria were pre-determined. The
Jarque-Bera normality tests were performed to analyze the data distribution for each group.
Most of the data were normally distributed (#>0.05). The data not normally distributed were
analyzed by the Mann-Whitney U test. The statistical reports are provided in Supplementary
Table 4. The sample size was calculated by power analyses and based on the hypotheses.
Promoters | and IV data from ChIP-PCR with kainic acid were used to estimate effect size
using a priori power analyses (G*Power software) (Faul et al. 2007) with 0.8 power and 0.05
error probability. We obtained 5-8 sample numbers and thus collected N=8 per group for all
ChIP-PCR data. Statistical significance was set at p<0.05*. Values were presented as means
mean + SEM.

1. Kainic acid (KA) induced nuclear translocation of HSF1 at peak of 1 h

First, we verified whether and when HSF1 was activated by the neuronal stress stimulus,
KA, /n vivoin the hippocampus by measuring its nuclear translocation; HSF1 moves to
nuclei for gene transcription upon activation (Morimoto 1998), such as by Hsp90 inhibitors
(Wang et al. 2017). KA is an agonist of glutamate receptors and a potent excitant and
neurotoxin, which causes seizures and neuronal death by Ca?* overload, ER stress, and
oxidative stress, primarily within the hippocampus (Sokka et al. 2007; Wang et al. 2005).
While neuronal death by KA varies between mouse strains, C57BL/6 mice are relatively
resistant to the neuronal death (McLin & Steward 2006). Thus, we used C57BL/6 mice
since we hypothesized that the neuroprotection process might involve HSF1 activation.

J Neurochem. Author manuscript; available in PMC 2024 April 01.
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Immunohistochemistry revealed HSF1 co-staining with NeuN, a marker of neurons, and
DAPI, a maker of nuclei, in the CA1 region of the hippocampus strongest at 1 h

after KA treatment (Fig. 1a). The result indicated that HSF1 was rapidly activated for
nuclear translocation by the neuronal stress stimulus. Therefore, we selected 1 h after the
stress stimuli to examine binding of the transcriptional factors to Banfpromoters in the
hippocampus.

In the same CA1 region, pCREB staining was also observed at 1 h after KA treatment

(Fig. 1b), suggesting KA-induced co-regulation of these transcriptional factors in the CA1
region. KA also increased staining of HSF1 and pCREB in other hippocampal regions

and the cortex, where specific cells (e.g., CA3, dentate gyrus, and cortical shallow layer
neurons) show double staining with DAPI (Supplementary Fig. 2). These regions including
the CA1 region corresponded with the regions showing KA-induced BDNF expression
reported previously (Sakata et al. 2009; Sakata et al. 2013b), suggesting that HSF1 and
pCREB were involved in the KA-induced BDNF expression. As a note, expression pattern
of HSF1 and BDNF mRNA is similar in the brain (except for cerebellum) with the common
high expression at the hippocampus and cortex (AllenBrainAtlas).

2. HSF1 binding sites in Bdnf promoters

To determine the direct HSF1 control of the BDNF gene (Badnf) upon neuronal stress
stimuli, we first identified HSF1 binding elements (HSES) in the promoter regions of Banf.
Badnfhas nine promoters to control its gene expression in both rodents and human (Aid et
al. 2007; Liu et al. 2005). Each promoter drives small exon which is spliced to a common
BDNF protein-coding exon (Aid et al. 2007; Sakata 2011) (Fig. 2a, top). Our sequence
search has identified putative HSEs in the Badnfpromoter regions (Table 1). Interestingly,
some HSEs are located in proximity to the CREB binding sites (CRE) (Table 1), indicating
potential coregulation of these transcriptional factors for BDNF expression in response to
stress-inducing neuronal stimuli.

3. HSF1 binding to Bdnf promoters by kainic acid

Next, we determined whether HSF1 directly controls the BDNF gene by measuring its
binding to the Banfpromoters using ChlP-qPCR. ChlIP-qPCR detected HSF1 binding

to almost all HSEs in the Bdnfpromoters 1 h after KA administration (Fig. 2a).
Quantitative analyses from 8 independent experiments showed significant increases by

KA observed at pl-HSE™914, pl-HSE =754, pIV-HSE 1095 p|\-HSE™417, pl\-HSE~203/-181
pV-HSE~328/-334 ‘and pIXa-HSE 992 (saline control vs. KA: p<0.05, Fig. 2b). When the
same chromatin complex (input) was immunoprecipitated with an anti-pCREB antibody,
gPCR detected DNA containing pl-HSE™914, pI-HSE~754, pI-HSE~122, plII-HSE =287 and
pIV-HSE™17 (Fig. 2a), where significant increases by KA were observed at pl-HSE =754
and pIV-HSE=7 (saline control vs. KA: p<0.05, Fig. 2c). These results suggested that KA
induced regulation of both HSF1 and pCREB at pl-HSE~"%4 and pIV-HSE417. Interestingly,
PCREB binding to DNA including pl-HSE~914 was observed with saline injection, which
was significantly decreased by KA (saline control vs. KA: p<0.05, Fig. 2c). The data
suggested a possibility that saline injection also caused a stress response to increase the
pCREB DNA binding, but pCREB was dissociated and shifted to the CRE (pl-CRE~701)
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closed to the HSE that HSF1 bound (pl-HSE~"%4). Collectively, these results indicated that
KA increased the overall binding of HSF1 to the HSEs in multiple Badnfpromoters, some of
which were also bound by pCREB, while the location of pCREB could be shifted among the
Bdnfpromoter regions.

4. HSF1 binding to Bdnf promoters by footshock

Further, we examined HSF1 binding to Banfpromoters using footshock, a neuronal stress
stimulus that is commonly used to form fear memory associated to the context and cue

in rodents (Phillips & LeDoux 1992; Izquierdo et al. 2016). ChIP-gPCR revealed HSF1
binding to promoter DNA at Banfpromoter (p)I-HSE™122, pI\V-HSE™417, and plXa-HSE™922
1 h after footshock, while the binding at plXa-HSE =922 was also observed without footshock
(Fig. 3a). Quantitative analyses showed significant increases by footshock at pl-HSE~122
and pIV-HSE™*7(FS- vs. FS+: p<0.05, Fig. 3b). We verified that HSF1 binding to Bdnf
promoter at pl-HSE™122 peaked at 1 h (Supplementary Fig. 3). We also verified the nuclei
staining of HSF1 induced by footshock; very slight increases were observed specifically in
the CA1 pyramidal neurons of the hippocampus (Supplementary Fig. 4). When the same
chromatin complex was immunoprecipitated with the anti-pCREB antibody, qPCR detected
DNA containing the same HSEs as HSF1 bound, at pl-HSE~122 and pIV-HSE417 (Fig. 3a),
of which levels were significantly increased by footshock (FS- vs. FS+: p<0.05, Fig. 3c).
These results suggested that footshock induced regulation of both HSF1 and pCREB to these
Banfpromoters. The gPCR also detected increased pCREB binding to DNA containing
pV-HSE328/-334 after footshock (Fig. 3a and 3c). As a note, these sites, pl-HSE122 and
pIV-HSE~417/pV/-HSE~328/=334 are closely located to pCREB binding sites, pl-CRE™78

and pIV-CRE~38/pV-CRE 176, respectively (Table 1). Further, ChIP-qPCR detected DNA
containing at pl11-HSE~283 and plV-HSE~203/~181 without footshock (Fig. 3c), possibly
because exposure to a new context increased pCREB binding to CRE closely located to the
HSEs in the Bdnfpromoters.

5. Comparisons between different neuronal stress stimuli: footshock and KA

To understand whether stress-induced HSF1 binding to Banfpromoters differ by the

types of stressors, we compared the fold increases in the binding induced by KA and
footshock. The fold increases in HSF1 binding to Badnfpromoters were generally larger

by KA than by footshock, where statistically significant differences were observed at pl-
HSE~7%4 pIV-HSE™1095 and pV-HSE~328/-334 (K A vs. footshock: p<0.05, Fig. 4). These
results suggested a greater dependence of HSF1 controls for the Bdnfgene transcription in
response to a more severe stress (KA) which causes neurotoxicity, than to a milder stress
(footshock). By contrast, the fold changes in pCREB binding to the Badnfpromoters were
rather similar between these two treatments, and statistically larger by footshock than by
KA at pV-HSE328/-334 (footshock vs. KA: p<0.05, Fig. 4). Notably, the HSE is located
closely to the CREB binding site, pIV-CRE~38 (Table 1). These results suggest that pPCREB
regulates the Banfgene transcription upon mild stress for hippocampus-dependent learning
and memory, while HSF1 plays a larger role in the Banfgene transcription in response to
severe neurotoxic stress for neuronal protection.
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One interesting note was that pCREB binding to Banfpromoters containing pl-HSE =914

and plV-HSE~203/-181 decreased by either KA or footshock, with significance at pl-HSE™914
(Fig. 4). It is possible that pCREB was constitutively bound to the DNA region and shifted
to the binding sites, which are closer to the transcription starting site in response to neuronal
stimuli.

6. HSFl-mediated BDNF transcription

Previously, it has been reported that HSF1 binding to promoter DNA does not always
induce transcription (Trinklein et al. 2004; Mahat et al. 2016). Therefore, we next examined
whether HSF1 binding to Badnfpromoters indeed induced gene transcription. We created

a construct containing luciferase linked to the Badnfpromoter IV-V regions (Fig. 5a,

top) because these regions contain multiple HSEs (pIV-HSE ™17, pI\V-HSE-203/-181 and
pV-HSE~328/=334) to which HSF1 bound in response to KA or footshock (Fig. 2 and 3).
The construct significantly increased luciferase activity when HSF1 was over expressed in
primary cultured neurons (p<0.05, Fig. 5a). This activity was blocked by deletion of HSF1
transcriptional activity (HSF1A) which inhibits HSF1 trimerization/nuclear translocation
(p<0.05, Fig. 5a). Further, downregulation of endogenous HSF1 levels by shRNA-Hs71
significantly reduced the luciferase activity (p<0.05, Fig. 5b). These results indicated that
HSF1 indeed induced gene transcription when bound to the Banfpromoter. Further, we
verified that the activation of HSF1 induced transcription of the endogenous Bdnfgene. In
rat primary cultured hippocampal neurons, direct activation of HSF1 by AAV containing
constitutively active form of HSF1 (AAV-H-BH) (Jung et al. 2008) significantly increased
MRNA levels of Banfexon IV (the transcript driven by promoter 1) and Hsp70 (p<0.05
for both), and the increases were abolished when HSF1 was downregulated by AAV-shRNA-
Hsf1 (Fig. 5b). The AAV-H-BH treatment also significantly increased the protein levels of
both mature- and pro-forms of BDNF (p<0.05, Fig. 5c). We also verified the specificity of
the used antibody against BDNF by using BDNF knockout mice and measuring KA-induced
BDNF protein levels in the hippocampus (Supplementary Fig. 1b). Together, these results
indicated that HSF1 binding to the Banfpromoter indeed induced transcription to increase
BDNF protein levels.

Discussion

Results of this study demonstrated that: 1) HSF1 responded to neuronal stress stimuli

and translocated into the nucleus in the hippocampus; 2) HSF1 bound to selective Banf
promoters differently in response to different stress stimuli, and several of these HSF1
biding sites were also detected by ChIP for pCREB; and 3) activation of HSF1 was sufficient
to increase Bdnfpromoter activity and its gene and protein expression. Altogether, these
findings suggest that HSF1 directly upregulates Bdnfin response to neuronal stress stimuli
in the hippocampus, together with pCREB.

Despite the gene regulation of HSF1 has been extensively studied in various cells and
organs mostly /n vitro in response to heat shock, its gene regulation in the brain in vivo,
particularly in response to neuronal stress stimuli, remains elusive. To our knowledge, this
is the first study that showed HSF1 gene binding regulation in response to neuronal stress
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stimuli /n vivo in the hippocampus. The hippocampus is an important region required

for learning and memory (Milner et al. 1998) and emotional control (Fanselow & Dong
2010), but is vulnerable to damage from various types of stress (Kim & Diamond 2002;
McEwen & Magarinos 1997; McEwen 2001; Schmidt & Duman 2007). Neuronal atrophy
and dysfunction in the hippocampus are observed widely in neurological and psychiatric
conditions, such as Alzheimer’s disease (Hyman et al. 1984; West et al. 1994), depression
(Sheline et al. 1996), and schizophrenia (Lieberman et al. 2018). Previous studies have
shown that HSF1 reduction causes impaired contextual memory in response to footshock
(Wang et al. 2017) and depression-like behavior (Zhu et al. 2008; Uchida et al. 2011), while
decreasing synapse formation and neuronal maturations in the hippocampus (Uchida et al.
2011). Our finding suggests that HSF1, a master stress-responsive transcriptional factor,
may contribute to synaptic plasticity and learning in the event of stress (e. g., footshock)
and to neuroprotection in the event of excitotoxicity by inducing expression of BDNF

in the hippocampus. Any dysregulation of this HSF1-BDNF control may cause neuronal
atrophy and dysfunction, while activating or rescuing the control may be a target mechanism
to increase neuronal resilience to stress events, preventing neurological and psychiatric
conditions.

1. HSF1 controls Bdnf promoters by neuronal activity.

Our result showed that KA increased HSF1 binding to the majority of HSEs in Banf
promoters I, 1V, V, and 1Xa, but not I11, V1. This result corresponds with the previous
reports that KA increases the levels of BanfmRNA driven by almost all promoters,

but not by promoters 111 and VI (Aid et al. 2007; Lubin et al. 2007). On the other

hand, footshock increased HSF1 binding to selected HSEs in Bdnfpromoters | and IV,
corresponding with the previous reports that footshock increases levels of BanfmRNA
driven by promoters | and 1V (Lubin et al. 2008; Mizuno et al. 2012). Our results indicate
that HSF1 is a transcriptional factor directly regulating these Badnfpromoters for the KA- or
footshock-induced transcription. Footshock has also been shown to increase levels of Banf
transcription driven by promoters VI and VIl (Mizuno et al. 2012). Our results of no HSEs
or no change in HSF1 binding in these Banfpromoters suggest that the transcription by
these Banfpromoters is regulated by transcriptional factors other than HSF1.

It should be noted that both KA and footshock induced HSF1 binding to Banfpromoters

I and IV. Promoters | and IV (classified as promoter 111 before 2007) have previously

been characterized as activity-dependent promoters, most responsive to KA (Metsis et al.
1993; Timmusk et al. 1993) and neuronal depolarization (Tao et al. 1998; Tabuchi et al.
2000; Pruunsild et al. 2011). KA- or footshock-induced Banftranscription requires Ca*
signals evoked via non-NMDAR (Zafra et al. 1991) or N-methyl-d-aspartate glutamate
receptor (NMDAR) (Lubin et al. 2008), respectively. Ca2* signals evoked via L-type
voltage-dependent calcium channel (L-VDCC), non-NMDAR, activate both promoters | and
IV, while those via NMDAR activate promoter IV (Tabuchi et al. 2000). Thus, HSF1 likely
mediates the Ca2* signals evoked via L-VDCC by KA and NMDAR by footshock to activate
Bdnfpromoters | and IV (Fig. 6).
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The pathways of how HSF1 is activated by neuronal stimuli and Ca?* signals in the brain
remain unstudied. However, previous studies have identified signal pathways that activate
HSF1 upon heat shock in non-neuronal cells; for example, temperature-sensitive transient
receptor potential channels (e.g., TRPV) evoke Ca?* signals in epithelial cells (Bromberg

et al. 2013), and calcium/calmodulin-dependent protein kinase 11 (CaMKII) phosphorylates
serine 230 of HSF1 to increase its transcriptional activity in cultured cancer cells (Holmberg
et al. 2001). Several other pathways (e.g., Racl, GSK-3, SIRT1, mTOR) also activate
HSF1 upon heat shock [see review in (Torok et al. 2014; Hooper et al. 2016)]. Similar
mechanisms may apply to neuronal activity-induced HSF1 activation in the brain.

2. Interplay of HSF1 and pCREB induced by neuronal activity

By contrast to the understudied HSF1 regulation by neuronal activity in the brain, pPCREB
regulation by neuronal activity is well established. Neuronal depolarization and Ca2* influx
activate CaM kinase IV to phosphorylate CREB, which binds to Bdnfpromoter | and IV
(Tao et al. 1998; Shieh et al. 1998). Our results of binding of both HSF1 and pCREB in the
proximal locations in promoters | and IV (Fig. 2 and 3) suggest that these transcriptional
factors co-regulate in response to stress stimuli and perhaps amplify the Bdnfgene induction
(see the model in Fig. 6). It remains to be elucidated to what extent these transcriptional
factors co-bind to the same DNA fragments and whether they functionally facilitate Banf
gene transcription.

We verified the colocalization of HSF1 and pCREB specifically in the CA1 region 1 h
after KA (Fig. 1b). The CA1 region corresponds to the region where KA increases levels
of BDNF transcription and protein driven by promoter IV (Metsis et al. 1993; Yan et al.
1997; Sakata et al. 2013a; Rudge et al. 1998). Interestingly, in this region, Hsp70, the
major HSF1-regulating neuroprotective chaperone (Zatsepina et al. 2021), is also induced
by KA (Krueger et al. 1999). The hippocampal CA1 region is particularly vulnerable to
KA and shows delayed cellular death (Liu et al. 1999). This cell-death vulnerability to KA
depends on the mouse genetic background; the used C57/B6 mice are relatively resistant
to KA-induced cell death (McLin & Steward 2006). How well the HSF1 and pCREB
co-regulate BDNF gene expression may explain how well CA1 neurons survive and preserve
the function in response to excitotoxic stress.

The Badnfgene is also regulated by other transcriptional factors. For example, KA or
neuronal activity induces binding of NF-xB to Banfpromoter | (Lubin et al. 2007) and
Npas4 to promoters | and 1V (Bloodgood et al. 2013; Pruunsild et al. 2011). Multiple
transcriptional factors may aid or inhibit Banftranscription, while numerous binding sites
overlap, often being competitive for binding. It is possible that upon neuronal stress stimuli,
HSF1 interplays with these transcriptional factors together with pCREB for neuronal
protection and plasticity. The functional interplays can be further elucidated, which may
explain how neuronal activity controls physiological (e.g., alteration of synaptic formation
and plasticity, apoptosis) and pathological processes (e.g., epilepsy or ischemic injury).
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3. Different types of neuronal stimuli activate HSF1 to bind to different DNA sites.

Our results showed that HSF1 responded differently to KA or footshock in the hippocampus.
HSF1 responded to KA robustly in the CA1 neurons (Fig. 1) and moderately in the

CA3 and dentate gyrus regions (Supplementary Fig. 2), binding to almost all HSEs in
Bdnfpromoters (Fig. 2). HSF1 responded to footshock slightly and selectively in the

CAL neurons (Supplementary Fig. 4), binding to selective HSEs in Badnfpromoter | and

IV. The different HSF1-Bdnfpromoter control by these stressors may originate from
differences in cell responses and intracellular signaling in the CA1 neurons, and/or from
differences in cell populations in the CA3/dentate gyrus regions. Whether HSF1-Banf
promoter control is different depending on the sub-region of the hippocampus can be
elucidated in the future. Our results also suggest that different types of neuronal stimuli
differently activate HSF1-BDNF control to produce different consequences. For example,
KA, which elevates intracellular Ca2* levels via non-NMDA-R/L-VDCC and from ER, may
robustly activate HSF1 transcription of Badnfto prevent neuronal death in the hippocampus.
On the other hand, footshock, which increases Ca2* influx via NMDA-R, may activate
HSF1 transcription of specific Bdnfisoforms selectively in the CA1 neurons to enhance
synaptic plasticity and memory associated to the context (Fig. 6). In addition to BDNF,
HSF1 can also control other neuroprotective and synaptic molecules (e.g., chaperones,
PSD95, receptors) in response to neuronal stimuli. A previous study has shown that HSF1
binds to various genes (e.g., for vesicle trafficking and cytoskeletons) in response to heat
shock in Huntington’s disease model cells (Riva et al. 2012). Studies using over expression
or knockdown of HSF1 have also shown that HSF1 can regulate many genes directly

or indirectly to promote longevity, intracellular signal transduction, and neurotrophin4, as
shown in C. elegans, cerebellar granule neurons, cultured depolarized cerebellar granule
neurons, and in heated mouse muscles (Sural et al. 2019; Qu et al. 2018; Neueder et al.
2017). Depending on the types of neuronal stress stimuli, HSF1 may produce different
consequences, such as neuronal survival or synaptic plasticity, by transcribing different
combinations of genes. To fully understand this mechanism, the genes regulated by HSF1 in
response to different neuronal stimuli are to be further studied.

4. Neuronal activity-induced HSF1 control: beyond heat shock response

Classically, heat shock is used to activate HSF1 (Brown & Rush 1996; D’Souza et al. 1998;
Higashi et al. 1995) and to induce its transcription (Barna et al. 2018). However, earlier
studies reported that HSF1 activation by heat shock is limited in neurons (Marcuccilli et

al. 1996; Batulan et al. 2003; Brown & Rush 1999). It is possible that HSF1 in neurons

is more responsive to neuronal stress stimuli, rather than to heat shock. HSF1 induction

of heat shock proteins may also be limited in response to neuronal stimuli; our results
showed that HSF1 bound to AHsp70 promoter in the control conditions (Fig. 2a and 3a),

and its induction in response to either KA or footshock was less compared to the induction
of HSF1 to Bdnfpromoters (Fig. 4). Our results agree with the previous studies that have
shown a high threshold to activate HSF1 binding to Hsp70 promoters in rat cultured neurons
(Marcuccilli et al. 1996; Batulan et al. 2003). It is possible that neuronal activity-induced
HSF1 transcriptional regulation has been underestimated because of the limited changes in
HSF1 responses to Hsp70 promoters. Our results of HSF1 binding to Banfpromoters in
response to neuronal stress stimuli in the adult hippocampus suggest the new roles of HSF1
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in activity-dependent neuroprotection and synaptic plasticity, which can be a treatment target
mechanism for many central nervous system (CNS) disorders.

5. Activating HSF1-BDNF axis as a target mechanism for CNS therapy

The neuroprotective roles of HSF1 have been reported in various CNS disease models

(Kim et al. 2016; Das & Bhattacharyya 2015; Kondo et al. 2013; Hashimoto-Torii et

al. 2014), mainly focusing on its transcribing chaperones (e.g., Hsps) and clearing toxic
proteins [see reviews (Gomez-Pastor et al. 2018)]. Our results suggest expanding the roles
of HSF1 in proteostasis to stress stimuli-induced neuronal protection and plasticity via Banf.
Traditional view of HSF1 activation by heat shock is that HSF1 in cytosol is released

from chaperones, such as Hsp90, as these chaperones shift to interact with aggregated and
misfolded proteins (Hartl et al. 2011; Wu 1995; Zou et al. 1998), receives phosphorylation,
and then translocates to nuclei to bind to its target promoters (Morimoto 1993). Hsp90
inhibitors, which release HSF1, increase expression of BDNF and synaptic molecules,
enhance synaptic plasticity in the hippocampus, and ameliorate memory deficit in model
mice of Alzheimer’s disease (Chen et al. 2014; Wang et al. 2017; Thirstrup et al. 2016),
while reducing aggregation of toxic proteins, i.e., huntingtin, a-synuclein and tau related
Huntington’s disease, Parkinson’s disease and Alzheimer’s disease (Luo et al. 2007; Putcha
et al. 2010; Labbadia et al. 2011; Baldo et al. 2012). Our results of the activity-induced
HSF1-Bdnfregulation suggest that it may be a good strategy to use the combination of drugs
that release HSF1 from chaperones and neuronal stimuli that activates HSF1 possibly via
Ca?*-dependent phosphorylation, to enhance transcriptional activity of HSF1.

While the specific types of neuronal stimuli that activate HSF1 remain largely unknown

in the brain, our results provided evidence on two different stimuli, KA and footshock,
activated HSF1-Badnfregulation. We foresee that HSF1 is activated by other neuronal stimuli
that induce Bdnfgene transcription, such as environmental enrichment (Falkenberg et al.
1992), learning training (Hall et al. 2000), and physical exercise (Neeper et al. 1995), as
well as the acute neuronal stress, such as ischemia (Schmidt-Kastner et al. 2001) and brain
injury (Truettner et al. 1999). Especially, HSF1 may be strongly affected by environmental
enrichment provided during early life, which provides larger and persisting induction of
BDNF and neurotransmitter-related genes (Jha et al. 2016; Dong et al. 2020; Dong et

al. 2018). HSF1 may also be activated by healthy diets (e.g., omega 3-fatty acids) and
dietary restriction that induce BDNF (Wu et al. 2008; Duan et al. 2001; Mattson et al.
2004). Augmenting the HSF1-BDNF control by such positive behavioral and environmental
conditions, together with drugs that release HSF1, may prevent neuronal loss and memory
deficit caused by aging and disease conditions.

6. Possible dysregulation of HSF1-BDNF controls by chronic stress and disease

conditions

Future studies can also elucidate whether any disruption in the HSF1-BDNF controls upon
acute stress may cause neuronal dysfunction or memory impairment. This situation is
predicted under chronic stress, which cause epigenetic modifications at Banfpromoters.
For example, chronic social defeat (Tsankova et al. 2006), early-life maltreatment (Roth et
al. 2009), and perinatal methylmercury exposure (Onishchenko et al. 2008) modify histone
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acetylation and DNA methylation to cause long-lasting repressive state of promoter IV.
Reduced activity of different Banfpromoters are also reported in CNS disease conditions
[e.g., I, Il and IV in Alzheimer’s disease (Garzon et al. 2002), I, II, IV, and VI in
Schizophrenia (Wong et al. 2010; Reinhart et al. 2015), 11 in bipolar disorders (Reinhart

et al. 2015), IV in suicide subjects (Keller et al. 2010)]. Such epigenetic modifications may
block binding of HSF1 and pCREB to Bdnfpromoters in response to acute neuronal stress
stimuli. We identified multiple HSEs across BDNF promoters I-1Xa (Table 1). It remains
to be elucidated how chronic stress and disease conditions epigenetically modify these
HSEs. In addition, reduced levels of HSF1 (trans control) are observed in aged and disease
conditions [e.g., AD patients and rodent models (Kim et al. 2017; Jiang et al. 2013) and
Huntington’s disease and aged rat striatum (Gomez-Pastor et al. 2017; Zarate et al. 2021)].
How such conditions affect acute stress-induced HSF1-BDNF control in the brain remains to
be elucidated.

Conclusion

Our findings indicate that HSF1 directly regulates the BDNF gene in response to acute
neuronal stress stimuli in the hippocampus, together with pCREB. The differential degrees
and locations of promoter binding of HSF1 by different stress stimuli suggest that this
HSF1-BDNF axis may contribute to neuronal protection and plasticity according to the
types of neuronal stimuli. Future studies can elucidate the mechanisms of how this acute-
stress induced HSF1-BDNF control is affected by the positive and negative behavior and
environments. This may facilitate our understanding of why some people are resilient to
acute stress and improve learning, and some are not, and thus be instrumental to our future
therapeutic design.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

This work was supported in part by NIH grants: NS10173 to KS and FFL; and AG049772 and AG058467 to FFL,
MH102445, MH105567 to KS. We thank Xiong Deng and Sunaina Shrestha for technical support.

Abbreviations:

AAV Adeno-associated virus

AD Alzheimer’s disease

ANOVA Analyses of variance

BDNF Brain-derived neurotrophic factor

ChiP Chromatin immunoprecipitation

CNS Central nervous system

CREB cAMP-responsive element-binding protein

J Neurochem. Author manuscript; available in PMC 2024 April 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Franks et al. Page 16
Ct Cycle threshold
ER Endoplasmic reticulum
HSF1 Heat shock factor 1
Hsp Heat shock protein
KA Kainic acid
NIH National Institute of Health
gPCR Quantitative polymerase chain reaction
RRID Research Resource ldentifiers

References:

Abravaya K, Phillips B. and Morimoto RI (1991) Heat shock-induced interactions of heat shock
transcription factor and the human hsp70 promoter examined by in vivo footprinting. Mol Cell Biol
11, 586-592. [PubMed: 1986252]

Aid T, Kazantseva A, Piirsoo M, Palm K. and Timmusk T. (2007) Mouse and rat BDNF gene structure
and expression revisited. J Neurosci Res 85, 525-535. [PubMed: 17149751]

Akerfelt M, Morimoto RI and Sistonen L. (2010) Heat shock factors: integrators of cell stress,
development and lifespan. Nat Rev Mol Cell Biol 11, 545-555. [PubMed: 20628411]

AllenBrainAtlas In situ hybridization data. BDNF: https://mouse.brain-map.org/experiment/show/
79587720 HSF1: https://mouse.brain-map.org/experiment/show/67810538.

Anckar J. and Sistonen L. (2011) Regulation of HSF1 function in the heat stress response: implications
in aging and disease. Annu Rev Biochem 80, 1089-1115. [PubMed: 21417720]

Ansar S, Burlison JA, Hadden MK et al. (2007) A non-toxic Hsp90 inhibitor protects neurons from
Abeta-induced toxicity. Bioorg Med Chem Lett 17, 1984-1990. [PubMed: 17276679]

Baldo B, Weiss A, Parker CN, Bibel M, Paganetti P. and Kaupmann K. (2012) A screen for enhancers
of clearance identifies huntingtin as a heat shock protein 90 (Hsp90) client protein. J Biol Chem
287, 1406-1414. [PubMed: 22123826]

Barde YA (1990) The nerve growth factor family. Prog Growth Factor Res 2, 237-248. [PubMed:
2133291]

Barna J, Csermely P. and Vellai T. (2018) Roles of heat shock factor 1 beyond the heat shock response.
Cell Mol Life Sci 75, 2897-2916. [PubMed: 29774376]

Batulan Z, Shinder GA, Minotti S, He BP, Doroudchi MM, Nalbantoglu J, Strong MJ and Durham
HD (2003) High threshold for induction of the stress response in motor neurons is associated with
failure to activate HSF1. J Neurosci 23, 5789-5798. [PubMed: 12843283]

Berchtold NC, Oliff HS, Isackson P. and Cotman CW (1999) Hippocampal BDNF mRNA shows
a diurnal regulation, primarily in the exon 11 transcript. Brain Res Mol Brain Res 71, 11-22.
[PubMed: 10407182]

Bin B. (2016) Evaluating the Therapeutic Effect of an Hsp90 Inhibitor in Mouse Models of
Alzheimer’s Disease. Theses and Dissertations (ETD) Paper 402 https://dc.uthsc.edu/dissertations/
402.

Blair LJ, Sabbagh JJ and Dickey CA (2014) Targeting Hsp90 and its co-chaperones to treat
Alzheimer’s disease. Expert Opin Ther Targets 18, 1219-1232. [PubMed: 25069659]

Bliss TV and Collingridge GL (1993) A synaptic model of memory: long-term potentiation in the
hippocampus. Nature 361, 31-39. [PubMed: 8421494]

Bloodgood BL, Sharma N, Browne HA, Trepman AZ and Greenberg ME (2013) The activity-
dependent transcription factor NPAS4 regulates domain-specific inhibition. Nature 503, 121-125.
[PubMed: 24201284]

J Neurochem. Author manuscript; available in PMC 2024 April 01.


https://mouse.brain-map.org/experiment/show/79587720
https://mouse.brain-map.org/experiment/show/79587720
https://mouse.brain-map.org/experiment/show/67810538
https://dc.uthsc.edu/dissertations/402
https://dc.uthsc.edu/dissertations/402

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Franks et al.

Page 17

Bromberg Z, Goloubinoff P, Saidi Y. and Weiss YG (2013) The membrane-associated transient
receptor potential vanilloid channel is the central heat shock receptor controlling the cellular heat
shock response in epithelial cells. PLoS One 8, e57149. [PubMed: 23468922]

Brown IR and Rush SJ (1996) In vivo activation of neural heat shock transcription factor HSF1 by
a physiologically relevant increase in body temperature. J Neurosci Res 44, 52-57. [PubMed:
8926630]

Brown IR and Rush SJ (1999) Cellular localization of the heat shock transcription factors HSF1 and
HSF2 in the rat brain during postnatal development and following hyperthermia. Brain Res 821,
333-340. [PubMed: 10064819]

Chen Y, Wang B, Liu D. et al. (2014) Hsp90 chaperone inhibitor 17-AAG attenuates Abeta-induced
synaptic toxicity and memory impairment. J Neurosci 34, 2464-2470. [PubMed: 24523537]

Connor B, Young D, Yan Q, Faull RL, Synek B. and Dragunow M. (1997) Brain-derived neurotrophic
factor is reduced in Alzheimer’s disease. Brain Res Mol Brain Res 49, 71-81. [PubMed: 9387865]

D’Souza CA, Rush SJ and Brown IR (1998) Effect of hyperthermia on the transcription rate of
heat-shock genes in the rabbit cerebellum and retina assayed by nuclear run-ons. J Neurosci Res
52, 538-548. [PubMed: 9632310]

Das S. and Bhattacharyya NP (2015) Heat Shock Factor 1-Regulated miRNAs Can Target Huntingtin
and Suppress Aggregates of Mutant Huntingtin. Microrna 4, 185-193. [PubMed: 26634350]

Dickey CA, Kamal A, Lundgren K. et al. (2007) The high-affinity HSP90-CHIP complex recognizes
and selectively degrades phosphorylated tau client proteins. J Clin Invest 117, 648-658. [PubMed:
17304350]

Dong BE, Chen H. and Sakata K. (2020) BDNF deficiency and enriched environment treatment affect
neurotransmitter gene expression differently across ages. J Neurochem 154, 41-55. [PubMed:
32222968]

Dong BE, Xue Y. and Sakata K. (2018) The effect of enriched environment across ages: A study of
anhedonia and BDNF gene induction. Genes Brain Behav, e12485. [PubMed: 29717802]

Duan W, Guo Z. and Mattson MP (2001) Brain-derived neurotrophic factor mediates an
excitoprotective effect of dietary restriction in mice. J Neurochem 76, 619-626. [PubMed:
11208925]

Dwivedi Y, Rizavi HS, Conley RR, Roberts RC, Tamminga CA and Pandey GN (2003) Altered gene
expression of brain-derived neurotrophic factor and receptor tyrosine kinase B in postmortem brain
of suicide subjects. Arch Gen Psychiatry 60, 804-815. [PubMed: 12912764]

Falkenberg T, Mohammed AK, Henriksson B, Persson H, Winblad B. and Lindefors N. (1992)
Increased expression of brain-derived neurotrophic factor mRNA in rat hippocampus is associated
with improved spatial memory and enriched environment. Neurosci Lett 138, 153-156. [PubMed:
1407655]

Fanselow MS and Dong HW (2010) Are the dorsal and ventral hippocampus functionally distinct
structures? Neuron 65, 7-19. [PubMed: 20152109]

Faul F, Erdfelder E, Lang AG and Buchner A. (2007) G*Power 3: a flexible statistical power analysis
program for the social, behavioral, and biomedical sciences. Behav Res Methods 39, 175-191.
[PubMed: 17695343]

Ferrer I, Marin C, Rey MJ, Ribalta T, Goutan E, Blanco R, Tolosa E. and Marti E. (1999) BDNF
and full-length and truncated TrkB expression in Alzheimer disease. Implications in therapeutic
strategies. J Neuropathol Exp Neurol 58, 729-739. [PubMed: 10411343]

Figurov A, Pozzo-Miller LD, Olafsson P, Wang T. and Lu B. (1996) Regulation of synaptic responses
to high-frequency stimulation and LTP by neurotrophins in the hippocampus. Nature 381, 706—
709. [PubMed: 8649517]

Garzon D, Yu G. and Fahnestock M. (2002) A new brain-derived neurotrophic factor transcript and
decrease in brain-derived neurotrophic factor transcripts 1, 2 and 3 in Alzheimer’s disease parietal
cortex. J Neurochem 82, 1058-1064. [PubMed: 12358753]

Ghosh A, Carnahan J. and Greenberg ME (1994) Requirement for BDNF in activity-dependent
survival of cortical neurons. Science 263, 1618-1623. [PubMed: 7907431]

Gomez-Pastor R, Burchfiel ET, Neef DW et al. (2017) Abnormal degradation of the neuronal stress-
protective transcription factor HSF1 in Huntington’s disease. Nat Commun 8, 14405.

J Neurochem. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Franks et al.

Page 18

Gomez-Pastor R, Burchfiel ET and Thiele DJ (2018) Regulation of heat shock transcription factors and
their roles in physiology and disease. Nat Rev Mol Cell Biol 19, 4-19. [PubMed: 28852220]

Goryunov D. and Liem RK (2007) CHIP-ping away at tau. J Clin Invest 117, 590-592. [PubMed:
17332887]

Hall J, Thomas KL and Everitt BJ (2000) Rapid and selective induction of BDNF expression in the
hippocampus during contextual learning. Nat Neurosci 3, 533-535. [PubMed: 10816306]

Hartl FU, Bracher A. and Hayer-Hartl M. (2011) Molecular chaperones in protein folding and
proteostasis. Nature 475, 324-332. [PubMed: 21776078]

Hashimoto T, Bergen SE, Nguyen QL, Xu B, Monteggia LM, Pierri JN, Sun Z, Sampson AR and
Lewis DA (2005) Relationship of brain-derived neurotrophic factor and its receptor TrkB to altered
inhibitory prefrontal circuitry in schizophrenia. J Neurosci 25, 372—-383. [PubMed: 15647480]

Hashimoto-Torii K, Torii M, Fujimoto M. et al. (2014) Roles of heat shock factor 1 in neuronal
response to fetal environmental risks and its relevance to brain disorders. Neuron 82, 560-572.
[PubMed: 24726381]

Higashi T, Nakai A, Uemura Y, Kikuchi H. and Nagata K. (1995) Activation of heat shock factor 1
in rat brain during cerebral ischemia or after heat shock. Brain Res Mol Brain Res 34, 262-270.
[PubMed: 8750829]

Hing B, Davidson S, Lear M, Breen G, Quinn J, McGuffin P. and MacKenzie A. (2012)

A polymorphism associated with depressive disorders differentially regulates brain derived
neurotrophic factor promoter IV activity. Biol Psychiatry 71, 618-626. [PubMed: 22265241]

Hock C, Heese K, Hulette C, Rosenberg C. and Otten U. (2000) Region-specific neurotrophin
imbalances in Alzheimer disease: decreased levels of brain-derived neurotrophic factor and
increased levels of nerve growth factor in hippocampus and cortical areas. Arch Neurol 57, 846—
851. [PubMed: 10867782]

Holmberg CI, Hietakangas V, Mikhailov A. et al. (2001) Phosphorylation of serine 230 promotes
inducible transcriptional activity of heat shock factor 1. EMBO J 20, 3800-3810. [PubMed:
11447121]

Holsinger RM, Schnarr J, Henry P, Castelo VT and Fahnestock M. (2000) Quantitation of BDNF
mRNA in human parietal cortex by competitive reverse transcription-polymerase chain reaction:
decreased levels in Alzheimer’s disease. Brain Res Mol Brain Res 76, 347-354. [PubMed:
10762711]

Hooper PL, Durham HD, Torok Z, Hooper PL, Crul T. and Vigh L. (2016) The central role of heat
shock factor 1 in synaptic fidelity and memory consolidation. Cell Stress Chaperones 21, 745-753.
[PubMed: 27283588]

Hyman BT, Van Hoesen GW, Damasio AR and Barnes CL (1984) Alzheimer’s disease: cell-specific
pathology isolates the hippocampal formation. Science 225, 1168-1170. [PubMed: 6474172]

Izquierdo I, Furini CR and Myskiw JC (2016) Fear Memory. Physiol Rev 96, 695-750. [PubMed:
26983799]

Jha S, Dong B. and Sakata K. (2011) Enriched environment treatment reverses depression-like
behavior and restores reduced hippocampal neurogenesis and protein levels of brain-derived
neurotrophic factor in mice lacking its expression through promoter 1V. Translational Psychiatry. 1,
e40. [PubMed: 22832656]

Jha S, Dong BE, Xue Y, Delotterie DF, Vail MG and Sakata K. (2016) Antidepressive and BDNF
effects of enriched environment treatment across ages in mice lacking BDNF expression through
promoter 1V. Transl Psychiatry 6, e896. [PubMed: 27648918]

Jiang YQ, Wang XL, Cao XH, Ye ZY, Li L. and Cai WQ (2013) Increased heat shock transcription
factor 1 in the cerebellum reverses the deficiency of Purkinje cells in Alzheimer’s disease. Brain
Res 1519, 105-111. [PubMed: 23665061]

Jung AE, Fitzsimons HL, Bland RJ, During MJ and Young D. (2008) HSP70 and constitutively active
HSF1 mediate protection against CDCrel-1-mediated toxicity. Mol Ther 16, 1048-1055. [PubMed:
18398426]

Keller S, Sarchiapone M, Zarrilli F. et al. (2010) Increased BDNF promoter methylation in the
Wernicke area of suicide subjects. Arch Gen Psychiatry 67, 258-267. [PubMed: 20194826]

J Neurochem. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Franks et al.

Page 19

Kesslak JP, So V, Choi J, Cotman CW and Gomez-Pinilla F. (1998) Learning upregulates brain-derived
neurotrophic factor messenger ribonucleic acid: a mechanism to facilitate encoding and circuit
maintenance? Behav Neurosci 112, 1012-1019. [PubMed: 9733207]

Kim E, Sakata K. and Liao FF (2017) Bidirectional interplay of HSF1 degradation and UPR activation
promotes tau hyperphosphorylation. PLoS Genet 13, e1006849. [PubMed: 28678786]

Kim E, Wang B, Sastry N, Masliah E, Nelson PT, Cai H. and Liao FF (2016) NEDD4-mediated HSF1
degradation underlies alpha-synucleinopathy. Hum Mol Genet 25, 211-222. [PubMed: 26503960]

Kim JJ and Diamond DM (2002) The stressed hippocampus, synaptic plasticity and lost memories. Nat
Rev Neurosci 3, 453-462. [PubMed: 12042880]

Kondo N, Katsuno M, Adachi H. et al. (2013) Heat shock factor-1 influences pathological lesion
distribution of polyglutamine-induced neurodegeneration. Nat Commun 4, 1405. [PubMed:
23360996]

Krueger AM, Armstrong JN, Plumier J, Robertson HA and Currie RW (1999) Cell specific expression
of Hsp70 in neurons and glia of the rat hippocampus after hyperthermia and kainic acid-induced
seizure activity. Brain Res Mol Brain Res 71, 265-278. [PubMed: 10521581]

Labbadia J, Cunliffe H, Weiss A. et al. (2011) Altered chromatin architecture underlies progressive
impairment of the heat shock response in mouse models of Huntington disease. J Clin Invest 121,
3306-3319. [PubMed: 21785217]

Lieberman JA, Girgis RR, Brucato G. et al. (2018) Hippocampal dysfunction in the pathophysiology
of schizophrenia: a selective review and hypothesis for early detection and intervention. Mol
Psychiatry 23, 1764-1772. [PubMed: 29311665]

Lindefors N, Ballarin M, Ernfors P, Falkenberg T. and Persson H. (1992) Stimulation of glutamate
receptors increases expression of brain-derived neurotrophic factor mRNA in rat hippocampus.
Ann N'Y Acad Sci 648, 296-299. [PubMed: 1322082]

Linnarsson S, Bjorklund A. and Ernfors P. (1997) Learning deficit in BDNF mutant mice. Eur J
Neurosci 9, 2581-2587. [PubMed: 9517463]

Liu H, Cao Y, Basbaum Al, Mazarati AM, Sankar R. and Wasterlain CG (1999) Resistance to
excitotoxin-induced seizures and neuronal death in mice lacking the preprotachykinin A gene.
Proc Natl Acad Sci U S A 96, 12096-12101.

Liu QR, Walther D, Drgon T. et al. (2005) Human brain derived neurotrophic factor (BDNF) genes,
splicing patterns, and assessments of associations with substance abuse and Parkinson’s Disease.
Am J Med Genet B Neuropsychiatr Genet 134B, 93-103. [PubMed: 15666411]

Livak KJ and Schmittgen TD (2001) Analysis of relative gene expression data using real-time
quantitative PCR and the 2(T)(-Delta Delta C) method. Methods 25, 402-408. [PubMed:
11846609]

Lu B. (2003) BDNF and activity-dependent synaptic modulation. Learn Mem 10, 86-98. [PubMed:
12663747]

LuY, Ansar S, Michaelis ML and Blagg BS (2009) Neuroprotective activity and evaluation of Hsp90
inhibitors in an immortalized neuronal cell line. Bioorg Med Chem 17, 1709-1715. [PubMed:
19138859]

Lubin FD, Ren Y, Xu X. and Anderson AE (2007) Nuclear factor-kappa B regulates seizure threshold
and gene transcription following convulsant stimulation. J Neurochem 103, 1381-1395. [PubMed:
17727632]

Lubin FD, Roth TL and Sweatt JD (2008) Epigenetic regulation of BDNF gene transcription in the
consolidation of fear memory. J Neurosci 28, 10576-10586.

Luo W, Dou F, Rodina A. et al. (2007) Roles of heat-shock protein 90 in maintaining and facilitating
the neurodegenerative phenotype in tauopathies. Proc Natl Acad Sci U S A 104, 9511-9516.
[PubMed: 17517623]

Mahat DB, Salamanca HH, Duarte FM, Danko CG and Lis JT (2016) Mammalian Heat Shock
Response and Mechanisms Underlying Its Genome-wide Transcriptional Regulation. Mol Cell 62,
63-78. [PubMed: 27052732]

Marcuccilli CJ, Mathur SK, Morimoto RI and Miller RJ (1996) Regulatory differences in the stress
response of hippocampal neurons and glial cells after heat shock. J Neurosci 16, 478-485.
[PubMed: 8551332]

J Neurochem. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Franks et al.

Page 20

Mattson MP, Duan W, Wan R. and Guo Z. (2004) Prophylactic activation of neuroprotective stress
response pathways by dietary and behavioral manipulations. NeuroRx 1, 111-116. [PubMed:
15717011]

McEwen BS (2001) Plasticity of the hippocampus: adaptation to chronic stress and allostatic load. Ann
N Y Acad Sci 933, 265-277. [PubMed: 12000027]

McEwen BS and Magarinos AM (1997) Stress effects on morphology and function of the
hippocampus. Ann N'Y Acad Sci 821, 271-284. [PubMed: 9238211]

McLin JP and Steward O. (2006) Comparison of seizure phenotype and neurodegeneration induced by
systemic kainic acid in inbred, outbred, and hybrid mouse strains. Eur J Neurosci 24, 2191-2202.
[PubMed: 17074044]

Metsis M, Timmusk T, Arenas E. and Persson H. (1993) Differential usage of multiple brain-derived
neurotrophic factor promoters in the rat brain following neuronal activation. Proc Natl Acad Sci U
S A 90, 8802-8806. [PubMed: 8415610]

Milner B, Squire LR and Kandel ER (1998) Cognitive neuroscience and the study of memory. Neuron
20, 445-468. [PubMed: 9539121]

Mizuno K, Dempster E, Mill J. and Giese KP (2012) Long-lasting regulation of hippocampal Bdnf
gene transcription after contextual fear conditioning. Genes Brain Behav 11, 651-659. [PubMed:
22574690]

Morimoto RI (1993) Cells in stress: transcriptional activation of heat shock genes. Science 259, 1409—
1410. [PubMed: 8451637]

Morimoto RI (1998) Regulation of the heat shock transcriptional response: cross talk between a family
of heat shock factors, molecular chaperones, and negative regulators. Genes Dev 12, 3788-3796.
[PubMed: 9869631]

Murray KD, Gall CM, Jones EG and Isackson PJ (1994) Differential regulation of brain-derived
neurotrophic factor and type 1l calcium/calmodulin-dependent protein kinase messenger RNA
expression in Alzheimer’s disease. Neuroscience 60, 37-48. [PubMed: 8052419]

Nagahara AH and Tuszynski MH (2011) Potential therapeutic uses of BDNF in neurological and
psychiatric disorders. Nat Rev Drug Discov 10, 209-219. [PubMed: 21358740]

Neeper SA, Gomez-Pinilla F, Choi J. and Cotman C. (1995) Exercise and brain neurotrophins. Nature
373, 109. [PubMed: 7816089]

Neueder A, Gipson TA, Batterton S, Lazell HJ, Farshim PP, Paganetti P, Housman DE and Bates
GP (2017) HSF1-dependent and -independent regulation of the mammalian in vivo heat shock
response and its impairment in Huntington’s disease mouse models. Sci Rep 7, 12556.

Onishchenko N, Karpova N, Sabri F, Castren E. and Ceccatelli S. (2008) Long-lasting depression-like
behavior and epigenetic changes of BDNF gene expression induced by perinatal exposure to
methylmercury. J Neurochem 106, 1378-1387. [PubMed: 18485098]

Patterson SL, Abel T, Deuel TA, Martin KC, Rose JC and Kandel ER (1996) Recombinant BDNF
rescues deficits in basal synaptic transmission and hippocampal LTP in BDNF knockout mice.
Neuron 16, 1137-1145. [PubMed: 8663990]

Patterson SL, Grover LM, Schwartzkroin PA and Bothwell M. (1992) Neurotrophin expression in rat
hippocampal slices: a stimulus paradigm inducing LTP in CA1 evokes increases in BDNF and
NT-3 mRNAs. Neuron 9, 1081-1088. [PubMed: 1463608]

Phillips HS, Hains JM, Armanini M, Laramee GR, Johnson SA and Winslow JW (1991) BDNF
mRNA is decreased in the hippocampus of individuals with Alzheimer’s disease. Neuron 7, 695—
702. [PubMed: 1742020]

Phillips RG and LeDoux JE (1992) Differential contribution of amygdala and hippocampus to cued
and contextual fear conditioning. Behav Neurosci 106, 274-285. [PubMed: 1590953]

Poo MM (2001) Neurotrophins as synaptic modulators. Nat Rev Neurosci 2, 24-32. [PubMed:
11253356]

Portales-Casamar E, Thongjuea S, Kwon AT et al. (2010) JASPAR 2010: the greatly expanded
open-access database of transcription factor binding profiles. Nucleic Acids Res 38, D105-110.
[PubMed: 19906716]

J Neurochem. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Franks et al.

Page 21

Pruunsild P, Sepp M, Orav E, Koppel I. and Timmusk T. (2011) Identification of cis-elements and
transcription factors regulating neuronal activity-dependent transcription of human BDNF gene. J
Neurosci 31, 3295-3308. [PubMed: 21368041]

Putcha P, Danzer KM, Kranich LR et al. (2010) Brain-permeable small-molecule inhibitors of
Hsp90 prevent alpha-synuclein oligomer formation and rescue alpha-synuclein-induced toxicity.
J Pharmacol Exp Ther 332, 849-857. [PubMed: 19934398]

Qu Z, Titus A, Xuan Z. and D’Mello SR (2018) Neuroprotection by Heat Shock Factor-1 (HSF1)
and Trimerization-Deficient Mutant Identifies Novel Alterations in Gene Expression. Sci Rep 8,
17255.

Reinhart V, Bove SE, Volfson D, Lewis DA, Kleiman RJ and Lanz TA (2015) Evaluation of
TrkB and BDNF transcripts in prefrontal cortex, hippocampus, and striatum from subjects with
schizophrenia, bipolar disorder, and major depressive disorder. Neurobiol Dis 77, 220-227.
[PubMed: 25796564]

Reinke H, Saini C, Fleury-Olela F, Dibner C, Benjamin 1J and Schibler U. (2008) Differential display
of DNA-binding proteins reveals heat-shock factor 1 as a circadian transcription factor. Genes Dev
22, 331-345. [PubMed: 18245447]

Riva L, Koeva M, Yildirim F, Pirhaji L, Dinesh D, Mazor T, Duennwald ML and Fraenkel E. (2012)
Poly-glutamine expanded huntingtin dramatically alters the genome wide binding of HSF1. J
Huntingtons Dis 1, 33-45. [PubMed: 23293686]

Roth TL, Lubin FD, Funk AJ and Sweatt JD (2009) Lasting epigenetic influence of early-life adversity
on the BDNF gene. Biol Psychiatry 65, 760-769. [PubMed: 19150054]

Rudge JS, Mather PE, Pasnikowski EM, Cai N, Corcoran T, Acheson A, Anderson K, Lindsay RM
and Wiegand SJ (1998) Endogenous BDNF protein is increased in adult rat hippocampus after a
kainic acid induced excitotoxic insult but exogenous BDNF is not neuroprotective. Exp Neurol
149, 398-410. [PubMed: 9500963]

Sakata K. (2011) Brain Derived Neurotrophic Factor and Major Depression. Neurobiology of
Depression, Frontiers in Neuroscience 391-417.

Sakata K, Martinowich K, Woo NH, Schloesser RJ, Jimenez DV, Ji Y, Shen L. and Lu B. (2013a)
Role of activity-dependent BDNF expression in hippocampal-prefrontal cortical regulation of
behavioral perseverance. Proc Natl Acad Sci U S A 110, 15103-15108.

Sakata K, Mastin JR, Duke SM, Vail MG, Overacre AE, Dong BE and Jha S. (2013b) Effects of
antidepressant treatment on mice lacking brain-derived neurotrophic factor expression through
promoter I1V. Eur J Neurosci 37, 1863-1874. [PubMed: 23406189]

Sakata K, Woo NH, Martinowich K, Greene JS, Schloesser RJ, Shen L. and Lu B. (2009) Critical role
of promoter IV-driven BDNF transcription in GABAergic transmission and synaptic plasticity in
the prefrontal cortex. Proc Natl Acad Sci U S A 106, 5942-5947. [PubMed: 19293383]

Schmidt HD and Duman RS (2007) The role of neurotrophic factors in adult hippocampal
neurogenesis, antidepressant treatments and animal models of depressive-like behavior. Behav
Pharmacol 18, 391-418. [PubMed: 17762509]

Schmidt-Kastner R, Truettner J, Lin B, Zhao W, Saul I, Busto R. and Ginsberg MD (2001) Transient
changes of brain-derived neurotrophic factor (BDNF) mRNA expression in hippocampus during
moderate ischemia induced by chronic bilateral common carotid artery occlusions in the rat.
Brain Res Mol Brain Res 92, 157-166. [PubMed: 11483252]

Sheline Y1, Wang PW, Gado MH, Csernansky JG and Vannier MW (1996) Hippocampal atrophy in
recurrent major depression. Proc Natl Acad Sci U S A 93, 3908-3913. [PubMed: 8632988]

Shieh PB, Hu SC, Bohb K, Timmusk T. and Ghosh A. (1998) Identification of a signaling pathway
involved in calcium regulation of BDNF expression. Neuron 20, 727-740. [PubMed: 9581764]

Sokka AL, Putkonen N, Mudo G, Pryazhnikov E, Reijonen S, Khiroug L, Belluardo N, Lindholm
D. and Korhonen L. (2007) Endoplasmic reticulum stress inhibition protects against excitotoxic
neuronal injury in the rat brain. J Neurosci 27, 901-908. [PubMed: 17251432]

Sural S, Lu TC, Jung SA and Hsu AL (2019) HSB-1 Inhibition and HSF-1 Overexpression Trigger
Overlapping Transcriptional Changes To Promote Longevity in Caenorhabditis elegans. G3
(Bethesda) 9, 1679-1692. [PubMed: 30894454]

J Neurochem. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Franks et al.

Page 22

Tabuchi A, Nakaoka R, Amano K, Yukimine M, Andoh T, Kuraishi Y. and Tsuda M. (2000)
Differential activation of brain-derived neurotrophic factor gene promoters | and 111 by Ca2+
signals evoked via L-type voltage-dependent and N-methyl-D-aspartate receptor Ca2+ channels.
J Biol Chem 275, 17269-17275. [PubMed: 10748141]

Tao X, Finkbeiner S, Arnold DB, Shaywitz AJ and Greenberg ME (1998) Ca2+ influx regulates BDNF
transcription by a CREB family transcription factor-dependent mechanism. Neuron 20, 709-726.
[PubMed: 9581763]

Thirstrup K, Sotty F, Montezinho LC, Badolo L, Thougaard A, Kristjansson M, Jensen T, Watson S.
and Nielsen SM (2016) Linking HSP90 target occupancy to HSP70 induction and efficacy in
mouse brain. Pharmacol Res 104, 197-205. [PubMed: 26731018]

Thoenen H. (1995) Neurotrophins and neuronal plasticity. Science 270, 593-598. [PubMed: 7570017]

Timmusk T, Palm K, Metsis M, Reintam T, Paalme V, Saarma M. and Persson H. (1993) Multiple
promoters direct tissue-specific expression of the rat BDNF gene. Neuron 10, 475-489.
[PubMed: 8461137]

Torok Z, Crul T, Maresca B. et al. (2014) Plasma membranes as heat stress sensors: from lipid-
controlled molecular switches to therapeutic applications. Biochim Biophys Acta 1838, 1594—
1618. [PubMed: 24374314]

Trinklein ND, Murray JI, Hartman SJ, Botstein D. and Myers RM (2004) The role of heat shock
transcription factor 1 in the genome-wide regulation of the mammalian heat shock response. Mol
Biol Cell 15, 1254-1261. [PubMed: 14668476]

Truettner J, Schmidt-Kastner R, Busto R, Alonso OF, Loor JY, Dietrich WD and Ginsberg MD (1999)
Expression of brain-derived neurotrophic factor, nerve growth factor, and heat shock protein
HSP70 following fluid percussion brain injury in rats. J Neurotrauma 16, 471-486. [PubMed:
10391364]

Tsankova NM, Berton O, Renthal W, Kumar A, Neve RL and Nestler EJ (2006) Sustained
hippocampal chromatin regulation in a mouse model of depression and antidepressant action.
Nat Neurosci 9, 519-525. [PubMed: 16501568]

Uchida S, Hara K, Kobayashi A. et al. (2011) Impaired hippocampal spinogenesis and neurogenesis
and altered affective behavior in mice lacking heat shock factor 1. Proc Natl Acad Sci U S A 108,
1681-1686. [PubMed: 21205885]

Wang B, Liu Y, Huang L. et al. (2017) A CNS-permeable Hsp90 inhibitor rescues synaptic dysfunction
and memory loss in APP-overexpressing Alzheimer’s mouse model via an HSF1-mediated
mechanism. Mol Psychiatry 22, 990-1001. [PubMed: 27457810]

Wang Q, Yu S, Simonyi A, Sun GY and Sun AY (2005) Kainic acid-mediated excitotoxicity as a
model for neurodegeneration. Mol Neurobiol 31, 3-16. [PubMed: 15953808]

Wang R, Li JJ, Diao S. et al. (2013) Metabolic stress modulates Alzheimer’s beta-secretase gene
transcription via SIRT1-PPARgamma-PGC-1 in neurons. Cell Metab 17, 685-694. [PubMed:
23663737]

Weickert CS, Hyde TM, Lipska BK, Herman MM, Weinberger DR and Kleinman JE (2003) Reduced
brain-derived neurotrophic factor in prefrontal cortex of patients with schizophrenia. Mol
Psychiatry 8, 592-610. [PubMed: 12851636]

West AE, Chen WG, Dalva MB, Dolmetsch RE, Kornhauser JM, Shaywitz AJ, Takasu MA, Tao X.
and Greenberg ME (2001) Calcium regulation of neuronal gene expression. Proc Natl Acad Sci
U S A 98, 11024-11031.

West MJ, Coleman PD, Flood DG and Troncoso JC (1994) Differences in the pattern of hippocampal
neuronal loss in normal ageing and Alzheimer’s disease. Lancet 344, 769-772. [PubMed:
7916070]

Wong J, Hyde TM, Cassano HL, Deep-Soboslay A, Kleinman JE and Weickert CS (2010) Promoter
specific alterations of brain-derived neurotrophic factor mRNA in schizophrenia. Neuroscience
169, 1071-1084. [PubMed: 20553817]

Wu A, Ying Z. and Gomez-Pinilla F. (2008) Docosahexaenoic acid dietary supplementation enhances
the effects of exercise on synaptic plasticity and cognition. Neuroscience 155, 751-7509.
[PubMed: 18620024]

J Neurochem. Author manuscript; available in PMC 2024 April 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Franks et al.

Page 23

Wu C. (1995) Heat shock transcription factors: structure and regulation. Annu Rev Cell Dev Biol 11,
441-469. [PubMed: 8689565]

Yan Q, Rosenfeld RD, Matheson CR, Hawkins N, Lopez OT, Bennett L. and Welcher AA (1997)
Expression of brain-derived neurotrophic factor protein in the adult rat central nervous system.
Neuroscience 78, 431-448. [PubMed: 9145800]

Zafra F, Castren E, Thoenen H. and Lindholm D. (1991) Interplay between glutamate and
gamma-aminobutyric acid transmitter systems in the physiological regulation of brain-derived
neurotrophic factor and nerve growth factor synthesis in hippocampal neurons. Proc Natl Acad
Sci U S A 88, 10037-10041.

Zafra F, Hengerer B, Leibrock J, Thoenen H. and Lindholm D. (1990) Activity dependent regulation of
BDNF and NGF mRNAs in the rat hippocampus is mediated by non-NMDA glutamate receptors.
Embo J 9, 3545-3550. [PubMed: 2170117]

Zarate N, Intihar TA, Yu D, Sawyer J, Tsai W, Syed M, Carlson L. and Gomez-Pastor R. (2021) Heat
Shock Factor 1 Directly Regulates Postsynaptic Scaffolding PSD-95 in Aging and Huntington’s
Disease and Influences Striatal Synaptic Density. Int J Mol Sci 22.

Zatsepina OG, Evgen’ev MB and Garbuz DG (2021) Role of a Heat Shock Transcription Factor and
the Major Heat Shock Protein Hsp70 in Memory Formation and Neuroprotection. Cells 10.

Zhu X, Cheng M, Peng M, Xiao X, Yao S. and Zhang X. (2008) Basal behavioral characterization
of hsf1 deficient mice and its cellular and behavioral abnormalities underlying chronic
unpredictable stressors. Behav Brain Res 193, 225-229. [PubMed: 18601956]

Zou J, Guo Y, Guettouche T, Smith DF and Voellmy R. (1998) Repression of heat shock transcription
factor HSF1 activation by HSP90 (HSP90 complex) that forms a stress-sensitive complex with
HSF1. Cell 94, 471-480. [PubMed: 9727490]

J Neurochem. Author manuscript; available in PMC 2024 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Franks et al. Page 24

a b

HSF1 (red) DAPI (blue)
NeuN (green) HSF1 (red) DAPI (blue)  pCREB (red) DAPI (blue)

Fig. 1. HSF1 nuclear translocation in the CA1 of the hippocampus by kainic acid.
a. Time course. Immunohistochemistry was conducted with anti-HSF1 (red), anti-NeuN

(green, neuronal marker), and DAPI (blue, nuclei maker) at 0, 1, 4, and 6 h after
administration of kainic acid (24 mg/kg, 7.p.). Note the greatest HSF1 nuclear staining
(purple by red and blue) at hippocampal CA1 neurons 1 h after kainic acid treatment. Scale
bar, 50 um. b. Co-nuclear translocation of HSF1 and phosphorylated (p)-CREB at the CA1
region of the hippocampus 1 h after kainic acid treatment. Scale bar, 250 pm. HSF1: heat
shock factor 1. CREB: cAMP-responsive element-binding protein. CA: cornu Ammonis.
NeuN: neuronal nuclear protein. DAPI: 4’,6-diamidino-2-phenylindole.
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Fig. 2. HSF1 and pCREB binding to Bdnf promotersin response to kainic acid (KA) in the
hippocampus.

ChIP-gPCR assay was conducted 1 h after KA administration (24 mg/kg, 7.p.). Chromatin
complex containing transcriptional factors and DNA was immunoprecipitated with an anti-
HSF1 antibody or an anti-pCREB antibody, and then purified DNA was subjected to

gPCR with the primers detecting HSF1 binding site, heat shock elements (HSEs) in Banf
promoters (see Table 1). a. The schematic of the BDNF gene showing the location of

HSEs counted from the transcriptional starting site of each exon (top) and representative gel
images of ChIP-gPCR (bottom). b and c. Quantification of the levels of HSF1-bound (b)
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or pCREB-bound (c) DNA containing each HSEs, normalized to input. *p<0.05, **p<0.01,
***n<0.001 by #test between saline vs. KA. N=8 mice per group from 8 independent ChlIP-
gPCR experiments. HSF1: heat shock factor 1. pCREB: phosphorylated cAMP-responsive
element-binding protein. BDNF/Banf. brain-derived neurotrophic factor. ChlP: chromatin
immunoprecipitation. gPCR: quantitative polymerase chain reaction.
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Fig. 3. HSF1 and pCREB binding to Bdnf promotersin response to footshock (FS) in the
hippocampus.

ChlIP assay was conducted 1 h after FS stress (0.2 mA x 2). a. Representative gel images

of ChIP-gPCR. b and c. Quantification of the HSF1-bound (b) or pPCREB-bound (c) DNA
levels containing each HSEs, normalized to input. *p<0.05, **p<0.01, ***p<0.001 between
FS- vs. FS+. N=8 mice per group from 8 independent ChIP-qPCR experiments. HSF1: heat
shock factor 1. pCREB: phosphorylated cAMP-responsive element-binding protein. Banf.
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brain-derived neurotrophic factor. ChIP: chromatin immunoprecipitation. g°PCR: quantitative
polymerase chain reaction.
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Fig. 4. Comparing effects of stressorson HSF1-binding (a) and pCREB-binding (b) to Bdnf
promoters.

ChIP-gPCR assay was conduct 1 h after kainic acid injection (24 mg/kg, /7.p.) or footshock
(0.2mA, 2 sec, x2) to mice, measuring DNA levels containing HSEs in Banfpromoters in
the hippocampus. Fold changes by the treatments compared to controls, i.e., to mice with
saline administration or to mice without footshock, are presented. Asterisks in gray on the
column indicate statistical significance in binding compared to controls. Asterisks in black
indicate statistically significant differences between KA and footshock. */<0.05, **/<0.01,
***P<(0.001, £test. N=6-8 mice per group from 8 independent ChlP-qPCR experiments.
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HSF1: heat shock factor 1. pCREB: phosphorylated cAMP-responsive element-binding
protein. Banf. brain-derived neurotrophic factor. ChlP: chromatin immunoprecipitation.
gPCR: quantitative polymerase chain reaction.

J Neurochem. Author manuscript; available in PMC 2024 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Franks et al.

-949

Page 31

+1 exon IV

I_’ Luciferase

Luciferase/ protein

I I

plV-  plv-

pV-

HSE#'7 HSE203-181  HSE-328

Vector HSF1 HSF1A

Relative mRNA levels
»

Pro-
BDNF
(32k Da)

exon IV

*

AAV AAV AAV
YFP H-BH H-BH+
shRNA
Hsf1

AAV AAV
Un

YFP H-BH

e

Mature: o -
BDNF

(14 kDa)

Relative protein levels

o
:

©
)

o
L

fS

N
1

Luciferase/ protein

Vector shRNA
Hsf1

Hsp70

Relative mRNA levels
N

AAV AAV AAV
YFP H-BH H-BH+

shRNA
Hsf1
mature- @ pro-
BDNF o 121 BDNF
* %k 2 * k%
[
T 8-
2
o
S
Qo
24
=
T
¢
0+
Un AAV AAV Un AAV AAV
YFP H-BH YFP H-BH

Fig. 5. HSF1 activated Bdnf promoter-driven transcription to increase BDNF levels.
a. Luciferase assay showing HSF1 induced transcription through Badnfpromoter. The

schematic of the used construct containing rat Banfpromoter IV-V linked to luciferase

is presented at the top. Rat primary cultured neurons were co-transfected with luciferase
plasmids containing the Banfpromoter and plasmids with HSF1, HSF1 dimerization
deletion mutant (HSF1A), or HSF1 knockdown (shRNA) for 48 hours. Promoter

activity was analyzed with luciferase activity relative to vector control. Note that HSF1
overexpression significantly increased the Banfpromoter activity, while dominant negative
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HSF1 and knock-down of HSF1 significantly reduced the Banfpromoter activity. N=3—

4 samples per group from 2 independent assays. b. RT-qPCR detected HSF1 induced
transcription of endogenous Banfgene in vitro. Primary cultured hippocampal neurons
were infected with adeno-associated virus (AAV) containing constitutively active form of
HSF1 (H-BH) or control yellow fluorescent protein (YFP) for 7 days. Note that increased
MRNA levels of Banfexon IV (which is derived by promoter IV) and hsp70 by AAV-H-BH,
of which induction was abolished by shRNA-HsfZ. N=3 cell preparations per group. c.
Western blot analysis detected increased protein levels of both precursor BDNF (pro-BDNF)
and mature BDNF by AAV-H-BH. Un: untreated. The Western blot data are from Dr. Bin
Wang’s thesis with his permission (Bin 2016). N=3 cell preparations per group. *p<0.05,
*** < 0.001 by one-way ANOVA with Tukey’s post hoc test, except #test used for Fig. 5a
right. HSF1: heat shock factor 1. BDNF/Badnf: brain-derived neurotrophic factor. RT-PCR:
reverse transcription quantitative polymerase chain reaction. ANOVA: analyses of variance.
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Fig. 6. A model of how HSF1 and pCREB control BDNF genetranscription in response to
footshock and kainic acid (KA).

Neuronal activity by foot shock induces N-methyl-D-aspartate glutamate receptor
(NMDAR)-dependent Ca2* influx, nuclear translocation of HSF1, and its binding to Badnf
promoters | and IV. pCREB may reside at Banfpromoter | and IV which may shift the
binding locations close to the HSEs in promoter | and IV. HSF1, together with pCREB,
induces gene transcription of BDNF, which contributes to synaptic plasticity and footshock
related contextual memory. On the other hand, kainic acid (KA) acts on non-NMDA
glutamate receptors (kainite/AMPAR), which activate voltage-gated calcium channel to
increase Ca2* influx, releases Ca2* released from ER, and induces nuclear translocation of
HSF1, which binds to multiple HSEs in Badnfpromoters, together with pCREB to induce
gene transcription of BDNF, which contributes to neuroprotectant to the excitotoxity caused
by KA. HSF1: heat shock factor 1. pCREB: phosphorylated cAMP-responsive element-
binding protein. Badnf: brain-derived neurotrophic factor. NMDA: N-methyl-D-aspartate.
AMPAR: The a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor.
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The position is from the transcriptional start site (+1) of the exon that each promoter drives.

Table 1.

The HSF1-biding heat shock elements (HSEs) and pCREB-biding cAMP response elements (CRE) in
promoter(p) regions of the mouse BDNF gene. The promoter sequence was obtained from 1,500bp upstream
of the reference genes and was analyzed using JASPAR with the threshold of 75% (except IXa HSE, 70%).

Page 34

BDNF Promoter  Reference Gene  HSE sequence Location HSE# Primer# CRE sequence Location
| NM_007540 tttctagagatttccggaca  -914 pl-HSE~914 1
tgactcttctigaag ™ -754" pI-HSE™™4 2 tgacctct -701
ttctaagaagtttcc =122 pl-HSE122 3 tcacgtaa -78
1l NM_001285416 tcacgtaa -861
tgacttca -647
] NM_001285419 ttacacaacattc -283 pllI-HSE=283 4
v NM_001048141 agcaggttttggaag * -1,095%  PIV-HSE™10% 5 tgaggtct -1,192
cctccagaacctagt -417 pIV-HSE™Y7 6
tgaatttgctaggac ™ -203" PIV-HSE2%3 7
gaaaacatctacaaa -181" pIV-HSE18 7 teacgtca -38
\% NM_001285420  gtctagaaccttg -328 pV-HSE~328 8 tgaggtct -176
gtaagagtctagaac®  —334~ pV-HSE-334 8 agaggtea -52
\ NM_001285417  goaaggtgcgggaag”  —-470° pVI-HSE=470 9
VIl NM_001316310 tgacccca -811
tgactcca -543
Vil NM_001285421  cttccagcaaaatct -1,394 pVIII-HSE™13% 10 tggtgtca ™ 13647
ttacctca ™ -1080
ttacttca ™ -1067
tgtccaaaaagttcc -992 pVIII-HSE992 11 tgacacct -960
tgacgact -450
tcacatca -403
1Xa NM_001285422 tttccagctttctct =327 pIX-HSE=327 12 tgatgtaa -758
gttccttaagtttct -187 pIX-HSE-187 12 tgaggtat -653
*)
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Asterisk indicates that the elements are on the’- strand.’
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