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As heaven maintains vigor through movements,

a gentle man should constantly strive for self-perfection.
As earth's condition is receptive devotion,

a gentle man should hold the outer world with broad mind.

From I Ching, translated by Changquan Li
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Where there is a will, there is a way.

By Xiu Liu
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Hymn of the Traveller

By Jiao Meng; Translated by Chris Pereira

Threads adeptly brandished by a loving mother,

sewed into garments for a son so soon to depart.

Her sewing picks up pace as the date approaches,

worries of belated return echoing in her heart.

Who dare claim that the green grass

might somehow repay the sun for its warm hearth?



Régulation de I’expression du Brain Derived Neurotrophic Factor

par le reepteur des glucocorticomes dans le neurone
Ré&umeé

Le facteur de croissance brain-derived neurotrophic factor (BDNF) est un acteur cléde la
fonction neuronale. BDNF est fortement exprimé dans tout le cerveau, mais son niveau
d'expression le plus devése trouve dans I'hippocampe, une structure limbique d'importance
majeure pour les fonctions cognitives, telles que la mémorisation, l'apprentissage, le
comportement, le stress, les énotions et I'numeur. Dans le systéme nerveux central (SNC), le
BDNF r&ule la survie neuronale, la diffé&enciation et la croissance. Une quantit€importante
de donnée indique que le BDNF est également impliqguédans I'hnoméostasie neuronale et les
processus liés ala plasticitédu cerveau tels que la mémoire, l'apprentissage et 1’addiction,
ainsi que la potentialisation along terme. Les modifications des niveaux d'expression de
BDNF dans des sous-populations spe&ifiques de neurones ont &e associées a diverses
pathologies, y compris la dépression, I'épilepsie, la maladie d'Alzheimer, les maladies de
Huntington et de Parkinson. Le BDNF fonctionne principalement en se liant ason réepteur &
haute affinité& la kinase B (TrkB) associee ala tropomyosine, activant plusieurs voies telles
que MAP kinase, P13 kinase et Phospholipase C. Le géne Bdnf murin préente une structure
géomique complexe comprenant au moins 9 exons (1 A IX), qui sont alternativement éissés
pour généer des variantes de transcription BDNF spé&ifiques sur un exon 1X commun et
unique al'extrénitéterminale 3 ‘codant pour la prot@ne. La généation d'un grand nombre
d'isoformes de transcription est probablement d'importance biologique car dans les cultures
neuronales d’hippocampe de rat, il a @&démontréque les variants d'ARNm de BDNF sont
distribués difféemment dans des compartiments dendritiques spe&ifiques afin de ré&uler la
disponibilitélocale de la prot@ne BDNF. Dans l'ensemble, la complexité&des é&é&ements
régulant quantitativement et qualitativement I'expression de BDNF mettent en érvidence sa

contribution cruciale &la fonction du SNC en physiologie et pathologie.

Les hormones glucocorticoes (GC) exercent &alement des actions pleiotropiques sur les
neurones en se liant et en activant le réeepteur des glucocorticodes (GR, NR3C1), ainsi que le
réeepteur des miné&alocorticoes (MR, NR3C2). Ce dernier témoigne d'une grande affinité
du ligand et, par cons&juent, il est presque toujours occup€par les GC, tandis que le GR est

active principalement sous des concentrations éevés de GC circulant, comme dans les



conditions de stress ou au pic circadien de 1’hormone. Les deux réeepteurs sont fortement
exprimé dans I'hippocampe, agissant de concert ou de maniée oppose pour ré&yuler divers
processus physiologiques et neurologiques tels que les réponses au stress, la survie, I'apoptose
et la potentialisation along terme. GR associeason ligand fonctionne comme un facteur de
transcription, se liant directement aux ééments de réponse des glucocortico'des sur I’ADN
des seéguences regulatrices ou alternativement il interagit indirectement avec d'autres facteurs
de transcription, pour activer ou rérimer la transcription des génes cibles. La ré&ulation de
I'expression de BDNF par le stress a des conséguences importantes sur la pathophysiologie
des troubles de I'hnumeur et dans le mé&anisme d'action des agents antidépresseurs. Comme
I'exposition au stress aigu ou chronique déslenche une augmentation des concentrations
circulantes de GC, un rde de ces hormones dans la modulation de I'expression de BDNF a
souvent éésugge € mais la plupart de ces éudes sont basées sur des preuves indirectes et
sont parfois contradictoires en fonction du modée, de la dose et de la duré du traitement.
Dans I'ensemble, les méanismes molé&ulaires par lesquels les GC ré&yulent I'expression de

BDNF ne sont pas encore clairement définis ace jour.

Dans le pré&ent travail, nous avons démontré que les niveaux éevés de GC rériment
I'expression de I'ARNm totale de Bdnf via GR dans divers modées cellulaires neuronaux in
vitro par des analyses qPCR. Dans des cultures primaires neuronales d'hippocampe de souris
et la lignée immortalisée BZ, 1’expression des transcrits contenant les exons I, 1V et 1V de
Bdnf est rérimépar ce me&anisme de r&ulation, mais ceux qui sont épissé&s apartir des
exons VII et VIII ne le sont pas, indiquant une ré&julation spe&ifique de certains exons par GR.
En outre, par transfection transitoire ré&lisé dans des cellules N2a, nous avons montréque les
activités de transcription du promoteur 1 et 4 éaient diminués par GR au niveau
transcriptionnel. De plus, gr&e & des expé&iences de mutagenese dirigée et
d’immunoprécipitation de chromatine, nous avons révé@eque la réression induite par GR sur
la transcription de Bdnf se produit en se liant & au moins en partie, une petite réion de
promoteur en amont de I'exon V. En ce qui concerne la (les) séguence (s) d'/ADN répondant
au recrutement de GR sur le promoteur 4 de BDNF, alors que deux sites de liaison pour AP1
et deux autres pour CREB ont ééexclus, d'autres ééments de réponse sur I’ADN pour AhR
et NeuroD sont des candidats potentiels. Dans I'ensemble, nous proposons que l'un des
meeanismes responsables de la répression de I'expression de Bdnf par DEX soit la liaison de
GR juste en amont de I'exon IV, atravers des complexes ternaires avec des facteurs de

transcription qui doivent encore &re déerminés. Il convient de noter que cette region en



amont de I'exon IV préente un degré deveéd'homologie entre les espeees de mammiféres

mettant lI'accent sur leur importance biologique.

En ré&umé ces ré&ultats contribuent &une meilleure compréhension des mé&anismes sur la
fagn dont GR ré&ule I'expression de Bdnf, ce qui apporte de nouveaux &éments sur les
interactions molé&ulaires entre les voies de signalisation des glucocorticodes et celles des
neurotrophines dans les neurones, les deux voies éant cruciales en physiologie et pathologie

du systéme nerveux central.
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FOREWORD

When | obtained the master degree in Jilin University in China four years ago, a PhD program
under convention between China Scholarship Council (CSC) and University Paris-SUD
attracted me. Therefore, I contacted Dr. Marc Lombes’ team, whose research projects were
very interesting, asking for a PhD position in University Paris-SUD. Fortunately, they
accepted my request and helped me successfully to pass the strict PhD candidate selection.
Being financed by CSC, now | have finished my PhD project with the help of Dr. Marc
Lombés and Dr. Damien Le Menuet.

As part of Inserm UMR 1185 lab, “Hormone Signaling, Endocrine and metabolism
Physiopathology”, belonging to the University Paris-Sud and University Paris-Saclay, Marc
Lombeés’ team which main interests is to decipher the effects and molecular mechanisms of
mineralocorticoid receptor (MR, NR3C2) and glucocorticoid receptor (GR, NR3C1) signaling
in various cellular contexts, to identify new molecular targets of MR and GR, and to study the
mechanisms regulating their expression. Brain-derived neurotrophic factor (BDNF), a main
neurotrophin, was suspected to be a potential GR target gene in the conditions of stress for
several reasons. First, glucocorticoid (GC) receptors MR and GR as well as BDNF are co-
expressed in hippocampal neurons. Second, BDNF exerts many overlapping but sometime
opposite actions with those of GR. Third, the cellular events of BDNF effect, including the
expression levels, activation of its receptor as well as many cascade proteins involved in
BDNF signaling pathways, are mediated tightly by GR activation. However, few have been

discovered on the molecular mechanisms involved in GR regulation of BDNF expression.

The aim of this thesis was to study the effects of GR on BDNF expression, as well as the
underlying regulatory molecular mechanisms, in various in vitro neuron-like cellular models,
which is important to understand the contribution of GR and BDNF to function and pathology
of the central nervous system (CNS). Here, | present the principal results we have gotten

during my doctoral period.

Before describing and discussing the results of our work, | begin with a bibliographic
introduction including three parts: 1) BDNF in the CNS, 2) GR in the brain, and 3) interaction
between BDNF and GC in the CNS. The introduction is followed by our data concerning the
GR effects on BDNF expression. Using essentially cellular and molecular biology approaches,

we demonstrated that GR was responsible for the repression of BDNF acting on a specific
5



DNA sequence. In the manuscript, the experimental data are presented in part as an original
article, ‘Glucocorticoid receptor represses brain-derived neurotrophic factor expression in
neuron-like cells’, published in Molecular Brain in 2017, with additional data presented
before and after the article. Finally, a short general discussion allows to put in perspective our
results with the current bibliographic context, which is followed by a general conclusion and
the bibliography.



INTRODUCTION







General introduction

As the center of the nervous system, the mammalian brain is a crucial organ that could
integrate internal and external information, respond to various stimuli, and finally control the
endocrine status and behavior of the organism. The brain is composed of neurons, glial cells,
neural stem cells and blood vessels, protected by the cover of meninges. Neurons are the basic
functional units of the brain, spinal cord, central nervous system (CNS), and the ganglia of
the peripheral nervous system (PNS), acting by receiving, integrating and processing
information. A typical neuron is composed of a cellular body (soma), multiple dendrites
arising from the soma and often extending for hundreds of micrometers, and a unique cellular
extension termed an axon. All neurons are electrically excitable and connect to each other
via synapses to form neural networks, which carry trains of electrical and chemical signals to
distant parts of the brain or body targeting specific recipient cells (Arbib, Erdi et al. 1998).

Dysfunctions and injuries of the human brain cause major deficits in intelligence, memory,
personality, and coordination. Except for the physical damage and infectious factors, the brain
is also susceptible to neurodegenerative disorders, such as Alzheimer’s disease (AD),
Parkinson’s disease (PD) and Huntington’s disease (HD), as well as motor neuron diseases
caused by the gradual death of individual neurons, leading to diminution in movement control
(ataxia), memory, and cognition. Moreover, numerous psychiatric conditions, such as clinical
depression, schizophrenia, bipolar disorders and post-traumatic stress disorders, are thought to

be associated with brain dysfunctions (Skerrett, Malm et al. 2014).

Synaptic plasticity is thought to be critical for the processing and encoding of information by
neuronal networks (Bliss and Collingridge 1993) and it appears to be the leading mechanism
involved in learning and memory. Of note, synaptic plasticity reinforces functional
connections by a positive feedback, which is of importance for dynamic brain activity. In the
CNS, the limbic system encompassing the hippocampus, the amygdala, and the prefrontal
cortex, is one of the most crucial structure for cognitive functions such as behavior,
memorization, learning, mood and emotions (McEwen 2007). The hippocampus is located
under the cerebral cortex and in the medial temporal lobe in humans and other mammals,
forming a bilateral structure on each side of the brain. Actually, the hippocampus is a
structure of major importance for cognitive processes (McEwen 2007, Joels, Krugers et al.

2009), the stress response and brain structural and functional plasticity.
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The discovery of stress hormone receptors acting in the hippocampus has been the starting
point to the investigation of the mechanisms of stress and adrenal steroid action. In the brain,
adrenal corticosteroid hormones such as glucocorticoids (GC) and mineralocorticoids are
known to exert important effects on the neurocognitive processes, binding to intracellular or
membrane receptors with several distinct but possibly additive mechanisms (Barnes 1998,
Sapolsky, Romero et al. 2000, de Kloet, Joels et al. 2005, Viengchareun, Le Menuet et al.
2007). The two corticosteroid receptors, mineralocorticoid receptor (MR, NR3C2) and
glucocorticoid receptor (GR, NR3C1), are expressed in hippocampal neurons and are involved
in various physiological processes and psychiatric diseases. Both neuronal GR and MR in the
hippocampus are involved in the stress response (de Kloet, Joels et al. 2005, Scheuer 2010,
Hawkins, Gomez-Sanchez et al. 2012), memorization (Zhou, Bakker et al. 2010), learning,
mood, as well as neuroprotection (Abraham, Harkany et al. 2001) and neurogenesis (Kim, Ju
et al. 2004, Munier, Law et al. 2012). The large spectrum of activity of corticosteroids as well
as their cognate receptors on the brain cells (neurons and glial cells) might exert deep
influences on the cognitive processes both directly, by affecting the different phases of

learning and memory, and indirectly, by promoting neuronal functioning and survival.

Beside adrenal glucocorticoids, there is a class of mediators implicated in the stress, brain
plasticity, and hippocampal neurogenesis, called neurotrophins. Neurotrophin family,
comprising nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT3), and neurotrophin-4/5 (NT4/5). Neurotrophins are peptidic growth
factors that bind to specific receptors to promote survival, growth, and plasticity of neural
networks. The discovery of BDNF provided important insights into the formation of neuronal
communication during the development of the nervous system and into synaptic plasticity,
memory, learning, stress response and neurogenesis in the adult brain (Tyler, Alonso et al.
2002, Yamada, Mizuno et al. 2002, Lipsky and Marini 2007, Bernd 2008).

Some studies suggest that both neuronal GR and MR are involved in regulating BDNF
expression in the hippocampus (Hansson, Cintra et al. 2000, Kino, Jaffe et al. 2010). Exerting
many overlapping actions with GR and MR, BDNF could be a potential target gene of GR
and MR, as it has been recently proposed in rat cortical neuron primary cultures (Hansson,
Cintra et al. 2000). Therefore, considering the importance of glucocorticoid and neurotrophin

signaling pathways in physiology and pathology, we intend to determine whether BDNF is a
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new molecular target gene of GR and/or MR in neurons, and to study further the underlying

regulatory mechanisms.
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1. Brain-Derived Neurotrophic Factor (BDNF) in the CNS

1.1 BDNF expression and signaling pathways

As described above, BDNF is a member of the neurotrophin family that includes NGF, NT3,
and NT4/5. Over 20 years after the discovery of NGF, BDNF was discovered by Barde et al.
in 1982, isolated from the pig brain as a factor able to promote neuronal survival (Barde,
Edgar et al. 1982). In 1989, the full primary structure of BDNF and its sites of expression in
the brain have been identified (Leibrock, Lottspeich et al. 1989). Of note, the four
neurotrophins and their genes showed a marked homology in terms of DNA and peptidic

sequences as well as a similar structure (Lessmann, Gottmann et al. 2003).
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Fig. 1 Hippocampal structure. The hippocampus is composed of the dentate gyrus (DG) including
the subgranular zone (SGZ), and three Cornus Ammonis (CA) subfields that are called CAl, CA2 and CA3
(Joels, Krugers et al. 2009). The information flow in hippocampus is generally unidirectional, from the
axons of granule neurons in DG, to the dendrites of pyramidal neurons in CA3, through axons to the
dendrites of pyramidal neurons in CA1 (Colgin, Denninger et al. 2009).

In the developing and mature mammalian brains, BDNF is strongly and widely expressed
throughout the cerebral structures (Ernfors, Wetmore et al. 1990, Hohn, Leibrock et al. 1990),
and its strongest expression is found within the hippocampus both at the mRNA and protein
levels (Kawamoto, Nakamura et al. 1996, Yan, Rosenfeld et al. 1997). Beside the CNS,
BDNF is also expressed in peripheral nervous tissues (Timmusk, Palm et al. 1993, Bishop,

Mueller et al. 1994), as well as in several non-neural tissues at low levels, including testis,
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lung, thymus, heart, liver and spleen (Aid, Kazantseva et al. 2007) where its function is less
characterized. The hippocampus is constituted of several structures such as Cornus Ammonis
(CA) subdivided in CAl, CA2 and CA3 subregions and the dentate gyrus (DG) (Joels,
Krugers et al. 2009), presenting a specific neuronal organization which is described in Figure
1.

NGF BDNF NT-4/5 NT-3

i I3 3 ‘5‘,"“’“'
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Fig. 2 Signaling pathways evoked by neurotrophins and their receptors (Numakawa,

Adachi et al. 2013). Mammalian neorotrophins (NGF, BDNF, NT-3, and NT-4/5) stimulate intracellular
signaling through binding to Trk receptors and a common receptor p75NTR. The mature BDNF binds to its
specific TrkB receptor with high affinity, while pro-BDNF interacts with p75SNTR with high affinity. TrkB
activation stimulates three main signaling cascades including PLCy, MAPK/ERK, and PI3K-Akt to exert
beneficial effects on neurons. Activation of p75SNTR is capable of inducing cell death or survival.

BDNF could bind to two types of receptors, the higher affinity receptor, tropomyosin-related
kinase B (TrkB) (Chao 2003), and the lower affinity P75 neurotrophin receptor (P75NTR)
(Fayard, Loeffler et al. 2005). BDNF functions mainly by binding to TrkB, activating
downstream signaling cascades, predominant among which are mitogen-activated protein
kinase (MAPK) /extracellular signal-regulated kinase (ERK), phospholipase Cy (PLCy), and
the phosphatidylinositol-3-kinaseAkt (PI3K-Akt) pathways (Reichardt 2006) (Fig. 2). Briefly,
a BDNF homodimer is captured by two TrkB receptors, which results in auto-phosphorylation
of the intracellular domain of TrkB. The phosphorylation of TrkB initiates signal transduction

of MAPK/ERK, PI3K-Akt, and PLCy pathways, with the recruitment and phosphorylation of
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Src homologous and collagen-like protein (Shc) (Chao 2003, Huang and Reichardt 2003,
Yoshii and Constantine-Paton 2010). Activation of BDNF/TrkB-dependent intracellular
signaling contributes to neuronal survival and differentiation, morphological changes, and

synaptic plasticity in the CNS.

In conclusion, as the most abundant and widely distributed neurotrophin in the mammalian
CNS, BDNF binds to its receptors, activating different signaling pathways, leading to distinct

functions.

1.2 Pathophysiological functions of BDNF and related diseases

1.2.1 Physiological functions of BDNF

In the CNS, BDNF controls various neural processes during development and in adulthood,
especially related to synaptic formation and functions. BDNF regulates neuronal homeostasis
and survival (Lipsky and Marini 2007), differentiation and growth (Bernd 2008) of the
neurons. Growing evidence indicates that BDNF is also involved in several other functions,
including brain plasticity-related processes such as memory (Yamada, Mizuno et al. 2002)
and learning (Tyler, Alonso et al. 2002, Yamada, Mizuno et al. 2002) which are associated to
long term potentiation (LTP) (McAllister, Katz et al. 1999) in the hippocampus. In this

chapter, we discuss the importance of BDNF in all these processes.

a. Role of BDNF on neurogenesis

Much attention has been paid to the ability of BDNF and its receptors to modulate adult
neurogenesis. In adulthood, the neural stem cells (NSCs), which maintain their capacity to
proliferate and generate new neurons via a series of intermediate progenitor cells (Lledo,
Alonso et al. 2006), are found in the subgranular zone (SGZ) in the DG of the hippocampus
(Fig. 1) and the subventricular zone (SVZ) of the lateral ventricles. Both high levels of BDNF
and TrkB expression in the SVZ niche were detected (Galvao, Garcia-Verdugo et al. 2008),
and many studies showed that BDNF and BDNF/TrkB signaling pathways were tightly linked
to the neuroblast migration along the rostral migratory stream, a special route by which the
precursor neurons migrate from the SVZ to the main olfactory bulb (Snapyan, Lemasson et al.
2009, Bagley and Belluscio 2010). Meanwhile, it has been suggested that BDNF signaling
may participate to the maturation of specific interneurons within the olfactory bulb in both
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mice and rats (Berghuis, Agerman et al. 2006, Galvao, Garcia-Verdugo et al. 2008).
Significantly, knockdown of BDNF in the DG and conditional deletion of TrkB in rat NSCs
inhibited neurogenesis, while an increased neurogenesis was shown in response to BDNF
injection (Scharfman, Goodman et al. 2005, Taliaz, Stall et al. 2010). Moreover, BDNF
heterozygous (BDNF™") mice also exhibited reduced survival of new cells in the adult
hippocampus (Sairanen, Lucas et al. 2005). Besides, BDNF may also facilitate differentiation
of progenitor cells into granule neurons (Tozuka, Fukuda et al. 2005), which compose the
middle or granular layer of the DG, and their maturation in the SGZ by enhancing y-
aminobutyric acid (GABA, the inhibitory neurotransmitter) release from parvalbumin-
expressing GABA-ergic interneurons (Waterhouse, An et al. 2012). Furthermore, consistent
to the results above, decreased levels of central BDNF in CNS-specific BDNF knockout mice
induce deficits in terminal differentiation, dendritic complexity, migration of new granule
neurons and GABA-mediated effects on neurogenesis (Chan, Cordeira et al. 2008). Taken
together, BDNF promotes several neurogenic processes, such as migration, differentiation,

maturation and survival, in progenitor cells from both SVZ and SGZ.

b. BDNF and LTP associated with memory and learning

In addition to its roles in neuronal proliferation, neurogenesis and differentiation, BDNF
exerts its critical function by regulating activity-dependent structural and functional
modification of the synapses, which is the major mechanism promoting a crucial phenomenon
called long-term potentiation (LTP) and involved in memorization. Synaptic plasticity refers
to any lasting up-regulation or down-regulation of synaptic strength and is thought to be of
much importance for the processing and encoding of information by neuronal networks (Bliss
and Collingridge 1993). Activity-dependent plasticity seems to be the dominant mechanism
involved in learning and memory. There is a general consensus that LTP, in which a brief
high frequency synaptic stimulation triggers a long-lasting increase in synaptic strength,
results in a reinforcement of the neuronal connection. This has been considered as the major
mechanism involved in memory coding and the acquisition of learning (Nicoll and Roche
2013). The constitution of LTP depends on synaptic plasticity, partly on high-frequency pre-
synaptic release of glutamate (usually from an axon termination) that activates receptors on
post-synaptic dendritic spine (small membranous protrusion from a dendrite) (Fig. 3).
Glutamate receptors, including N-methyl-D-aspartate (NMDA) and non-NMDA receptors,
exert distinct roles in synaptic plasticity. The opening of NMDAR channel triggers a calcium
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influx and activation of Protein kinase C that results in long-lasting potentiation of alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR, non-NMDA
receptor) excitatory post-synaptic current (Fig. 3). Both NMDAR and AMPAR are ionotropic

receptors.

Presynaptic
terminal

AMPA
receptor

NMDA
receptor

Postsynaptic
dendritic spine

Fig. 3 Schematic of long term potentiation (LTP) formation. Pre-synaptic release of glutamate
activates receptors NMDAR on post-synaptic dendritic spine (Nicoll and Roche 2013). The opening of NMDAR
channel triggers a calcium influx and activation of Protein kinase C, causing long-lasting potentiation of
AMPAR excitatory post-synaptic current (Nicoll and Roche 2013).

Another important mechanism involved in synaptic plasticity and in memory formation is
long-lasting synaptic depression (LTD) (Steele and Mauk 1999). Contrary to LTP, LTD
reduces the efficacy of neuronal synapses, mediated typically by metabotropic glutamate
receptors (MGIuRs, that do not form ionic channels), in several areas of the brain including
the hippocampus (Collingridge, Peineau et al. 2010). Taken together, LTP and LTD are forms
of activity-dependent synaptic plasticity that increase or decrease, respectively, the strength of

synaptic transmission and memory formation (Malenka and Bear 2004).

BDNF effects on both memory formation and LTP have been demonstrated previously
(Malenka and Bear 2004). Several decades ago, two independent studies showed that BDNF
knockout (BDNF™) mice, which presented with altered sensory neuron development and
usually died between 2 and 4 weeks after birth (Ernfors, Lee et al. 1994, Jones, Farinas et al.
1994), displayed severe impairments in LTP at the CAL synapses in hippocampus (Korte,

Carroll et al. 1995, Patterson, Abel et al. 1996). Furthermore, this phenotype was rescued by
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either acute administration of exogenous recombinant BDNF or virus-mediated BDNF gene
transfer (Korte, Griesbeck et al. 1996, Patterson, Abel et al. 1996). Consistently, BDNF
heterozygous knockout (BDNF*") mice, which presented with approximately half the level of
BDNF protein in the brain than wild type animals, also exhibited LTP impairments and
learning deficits in the hippocampus-dependent paradigms (Linnarsson, Bjorklund et al. 1997,
Liu, Lyons et al. 2004). More directly, it was reported later that by activating its signaling
pathways, BDNF may induce LTP and further promote neurophysiological foundation for
learning and memory (Rex, Lin et al. 2007, Kemppainen, Rantamaki et al. 2012). Other
animal studies showed that inhibition of BDNF signaling by hippocampus-specific gene
knockout or infusion of antisense BDNF impairs spatial learning and memory (Heldt, Stanek
et al. 2007). Along the same line, another group found severe spatial memory defects in
forebrain-specific BDNF homozygous knockout mice (Gorski, Balogh et al. 2003). Moreover,
infusion of BDNF antisense oligonucleotides or anti-BDNF antibodies also induced impaired
spatial memory (Ma, Wang et al. 1998, Mu, Li et al. 1999).

As a key mediator of memory processing, BDNF exerts its effects at different molecular
levels, by regulating cation channels including several subtypes of Na* and K* channels, by
modulating ligand-gated channels like NMDA and AMPA receptors (Cunha, Brambilla et al.
2010), and by greatly affecting protein synthesis by transcriptional and translational
mechanisms. From another aspect, the potential mechanism by which BDNF supports
activity-dependent modification of synapses and brain function has been suggested by several
studies. One of them hypothesized that the formation and occurrence of LTP require BDNF
release from the presynaptic vesicles (Zakharenko, Patterson et al. 2003, Jia, Gall et al. 2010).
Furthermore, BDNF may facilitate vesicle docking at the presynaptic active zone (Pozzo-
Miller, Gottschalk et al. 1999). The postsynaptic involvement has also been suggested by one
study showing that postsynaptic BDNF secretion is required for the long-term structural
change of synaptic dendritic spines, important structures for LTP generation (Tanaka, Horiike
et al. 2008). Taken together, presynaptic and postsynaptic BDNF release may exert their

distinct actions, facilitating the induction and the maintenance phase of LTP, respectively.

c. BDNF and exercise

There is a growing body of evidence showing that exercise improves both cognition (Smith,
Blumenthal et al. 2010, Roig, Nordbrandt et al. 2013) and mood (Rethorst and Trivedi 2013,
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Josefsson, Lindwall et al. 2014), as well as much evidence suggesting that BDNF activity may
be involved in these effects (Vaynman, Ying et al. 2004, van Praag, Shubert et al. 2005,
Erickson, Miller et al. 2012, Heyman, Gamelin et al. 2012). Numerous studies on both human
and animal models (Zoladz and Pilc 2010, Huang, Larsen et al. 2014) provide strong evidence
that BDNF levels increase following exercise in humans and in rodents. For instance,
enhanced BDNF mRNA expression in motoneurons in rats is observed after voluntary
exercise (Gomez-Pinilla, Ying et al. 2002) or treadmill training (Neeper, Gomez-Pinilla et al.
1996, Wilhelm, Xu et al. 2012). Conversely, in neuron-specific knockout for BDNF or TrkB
in mice, the effect of exercise is completely lost (Wilhelm, Xu et al. 2012, English, Liu et al.
2013). Using sensitive assays, it was shown that BDNF protein levels in serum were elevated
after exercise protocols, such as moderate daily exercise for 2 weeks in mice in a nerve repair
model (Park and Hoke 2014).

Altogether, exercise could be considered as a potential strategy for inducing BDNF activity to
improve mood or cognition, due to the beneficial effect of BDNF on numerous cognitive
processes, as well as on synaptic plasticity, neurogenesis and neuronal survival. It was
hypothesized by Gordon and coworkers (Al-Majed, Tam et al. 2004) that exercise could
promote axon regeneration in the peripheral nervous system (PNS) by a BDNF signaling
mechanism in mice, thereby treating peripheral nerve injury (Wilhelm, Xu et al. 2012).
Moreover, animal experiments provide support for various mechanisms by which exercise-
stimulated BDNF increases result in improved cognition. For example, as little as one week of
exercise may improve subsequent learning in animals, but this effect was abolished by BDNF
blockade in the hippocampus using a TrkB-1gG chimera (Vaynman, Ying et al. 2004).
Actually, some studies suggested that exercise could enhance cognitive abilities and quality of
life of dementia patients (Forbes, Forbes et al. 2015, Ojagbemi and Akin-Ojagbemi 2017).
Therefore, regular exercise provides beneficial effects not only on mood (Asmundson, Fetzner
et al. 2013, Josefsson, Lindwall et al. 2014) and cognition (Smith, Blumenthal et al. 2010,
Erickson, Miller et al. 2012) but also on extensive physical health (Alford 2010).

1.2.2 BDNF and related diseases

There are a large number of studies to suggest that changes of BDNF levels or function in
specific neuron subpopulations may result in neuronal dysfunction, which contribute to
various pathologies, including AD, HD, PD, depression, epilepsy, pain and drug addiction

(Bibel and Barde 2000, Murer, Yan et al. 2001, Binder and Scharfman 2004, Bolanos and
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Nestler 2004, Castren 2004, Cattaneo, Zuccato et al. 2005, Russo-Neustadt and Chen 2005).
Subsequently, due to the wide expression of BDNF and TrkB in the CNS and their robust
neuroprotective effects, exogenous administration of this neurotrophin, such as gene delivery
and protein administration, could be considered as an appropriate therapeutic strategy for
treating certain CNS disorders. However, a key and unavoidable challenge in the field of
BDNF therapy is drug delivery into the CNS, because as a moderately sized and charged
protein, BDNF cannot easily cross the blood-brain barrier via peripheral administration.
Potential approaches including intraparenchymal protein infusion and gene delivery using
viral vectors may solve this issue, and other methods to increase BDNF bioavailability (i.e.,
epigenetics, drug-induced endogenous BDNF modulation, peptide mimetics of BDNF,

exercise and diet) will be effective (Nagahara and Tuszynski 2011).

a. BDNF and Alzheimer’s disease (AD)

AD is a neurodegenerative disease characterized by a progressive dementia that occurs in
middle or late life (Querfurth and LaFerla 2010). Initially, this disease is linked to decreased
levels of cholinergic synapses in the cerebral regions such as basal forebrain, the cortex and
hippocampus. The key pathologic changes are increased levels of amyloid- (AB) peptide in
the form of extracellular senile plaques, as well as hyperphosphorylated tau protein as the
intracellular neurofibrillary network tangles in some regions of brain (Reitz, Brayne et al.
2011).

BDNF was found to be associated with neuropsychiatric disorders (Angelucci, Brene et al.
2005, Autry and Monteggia 2012, Li, Chang et al. 2016) and neurodegenerative (Zuccato and
Cattaneo 2009) progressions of AD (Rohe, Synowitz et al. 2009, Doi, Takeuchi et al. 2013).
The expression level of BDNF is lower in AD patients than that in healthy controls (Connor,
Young et al. 1997, Hock, Heese et al. 2000, Peng, Wuu et al. 2005). Similar results were also
found in AD animal models (Francis, Kim et al. 2012, Naert and Rivest 2012, Meng, He et al.
2013). Both decreased mRNA and protein levels of BDNF were observed in several regions
such as in the hippocampus and the parietal cortex (Holsinger, Schnarr et al. 2000, Garzon,
Yu et al. 2002). As described above, numerous studies have shown that BDNF could
stimulate survival and genesis of several types of neurons in the CNS, including those from
the basal forebrain, hippocampus and cortex (Murer, Yan et al. 2001). Therefore, BDNF

could help to prevent neuronal death in AD, and central local administration of exogenous
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BDNF might be beneficial for the treatment of AD, by stopping or delaying the progression of

neuronal loss and its cognitive consequences (Nagahara and Tuszynski 2011).

b. BDNF and Huntington’s disease (HD)

HD, an autosomal dominant inheritable and neurodegenerative disorder, is characterized by
dramatic motor dysfunction, cognitive decline, and psychiatric symptoms (Ross and Tabrizi
2011), which leads to progressive dementia and death approximately 15-20 years after the
onset (Landles and Bates 2004). The pathogenesis of HD is due to mutations (expanded CAG
repeats) in the huntingtin (HTT) gene, leading to an increased number of polyglutamine
repeats in the encoded protein HTT (McMurray and McMurray 2001). The molecular
mechanisms by which mutant HTT protein leads to neuronal dysfunction and
neurodegeneration remained to be identified, and no therapy is currently available for patients

to date, beside some symptomatic treatments.

A large number of laboratories have shown that BDNF expression, trafficking, and signaling
have been strongly reduced in numerous HD mouse models (Zuccato and Cattaneo 2009,
Plotkin, Day et al. 2014). Because the mutant HTT protein causes transcriptional
downregulation of the Bdnf gene (Buckley, Johnson et al. 2010), both cortical and striatal
BDNF levels were shown to be reduced in postmortem HD brain (Her and Goldstein 2008,
Wu, Fan et al. 2010). Moreover, it has been reported that the expression and trafficking of
BDNF and TrkB are significantly altered in human HD tissues and HD mouse models
(Zuccato, Liber et al. 2005, Gines, Bosch et al. 2006). Importantly, overexpressing BDNF
rescues alterations of neuron structure and function in HD model mice (Zuccato, Liber et al.
2005, Lu, Nagappan et al. 2014), while BDNF knockout mice recapitulate atrophy phenotype
of the striatum, the striped mass of white and grey matter controlling movement and balance,
observed in HD patients (Antoniades and Watts 2013). Therefore, previous studies have
suggested BDNF to be a prime putative candidate for the treatment of HD by preventing the
underlying neuronal loss seen in HD patients (Alberch, Perez-Navarro et al. 2004, Fink, Deng
et al. 2015).

c. BDNF and Parkinson’s disease (PD)

PD is also a progressive neurodegenerative disorder, characterized by difficulty in initiating

movements, slowness of movement, rigidity, resting tremor, postural instability and gait
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changes (Lang and Lozano 1998, Fahn 2003), as well as multiple cognitive impairments in
visuospatial, attentional, executive and memory functions (Robbins and Cools 2014). The
etiology of PD is still not well understood, however, several neuroinflammatory mechanisms,
such as nitric oxide, oxidative stress and mitochondrial dysfunction, were proposed to be

involved in the pathophysiology of this disease (Dauer and Przedborski 2003).

A large body of literature has shown alterations in BDNF levels in the blood or brain of PD
patients. For instance, reduced levels of BDNF mRNA and protein expression were reported
in the substantia nigra of PD patients, as well as in the putamen, a structure involved in motor
skills (Mogi, Togari et al. 1999, Parain, Murer et al. 1999). Besides, low levels of serum
BDNF were also observed in newly diagnosed PD patients (Scalzo, Kummer et al. 2010). Of
note, it has been demonstrated that treatment with anti-parkinsonian drugs increases BDNF
levels (Gyarfas, Knuuttila et al. 2010). These findings suggest that BDNF may be implicated
in the pathogenic mechanisms of PD. Because of its important role in the survival and
maintenance of neurons improving motor performance (Cohen, Tillerson et al. 2003), BDNF

could be a useful agent in the treatment of PD in humans.

d. BDNF and depression

Depression is a neuropsychiatric disorder, with high lifetime prevalence, a low mood state and
a high rate of suicide. The causes of depression are very diverse, including life events such as
childhood abuse, personality, medical treatments, as well as psychiatric syndromes and non-
psychiatric illnesses like PD, stroke and diabetes. It seems that the pathophysiology of
depression is not due to neuron loss but rather to neuronal atrophy and monoaminergic
neurotransmitter deficiency leading to a reduced synaptic transmission (Duman 2004) and

signal transduction (Duman 2002).

A considerable number of studies have demonstrated that BDNF plays a key role in the
pathophysiology and treatment of depression (Shelton 2007, Krishnan and Nestler 2008). The
tight relationship between BDNF expression/signaling and mood disorders has been
extensively investigated in both human and rodent models (Duman and Monteggia 2006,
Martinowich, Manji et al. 2007, Boulle, van den Hove et al. 2012), and BDNF deficits are
thought to contribute to depression. Numerous papers have indicated that BDNF and TrkB
expression was significantly reduced in the hippocampus as well as in the circulating

peripheral blood of depressed patients, suggesting that BDNF could be considered as a
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valuable biomarker in severe depressive conditions (Dwivedi, Rizavi et al. 2003, Schmidt and
Duman 2007, Hashimoto 2010, Martinotti, Pettorruso et al. 2016). On the other hand,
analyses of postmortem tissues determined that hippocampal BDNF concentrations were
much less reduced in patients treated with antidepressants, compared to those without
antidepressant treatments (Chen, Dowlatshahi et al. 2001). Furthermore, BDNF injections in
the hippocampus or the midbrain region in rodents resulted in similar effectiveness than
antidepressants, as reviewed by Castren (Castren 2004), showing that BDNF downregulation
may be causal in depression. Previous studies have indicated that rats exposed to chronic
stress showed a reduced hippocampal level of BDNF mRNA, as well as a downregulation of
its signaling pathways. This effect was counteracted by antidepressant treatment (Roceri,
Hendriks et al. 2002, Blendy 2006, Castren and Rantamaki 2010, Razzoli, Domenici et al.
2011). Furthermore, a growing body of evidence demonstrated that rodents with BDNF
signaling deficiency were more prone to depression, while injection of BDNF into the
hippocampus reduces depression-like behavior and mimics the effects of antidepressants
(Castren and Rantamaki 2010, Castren and Kojima 2017). Additional published studies
supported the theory that antidepressant effects were mediated, at least in part, through an
increase in hippocampal BDNF levels (Shirayama, Chen et al. 2002, Duman and Monteggia
2006, Tsankova, Berton et al. 2006, Taliaz, Stall et al. 2010).

e. BDNF and epilepsy

Epilepsy is a disease characterized by periodic and unpredictable occurrence of transient
symptoms due to spontaneous abnormal cerebral activity, which are called seizures (Fisher,
Acevedo et al. 2014). In humans and in animal models of epilepsy, decrease in memory
(Helmstaedter and Kockelmann 2006) and learning abilities (Bell, Lin et al. 2011),
inflammation, gliosis, neuronal loss in the hippocampus (Pitkanen and Sutula 2002, Lopim,

Vannucci Campos et al. 2016) have been observed.

A large number of studies with animal models as well as analyses of postmortem brains from
patients with epilepsy have shown that BDNF mRNA and protein expression levels were
increased after epileptic seizures, indicating that epileptic activity may upregulate the BDNF
protein level via a transcriptional activation. For example, increased levels of BDNF mRNA
and protein have been detected in patients suffering epilepsy, in the DG and the CA1-CA3
pyramidal cell layers of the hippocampus (Murray, Isackson et al. 2000, Wang, Li et al. 2011).
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In neuron-specific BDNF” mice, a moderate prevention in epileptogenesis was observed
using the kindling model, consisting with a repeated electric stimulation of the brain (He,
Kotloski et al. 2004). Moreover, using the heterozygous BDNF*" mice, it was shown that the
seizure-induced increase in BDNF concentration was reduced, and the kindling effect on
seizure was lower compared to wild-type mice (Kokaia, Ernfors et al. 1995). Conversely,
kainic acid-induced BDNF overexpressing mice have more severe seizures and display
spontaneous seizures occasionally after treatment (Croll, Suri et al. 1999). Meanwhile, in
mice, BDNF levels increased by transgene overexpression or acute infusion into the
hippocampus could also enhance seizure severity (Croll, Suri et al. 1999, Scharfman,
Goodman et al. 2002). However, it is worth noting that a decreased BDNF level in serum has
been found in adult epileptic patients (LaFrance, Leaver et al. 2010). It is clear that BDNF
may have a role in epileptogenesis, perhaps as a result of its positive regulatory function on
neuronal excitability within the hippocampus (Binder, Croll et al. 2001). As a whole, BDNF
has been thought to be a pro-epileptogenic factor (Rivera, Voipio et al. 2004), possibly
because its expression was stimulated after seizure as an appropriate and physiological
response to epilepsy in order to refrain neuronal death. Conversely, it was reported that
delivery of intrahippocampal BDNF could attenuate or postpone the development of epilepsy
in animal models, unraveling its complex role in the development of this pathology that is still

a matter of debate (Koyama and Ikegaya 2005, Paradiso, Marconi et al. 2009).
f. BDNF and neuropathic pain

Pain is a very complex and subjective phenomenon generally caused by intense and damaging
stimuli that accompanies a large variety of clinical syndromes. Neuropathic pain (NP) (Treede,
Jensen et al. 2008) is associated either with various PNS lesions or injuries in relay structures
of CNS. While the former is mainly characterized by intense alterations of gene expression
pattern and protein interaction network, including inflammatory molecules such as leukocyte
adhesion molecules (Max and Stewart 2008, Belfer and Dai 2010), the latter arises from
metabolic disorders, traumatic injury or neurotoxicity (Calvino and Grilo 2006). Generally,
NP is caused by acute or chronic trauma, neurotoxins, diabetes, tumor compression, viral

infections or side effects of chemotherapy.

Changes in BDNF expression levels in the nervous system associated with numerous animal

models for pain, including peripheral inflammation and neuropathic pain paradigms, have
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been widely reported. Generally speaking, upregulated endogenous BDNF levels have been
reported following nerve injury or inflammation in peripheral tissues (Shu, Llinas et al. 1999,
Narita, Yajima et al. 2000) as well as in the spinal cord (Cho, Kim et al. 1997, Geng, Liao et
al. 2010, Lin, Ro et al. 2011). This increase in BDNF quantity is responsible for synaptic
remodeling and thus the development of chronic pain (Obata and Noguchi 2006). Moreover,
several other groups have also demonstrated that BDNF expression levels were dramatically
increased in the dorsal root ganglion (DRG) under distinct experimental conditions, including
after spinal nerve ligation in rats (Fukuoka, Kondo et al. 2001) and in models of inflammatory
pain where BDNF may function as a neuromodulator (Pezet, Malcangio et al. 2002, Zhang,
Wang et al. 2016). Conversely, in neuropathic pain models where partial injury to peripheral
nerves was provoked, BDNF was decreased in injured sensory neurons while increased in
uninjured ones (Cho, Kim et al. 1998, Zhou, Chie et al. 1999, Fukuoka, Kondo et al. 2001).
Additionally, enduring tactile allodynia (sensitization by normally non-painful stimuli) and
thermal hyperalgesia (overaction to a painful stimulus) could be induced by intrathecal BDNF
injections in mouse vertebra, indicating a direct link between BDNF and neuropathic pain
(‘Yajima, Narita et al. 2005). Some other groups found an opposite effect of BDNF on pain,
pointing out that exogenous BDNF could exert analgesic effects in neuropathic pain (Eaton,
Blits et al. 2002). Even though the role of BDNF in neuropathic pain is contentious, previous
evidence obtained from several animal models has proposed that BDNF exerts a crucial role
in neuropathic pain pathways, acting as a neuromodulator when released from the nociceptive
neurons (Kerr, Bradbury et al. 1999, Thompson, Bennett et al. 1999, Pezet, Malcangio et al.
2002, Zhang, Wang et al. 2016). In models of neuropathic pain, due to the downregulation of
BDNF in injured fibers, it seems reasonable that exogenous BDNF administration with proper
dose and time would exert beneficial anti-nociceptive effect, as already suggested previously
(Miki, Fukuoka et al. 2000, Eaton, Blits et al. 2002).

g. BDNF and drug addiction

Drug addiction is a complex behavioral disorder with a large variety of causes, including
genetic and environmental influences, as well as drug-induced changes in the brain (Kreek,
Nielsen et al. 2005). Developed drug addiction is characterized by a loss of control over a
substance use or a behavior (for instance, gambling), a concern with substance or behavior, a
compulsive drug use despite adverse consequences, and relapses even after long periods of
withdrawal (Moss, Chen et al. 2014, Sharma, Bruner et al. 2016). Laboratory experiments on
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animal models have indicated that activation of the dopaminergic pathway in the brain seems
to be the driver link that has a central role in the rewarding effects of drug abuse and in the
learning process required to form connections between contextual stimuli and rewarding or
aversive events (Spanagel and Weiss 1999, Cadet and Bisagno 2014, Koskela, Back et al.
2017).

Alterations in BDNF mRNA and protein expression have been determined in various brain
regions, especially in relation with the dopaminergic system, following administration or
withdrawal of different classes of addictive compounds in rodents (Russo, Mazei-Robison et
al. 2009). For example, chronic opiate administration in rodents led to a significant increase of
BDNF mRNA levels in diverse cerebral regions, including the nucleus accumbens, medial
prefrontal cortex, ventral tegmental area, and orbitofrontal cortex (Liu, Lu et al. 2006, Chu,
Zuo et al. 2007, Graham, Edwards et al. 2007, Russo, Mazei-Robison et al. 2009). However,
opiate withdrawal after a chronic exposure also resulted in a rapid and prolonged induction of
both BDNF and TrkB mRNA in the locus coeruleus, a structure linked to anxiety (Numan,
Lane-Ladd et al. 1998). In addition, both acute and chronic cocaine administration have been
reported to increase BDNF mRNA and protein levels in the rodent striatum (Zhang, Zhang et
al. 2002, Liu, Lu et al. 2006, Graham, Edwards et al. 2007). Because of its involvement,
particularly in the regulation of activity-dependent neuronal function and synaptic plasticity
(in part by controlling dopamine receptor expression), BDNF plays a key role in the
molecular and cellular adaptations leading to addictive behavior (Guillin, Diaz et al. 2001,

Russo, Dietz et al. 2010), and is of major interest in addiction-related research.

Alcohol use disorders are widespread problems afflicting approximately 10% of the
population worldwide (World Health Organization, 2014), characterized by increased alcohol
consumption over time, loss of control over alcohol drinking and persistent alcohol use
despite negative consequences. Studies have shown that alcohol abuse can lead to cognitive
impairments and behavioral problems in animal models, including anxiety, depression,
deficits in attention, reversal learning and extinction learning (Heinz, Beck et al. 2011,
Kuzmin, Liljequist et al. 2012, Hermens, Lagopoulos et al. 2013, Broadwater, Liu et al. 2014,
Badanich, Fakih et al. 2016). One potential mechanism caused by alcohol consumption could
be neurodegeneration in some hippocampal regions such as CAl, CA2, CA3 and DG (Morris,
Eaves et al. 2010, Taffe, Kotzebue et al. 2010), by altering synaptic plasticity and related
neuronal function (Koob 2003).
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Since disruption of BDNF signaling and prenatal alcohol exposure result in overlapping
detrimental effects, the interactions between alcohol and BDNF may contribute to the
damaging effects of developmental alcohol exposure on neuroplasticity, learning, and
memory measures. A growing body of work has been done to determine how prenatal alcohol
exposure affects BDNF levels in the brain, but these studies highlight the variety of BDNF
alterations depending on species, sex, Kinetics and brain regions. Both mice and rats exposed
to alcohol prenatally presented with decreased levels of BDNF protein and mRNA transcripts
in adulthood in the medial prefrontal cortex (Feng, Yan et al. 2005, Caldwell, Sheema et al.
2008), pointing to decreased BDNF production in hippocampus following prenatal alcohol
exposure. On the other hand, using C57BL/6] mice, Lanfumey’s group has more recently
provided evidence for a different effect and unraveled the underlying mechanism by which
alcohol consumption impacts neuroplasticity, BDNF expression and signaling pathways at the
cellular and behavioral levels. The authors reported that chronic and moderate ethanol intake
induced chromatin remodeling at histone level, such as Histone H3, within the BDNF
promoters (Stragier, Massart et al. 2015), as well as decreased DNA methylation within
the Bdnf gene in the hippocampus (Stragier, Martin et al. 2015). These epigenetic regulations
resulted in elevated BDNF expression (Stragier, Massart et al. 2015) and hippocampal
signaling pathways, but impaired learning and memory capacities analyzed in the contextual
fear conditioning test and the novel object recognition task (Stragier, Martin et al. 2015).
These data suggest that neuroplasticity involving BDNF signaling pathway could be an

adaptive response to the cognitive deficits induced by ethanol consumption.

Altogether, addictive substance use disorders have been characterized as diseases of
maladaptive plasticity (Luscher and Malenka 2011, Nestler 2013), and BDNF seems to be

involved in the mechanisms of cocaine and alcohol addiction.

1.2.3 Conclusion

To summarize, BDNF levels are associated with a large range of physiological and
pathological processes, including learning, memorization, neuronal survival, differentiation,
growth, LTP in the hippocampus, as well as stress response, depression, epilepsy, and various
psychological disorders. These data emphasize the importance of BDNF expression level in
health and diseases. Therefore, it is of much importance to study the mechanisms involved in

the regulation of BDNF expression.
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1.3 Bdnf gene and protein
1.3.1 Bdnf gene structure

The Bdnf gene in mammals has a very complex structure consisting of multiple 5’-non-coding
exons, which are alternatively spliced to generate exon-specific BDNF transcript variants,
with one common BDNF coding exon on the 3°-C terminal end (Liu, Walther et al. 2005, Aid,
Kazantseva et al. 2007, Pruunsild, Kazantseva et al. 2007). It was hypothesized that such a
complex architecture of the Bdnf gene may endow neuronal cells with the ability to
differentially target select BDNF transcripts to specific cellular locations (Chiaruttini, Sonego
et al. 2008, Baj, D'Alessandro et al. 2012) and to modulate their stimulus-responsivity and
translatability (Lauterborn, Rivera et al. 1996, Tao, West et al. 2002).

Previously, it was reported that rodent Bdnf gene consists of four 5’-non-coding exons
(termed exons I-1V) that are spliced onto the common 3’ coding exon (exon V) (Timmusk,
Palm et al. 1993). However, more recently, Aid et al have reported that both rat and mouse
Bdnf gene contains at least eight 5’-non-coding exons (named exons I-VIII) and one 3’-exon
(exon IX) coding pro-BDNF protein (Aid, Kazantseva et al. 2007) (Fig. 4). Here, we use the
new nomenclature. By performing 5’ rapid amplification of cDNA ends (5 RACE) from rat
hippocampal RNA, it was found that each exon contains a transcription initiation site and the
MRNAs spliced from all of the exons are transcribed from distinct and separate promoters
(termed promoters 1-9), with tissue- and cellular-specific expression (Timmusk, Palm et al.
1993, Aid, Kazantseva et al. 2007). In general, closely located exons in the genome are
expressed in a similar manner: all BDNF mRNA isoforms are expressed in brain-enriched
patterns, while exons 1V, V and VI are also widely expressed in non-neural tissues (Aid,
Kazantseva et al. 2007).
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Fig. 4 Exon/intron structure and alternative transcripts of mouse and rat Bdnf genes. A:
Rat Bdnf gene structure as described by Timmusk et al (Timmusk, Palm et al. 1993). Exons are shown as boxes
and introns are shown as lines. B: The new arrangement of exons and introns of mouse and rat Bdnf genes
determined by Aid et al (Aid, Kazantseva et al. 2007). The schematic representation of BDNF transcripts in
relation to the gene is shown below the gene structure. UTRs of the exons are indicated by open boxes, and the
region coding for mature BDNF protein is indicated by the filled boxes. Each transcription unit may use one of
the two alternative polyadenylation signals in the 3” exon (arrows). For exon II, three different transcript variants,
1A, 1IB, IIC, are generated as a result of using alternative splice-donor sites in exon Il (arrows marked A, B, and
Q).

Furthermore, the various BDNF transcripts display distinct subcellular localization (Aid,
Kazantseva et al. 2007), suggesting that spatially restricted effects occur as a function of
molecular and physiological regulation. More specifically, Aliaga et al. (Aliaga, Mendoza et
al. 2009) reported that in mouse hippocampal neurons, while transcripts I and I mRNA
appear to be weakly expressed and distributed within the cytoplasmic compartment, exon 1V
MRNA is concentrated in the soma, surrounding the nucleus and exon VI mRNA is strongly
expressed in the soma and the proximal dendrites. A similar localization of these exon-
containing transcripts has been observed in cortical neurons (Pattabiraman, Tropea et al.
2005). On the other hand, with two polyadenylation signals in exon IX, generating either a
short or a long 3’untranslated region (3’UTR), the Bdnf gene produces two populations of
transcripts (Timmusk, Palm et al. 1993). A previous study showed that the short 3’'UTR
BDNF mRNA is only expressed in cell bodies while the long form is also present in the
dendrites, being exported from the perikaryon of cortical and hippocampal neurons of rodent

models (An, Gharami et al. 2008). The lack of the long 3’UTR BDNF mRNA, which seems
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essential for late phase of dendritic spine maturation, may contribute to disease such as
obesity in the mice, as reported by another study (Liao, An et al. 2012). Altogether, the
modalities of this spatial code of exon-specific BDNF expression still need to be clarified.
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Fig. 5 BDNF gene structures in the rodent and human. Exons are shown as boxes and introns are
shown as lines. UTRs of the exons are indicated by open boxes, and the region coding for mature BDNF protein
is indicated by the filled boxes. Each transcription unit may use one of the two alternative polyadenylation
signals in the 3° coding exon (exon 1X). For exons Il and 1X, several different transcript variants are generated as
a result of using alternative splice-donor sites in exon Il (arrows marked A, B, C and D). The start codon ATG
marking the initiation of transcription is represented by the red boxes. The green box shows the region of exon
IX coding for the pro-BDNF protein. Adapted from Boulle et al. 2012 (Boulle, van den Hove et al. 2012).

In comparison, the structure of the human BDNF gene determined by Pruunsild et al.
(Pruunsild, Kazantseva et al. 2007) is similar, although more complex, than that reported by
Aid et al. in rodents (Aid, Kazantseva et al. 2007) (Fig. 5). Briefly, the human BDNF gene
spans about 70 kb and consists of 11 exons (I-V, Vh, VI-VIII, VIIih and IX), with two more
exons (Vh and VIIIh) than the rodent Bdnf; adding more complexity to the regulation of
human BDNF (Pruunsild, Kazantseva et al. 2007). The transcription initiation sites in human
BDNF gene are generally conserved with the respective regions in rodents (Pruunsild,
Kazantseva et al. 2007). Pruunsild et al. (Pruunsild, Kazantseva et al. 2007) pointed out that
exons I, VIl and VIII in human BDNF gene also contain alternative translation start sites that
lead to a pre-pro-BDNF protein with longer N-termini, whereas for exons II, 111, 1V, V, Vh,
VI and VIIlh- containing transcripts, translation starts from exon IX. In human, exon IX is
further subjected to internal splicing and/or transcription-initiation, leading to the generation
of alternative transcripts (exons IXa, IXb, IXc and 1Xd), forming three distinct exon IX
containing mRNAs composed of IXbd, IXabd and IXabcd, while the transcript containing
exon IX is the only form in rodents (the counterpart in human is IXabcd) (Aid, Kazantseva et
al. 2007, Pruunsild, Kazantseva et al. 2007). In addition, Pruunsild et al. (Pruunsild,

Kazantseva et al. 2007) also found that BDNF transcripts containing exons I, 111, IV, V and
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VII are mostly brain specific, whereas the others, in addition to the brain, are also expressed
in non-neuronal tissues. Likewise the expression pattern of BDNF mRNAs in rodents, it was
also reported that the most abundant transcripts in human non-neural tissues were messengers

containing exons VI and 1Xabcd (Pruunsild, Kazantseva et al. 2007).

In summary, both rodent and human BDNF genes are transcribed from multiple promoters to
generate a heterogeneous population of BDNF mRNA, together with the complex
transcriptional regulatory mechanisms that may act at different levels, leading to a complex
and fine-tuning regulation of BDNF expression. Transcriptional control of BDNF expression
through activation of distinct promoters and usage of different polyadenylation sites could
influence BDNF mRNA stability, translatability, localization and the kinetics of stimuli-
responsiveness, thus providing the possibility of powerful control in the modulation of the
expression of this key neurotrophin. This testifies probably the crucial physiological

importance of this gene.

1.3.2 BDNF protein processing

According to the initiation codon within the BDNF transcript variants, BDNF is initially
synthesized as an unique precursor protein known as pre-pro-BDNF in the endoplasmic
reticulum. This precursor protein contains a signal peptide for the secretory pathway, N-
linked glycosylation sites, and pairs of basic amino acids that are recognized by processing
enzymes (Binder and Scharfman 2004). After the signal peptide is removed, the 32 kDa
proBDNF is transported into the Golgi for sorting into either constitutive or regulated
secretory vesicles (Greenberg, Xu et al. 2009). Pro-BDNF may be cleaved into biologically
active mature BDNF (mBDNF, 14 kDa) intracellularly in the trans-Golgi by the calcium-
dependent serine protease furin, or in the immature secretory granules by proprotein
convertases (Mowla, Pareek et al. 1999), at a dibasic cleavage site in the middle of the
precursor protein (Seidah, Benjannet et al. 1996, Greenberg, Xu et al. 2009). Along this line,
it has been shown that pro-BDNF is colocalized with mBDNF in secretory granules (Dieni,
Matsumoto et al. 2012), and BDNF is secreted as a mixture of pro-BDNF and mature BDNF
(McCarthy, Brown et al. 2012).

Actually, the pro-region of BDNF may regulate the sorting of the pro-BDNF, by binding to
the lipid-raft-associated carboxy peptidase E (CPE) and by interacting with the

transmembrane protein sortilin (Lou, Kim et al. 2005). Following that, BDNF is sorted into
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regulated secretory pathways through the trans-Golgi network, and transported to releasing
vesicles for activity-dependent secretion (Lessmann, Gottmann et al. 2003). In axons, BDNF
is transported mainly in the anterograde direction through the fast axonal flow, and released to
postsynaptic neurons in an activity-dependent manner (Kohara, Kitamura et al. 2001). In
dendrites, BDNF is transported to the distal parts and is released also in an activity-dependent

manner, which requires Ca?* influx (Chen, Patel et al. 2004).

It was initially thought that only the secreted mMBDNF was biologically active, while pro-
BDNF just serves as an inactive precursor, exclusively localized intracellularly. However, a
growing body of evidence has shown that pro-BDNF may be secreted and converted to
mBDNF in vitro by plasmin and regulate its own sorting, just as already described above,
indicating the biological activities of this precursor protein (Pang, Teng et al. 2004). It has
been also reported that pro-BDNF may interact with the low-affinity p75NTR (Fayard,
Loeffler et al. 2005), which is less specific, thus inducing differential signaling pathways,
including the c-Jun N-terminal kinase (JNK) signaling cascade and nuclear factor-kB (NF-xB)
signaling (Roux and Barker 2002, Reichardt 2006) (Fig. 2). Pro-BDNF has altered binding
characteristic and distinct biological activity in comparison with mature BDNF protein (Lee et
al 2001; Teng et al 2005). Interestingly, there are several points for crosstalks between the
TrkB and p75NTR cascades (Bibel, Hoppe et al. 1999). However, neurotrophin-mediated
effects through these two pathways often exert opposing actions (Miller and Kaplan 2001).
For example, TrkB receptor activation promotes neuronal survival and differentiation
(Barnabe-Heider and Miller 2003, Yang, Liang et al. 2017), while the engagement of p75NTR
frequently, but not invariably, promotes apoptosis (Lee, Kermani et al. 2001, Teng, Teng et al.
2005, Sun, Lim et al. 2012, Gaub, de Leon et al. 2016).

Taken together, these findings indicate a complexity not only in the mechanisms underlying
the synthesis of the mature form of BDNF, the secretory pathway, and its dendritic trafficking,

but also in the biological activities of pro-BDNF.

1.3.3 BDNF Val66Met variant

Within the human BDNF gene, at codon 66 in the pro-domain of the BDNF molecule
(Anastasia, Deinhardt et al. 2013), a functional single nucleotide polymorphism (SNP)
produces a non-conservative substitution from valine to methionine, generating three possible

genotypes (Val/Val, Val/Met and Met/Met), indicating clues for potential functions of the
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pro-domain (Egan, Kojima et al. 2003). In a European-American population, the Val/Met
substitution has been identified in 28% of the subjects, while Val/Val was found in 67% and
Met/Met in remaining 5% of the individuals (Egan, Kojima et al. 2003). However, these

percentages vary in individuals of other ethnicities.

It was shown that the presence of the methionine allele in BDNF Val66Met was associated
with altered BDNF trafficking and localization, and with a reduction in activity-dependent
BDNF secretion when transfected in rat hippocampal neuron culture (Egan, Kojima et al.
2003). In a functional neuroimaging study, individuals carrying the Met allele showed less
hippocampal activation during memory encoding and retrieval than the Val homozygotes
(Hariri, Goldberg et al. 2003). Consistent behavioral results were observed in another study,
with Met homozygotes exhibiting significantly poorer performances on a verbal episodic
memory test when compared with Val homozygotes (Egan, Kojima et al. 2003). Moreover,
there is now accumulating evidence that the BDNF Val66Met polymorphism modulates
human neuroplasticity. In particular, results from a number of studies suggest that the Met
allele confers reduced plasticity in the motor cortex (Antal, Chaieb et al. 2010, Fritsch, Reis et
al. 2010). Collectively, the human phenotypes associated with the VVal66Met polymorphism in
neuropsychiatric disorder conditions have been linked to impaired sorting and secretion of
BDNF, leading to impaired neuronal plasticity, hippocampal activation and cognitive

behaviors.

In conclusion, the presence of this genetic variation BDNF Val66Met gives rise to an
additional impairment in the translation and complexity in the regulation of BDNF gene in
humans. However, BDNF Val66Met polymorphism provides an illustration on how a specific
genetic variant may have direct implications in neuroplasticity and cognitive performances

(Pascual-Leone, Freitas et al. 2011).

1.4 Regulation of BDNF expression

During postnatal development, BDNF levels are dynamically regulated, in part, by neuronal
activity-dependent mechanisms (Poo 2001). Interestingly, BDNF is not only required for
synaptic plasticity and brain function, but also its expression is also triggered by neuronal
activity both in vitro and in vivo. This is consistent with the notion that gene transcription and
new protein synthesis are required for both LTP and memory formation (Kandel 2001,

Malenka and Bear 2004). BDNF transcription is significantly induced by calcium influx and
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neural activity. For example, calcium influx through L type voltage gated calcium channel (L-
VGCC) (Tao, Finkbeiner et al. 1998) or NMDAR (Tabuchi, Nakaoka et al. 2000, Zheng,
Zhou et al. 2011) robustly increases BDNF mRNA in cultured neurons. Electrical activity
such as high frequency stimulation which induces LTP, also stimulates BDNF transcription in
brain slices (Patterson, Grover et al. 1992). In living rats, enrichment of BDNF transcripts has
been reported after physical exercise (Neeper, Gomez-Pinilla et al. 1995), training of
contextual learning (Hall, Thomas et al. 2000), exposure to a novel environment (Young,
Lawlor et al. 1999), chronic exposure to drugs of abuse (Wang, Lv et al. 2010), as well as
kainic acid (KA)-induced seizure (Timmusk, Palm et al. 1993). Intriguingly, BDNF
transcription leads to various BDNF mRNA isoforms (Timmusk, Palm et al. 1993, Lubin,
Roth et al. 2008) in different cell types in response to different neuronal activities. For
example, fear conditioning increases BDNF mRNA containing exon | and IV in hippocampus
(Lubin, Roth et al. 2008, Fuchikami, Yamamoto et al. 2010) and amygdale (Rattiner, Davis et
al. 2004, Ou and Gean 2007), whereas fear memory extinction enhances exon | and IV-

containing BDNF transcripts in prefrontal cortex (Bredy, Wu et al. 2007).

The molecular events involved in the stimulation of BDNF expression by synaptic plasticity
were extensively analyzed at the transcriptional level. Several transcription factors
contributing to the regulation of BDNF promoters have been already characterized, such as
CAMP response element-binding (CREB) protein (Tao, Finkbeiner et al. 1998), upstream
stimulatory factor 1/2 (USF1/2) (Shieh, Hu et al. 1998), and calcium-responsive transcription
factor (CaRF) (Tao, West et al. 2002). Thus far, among all of the promoters that control the
transcription of distinct exons, regulation of exon 1V has received most attention. Along this
line, it was proposed that exon 1VV-containing BDNF mRNA is the major form induced by
neuronal activity in cortical neurons (Tao, Finkbeiner et al. 1998, Zheng and Wang 2009,
Zheng, Zhou et al. 2011).

In addition to the regulation by synaptic activity and transcription factors, epigenetic
mechanisms including direct methylation of DNA and chromatin remodeling also mediate
BDNF expression, either repressing or promoting gene transcription. DNA methylation is an
important epigenetic mechanism for BDNF transcription. For example, maltreatment of rat
pups, such as exposure to stressed foster mothers, may produce long-term changes in BDNF
expression through DNA methylation in the prefrontal cortex (Roth, Lubin et al. 2009). In
general, DNA hypermethylation leads to the reduction of BDNF transcription, possibly due to
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the reduced binding and assembly of transcription machinery (Levenson, Roth et al. 2006,
Sharma, Tun et al. 2008). Moreover, it seems that such epigenetic regulation of BDNF
transcription may vary depending upon the type of neurons and the nature of stimulation.
Modifications in chromatin structure result from the post-translational modification on histone
proteins by acetylation, methylation, and phosphorylation (Bird 2007). HDAC2 (histone
deacetylase 2) knockout mice demonstrated that HDAC2 enhanced synaptic plasticity and
memory formation, whereas HDAC2 over-expressing animals displayed learning deficits
(Guan, Haggarty et al. 2009). Furthermore, treatment of trichostatin A (TSA), a classical
inhibitor of HDAC1 and HDAC?2, increased histone H3 and H4 acetylation at Bdnf promoter |
in Neuro-2A cells (Ishimaru, Fukuchi et al. 2010). Altogether, inhibition of HDAC activity in
neuronal cells increases BDNF expression, which may be involved in enhanced synaptic

plasticity and learning process.

BDNF expression was also reported to be profoundly modulated by stress (Tsankova, Berton
et al. 2006), which depend upon the dose and duration of stressors (Tapia-Arancibia, Rage et
al. 2004). It has been demonstrated by several studies that BDNF expression, at both mRNA
and protein levels, were significantly downregulated, predominantly in the DG and CA3
hippocampal subfields, as demonstrated by in situ hybridization and immunocytochemistry,
following both acute (2-8 h) (Smith, Makino et al. 1995, Ueyama, Kawai et al. 1997, Lee,
Saruta et al. 2008) and chronical (10 days to 6 weeks) (Murakami, Imbe et al. 2005, Tsankova,
Berton et al. 2006, Nair, VVadodaria et al. 2007, Rothman, Herdener et al. 2012) stresses. In
contrast, BDNF transcripts containing exons |, Il, Il were transiently increased in the
hippocampus after shorter stress sessions (15 min to 1 h) (Marmigere, Givalois et al. 2003).
Therefore, the relationship between stress and BDNF is complex. Additionally, exposure to
acute or chronic stress is a physiological state in which enhanced levels of circulating
glucocorticoids (GC) are observed (Herman and Cullinan 1997, Jankord and Herman 2008).
Thus, the involvement of GC in regulating the effects of stress on BDNF expression levels
has often been proposed (Smith, Makino et al. 1995, Murakami, Imbe et al. 2005, Dwivedi,
Rizavi et al. 2006, Asadi, Hedman et al. 2008, Gourley, Kedves et al. 2009, Cheung, Leung et
al. 2011, Kumamaru, Numakawa et al. 2011), indicating that the effects of stress and high GC
exposure on BDNF expression are similar within the hippocampus. Functional interactions
between GC and BDNF have been studied and reviewed extensively (Kumamaru, Numakawa
et al. 2011, Jeanneteau and Chao 2013, Numakawa, Adachi et al. 2013, Suri and Vaidya

2013), but are not clearly defined yet, especially at the molecular level.
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In summary, the dynamic regulation on BDNF expression at multiple levels has indicated
how cellular signaling and genomic processing enable excitable neurons to cope with the
environmental changes. Importantly, altered expression of BDNF as well as mutations of
many transcription regulators are involved in a large variety of neurological disorders
including depression (Duman and Aghajanian 2012), neurodegeneration (Milnerwood and
Raymond 2010, Allen, Watson et al. 2011) and addiction (Russo, Mazei-Robison et al. 2009).
Several levels of regulation of BDNF action, including the expression, protein processing,
distinct receptors and signaling cascades, may explain how this neurotrophin exerts so many
different functions. It could be expected that a better understanding of the regulation of BDNF

expression levels and of its function may open new therapeutic options.
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2. Glucocorticoid receptor (GR) in the brain

As mentioned in Chapter 1, BDNF expression is dynamically regulated by various factors,
among which the involvement of glucocorticoids (GC) has often been proposed (Smith,
Makino et al. 1995, Murakami, Imbe et al. 2005, Dwivedi, Rizavi et al. 2006, Asadi, Hedman
et al. 2008, Gourley, Kedves et al. 2009, Cheung, Leung et al. 2011, Kumamaru, Numakawa
et al. 2011). In the brain, GC act by binding to its two receptors, the mineralocorticoid
receptor (MR, or NR3C2) and glucocorticoid receptor (GR, or NR3C1) localized in the
cytoplasm when unbound then translocating into the nucleus in the presence of hormone.
More recently, MR and GR were also described to be located at the membrane (de Kloet,
Joels et al. 2005, Ayrout, Simon et al. 2017). GC and its receptors are associated with
numerous physiological and pathological processes in the hippocampus (Oitzl and de Kloet
1992, Pavlides, Ogawa et al. 1996, Pavlides and McEwen 1999, de Kloet, Joels et al. 2005,
Abrari, Rashidy-Pour et al. 2009, Scheuer 2010, Hawkins, Gomez-Sanchez et al. 2012,
Munier, Law et al. 2012, Fitzsimons, van Hooijdonk et al. 2013). Ligand-bound GR and MR
can bind to specific DNA response elements as homo- or heterodimers, to activate
transcription of several sets of target genes (Trapp and Holsboer 1996, Mifsud and Reul 2016,
van Weert, Buurstede et al. 2017), that may include BDNF which is involved in the same

functions.

2.1 Glucocorticoids (GC) act in the brain by binding to GR and MR

GC are steroid hormones of much importance in vertebrates. These hormones are synthesized
and released by the adrenal cortex in a circadian manner as well as in response to stress and
their secretion is tightly regulated by the hypothalamic-pituitary-adrenal (HPA) axis (Fig. 6).
The internal signals like circadian clock or external ones such as stressful changes act on the
paraventricular nucleus (PVN) in the hypothalamus to produce corticotropin releasing
hormone (CRH), which controls the synthesis and secretion of adrenocorticotropic hormone
(ACTH) in the anterior pituitary. Subsequently, in periphery, ACTH stimulates the production
and secretion of GC released from the adrenal cortex. Moreover, GC could mediate the stress
responses in many organs, including the CNS. GC levels in the brain present similar patterns
than in the plasma, although delayed by diffusion through the blood brain barrier, maintaining
the ultradian pulses and the stress responses between the periphery and the CNS (Droste, de
Groote et al. 2008). In the CNS, GC also limit both the magnitude and duration of the GC

increase by inhibiting the production and release of CRH and ACTH in a classic negative
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feedback loop (Fig. 6) (Joels and Baram 2009), resulting in a return of the HPA axis to
homeostasis (Meaney, Diorio et al. 1996, De Kloet, Vreugdenhil et al. 1998).
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Fig. 6 Regulation of glucocorticoid hormone secretion by the hypothalamic-pituitary-

adrenal (HPA) axis (Oakley and Cidlowski 2013). The hypothalamus secretes the corticotrophin
releasing hormone (CRH) under the control of the environment, stress and the circadian rhythm. CRH in the
portal blood stimulates anterior pituitary gland to produce adrenocorticotropin hormone (ACTH) that triggers the
secretion of glucocorticoids (GC) by the adrenal glands. GCs also act on the hypothalamus and anterior pituitary
gland to limit the GC increase by inhibiting the production and release of CRH and ACTH in a classic negative
feedback loop.

Generally, GC act on maintaining homeostasis both in normal circadian clock response and in
the conditions of stressful perturbations. Regulating a plethora of physiological processes, GC
are strongly associated to cognition, behavior, emotions, skeletal growth, reproduction,
immune function, and intermediary metabolism (Barnes 1998, Sapolsky, Romero et al. 2000).
Due to their powerful anti-inflammatory and immune-suppressive actions, synthetic GC are
one of the most widely prescribed drugs for treating inflammatory and autoimmune diseases,
such as asthma, allergy, multiple sclerosis, sepsis, and ulcerative colitis (Rhen and Cidlowski

2005, Busillo and Cidlowski 2013). However, the glucocorticoid therapeutic benefits are
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limited because the patients chronically treated with these hormones develop severe side
effects, which affect many physiological systems, triggering Cushing-like symptoms,
hypertension, diabetes, osteoporosis, skin atrophy, but also depression, asthma, behavioral
effects, impaired stress response, adrenal suppression, and immunosuppression (Miner, Hong
et al. 2005, Rhen and Cidlowski 2005).

In MR and/or GR target tissues, GC may bind to its two receptors MR and GR, or
preferentially to one of them, depending on the GC levels, the relative receptor affinities as
well as the intracellular environments. Both GR and MR belong to the nuclear receptor
superfamily and mainly act as ligand-dependent transcription factors (Committee 1999,
Viengchareun, Le Menuet et al. 2007). Of note, MR is highly expressed only in neurons of the
limbic system, especially in the hippocampus, while GR is ubiquitously expressed throughout
the brain. While GR mainly binds GC, MR is a target for both mineralocorticoids, mainly
aldosterone and GC. In the plasma, glucocorticoid concentrations are at least one hundred
times higher than that of mineralocorticoids (de Kloet, Van Acker et al. 2000).
Mineralocorticoid and glucocorticoid hormones are often referred to as corticosteroid
hormones. Furthermore, MR displays a 10-fold higher affinity for GC than GR (Reul and de
Kloet 1985, de Kloet, Van Acker et al. 2000), thus MR should be mainly considered as a GC-
activated receptor which is very likely fully occupied at physiological levels of GC, whereas
GR is only significantly occupied and activated under high GC concentrations, such as at its
peak of the circadian rhythm or under stress (Trapp and Holsboer 1996). Once bound by GC,
MR and GR function as transcription factors, directly binding to glucocorticoid response
elements (GRE) or indirectly interacting with other transcription factors, to activate or repress
the transcription of target genes (Trapp and Holsboer 1996, Mifsud and Reul 2016, van Weert,
Buurstede et al. 2017).

In epithelial cells, the 11B-hydroxysteroid dehydrogenase type 2 (11BHSD2) enzyme converts
cortisol and corticosterone into inactive metabolites (cortisone and 11-dehydrocorticosterone,
respectively). In contrast, in non-epithelial MR target cells such as neurons this enzyme is not
expressed. Because of the presence of the blood-brain barrier which is poorly permeable to
aldosterone, the main mineralocorticoid hormone, and the lack of the enzyme 113HSD?2, it is
assumed that GC function by binding to both the two types of receptors, GR and MR in the
CNS (de Kloet, Joels et al. 2005). That is, through this one hormone-two receptor system
working in balance, GC mediate a large spectrum of actions in the brain.
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Fig. 7 GR splice variants (Oakley and Cidlowski 2013). The GR primary transcript is composed of
9 exons. Exon 2 encodes the NTD, exons 3-4 encode the DBD, and exons 5-9 encode the hinge region (H) and
LBD. GRa results from splicing exon 8 to the beginning of exon 9. GRB, GRy, GR-A, and GR-P are generated
by the depicted alternative splicing events.

GR is structured in three major domains: an N-terminal domain (NTD) which contains several
functions for transactivation, a central DNA-binding domain (DBD), and a C-terminal ligand
binding domain (LBD) (Fig. 7) (Kumar and Thompson 2005). Besides, a flexible region of
the protein termed the hinge region exists separating the DBD and LBD. Among them, the
DBD is the most conserved domain across the nuclear receptor family and contains two zinc
finger motifs that recognize and bind the specific target DNA sequence GRES. The human
NR3C1 gene, encoding GR, consists of 9 exons. The NTD is encoded by exon 2, the DBD by
exons 3 and 4, and the hinge region and LBD by exons 5-9 (Fig. 7). Two main receptor
isoforms, termed GRa and GRp, were generated by the alternative splicing in exon 9 (Fig. 7)
(Bamberger, Bamberger et al. 1995, Oakley, Sar et al. 1996). The former is the classic GR
protein that mediates GC actions and is highly expressed, while the latter does not bind
glucocorticoid agonists and does not transactivate on glucocorticoid-responsive reporter genes
(Lewis-Tuffin and Cidlowski 2006, Kino, Su et al. 2009). Furthermore, alternative translation
initiation from GRa mMRNA transcript gives rise to an additional cohort of GRo. N-terminal
isoforms, including GRa-A, GRa-B, GRa-C1, GRa-C2, GRa-C3, GRa-D1, GRa-D2, and
GRa-D3 (Yudt, Jewell et al. 2003, Lu and Cidlowski 2005). Thanks to additional alternative
splicing and alternative translation initiation, multiple GR proteins exist, derived from a single
gene. Moreover, various post-translational modifications occur on these functionally distinct

GR subtypes that further modulate their signaling properties (Oakley and Cidlowski 2013).
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Exhibiting the classical structure of members of the nuclear receptor super family, MR is also
composed of three main functional domains, NTD, DBD, and LBD (Arriza, Simerly et al.
1988, Pascual-Le Tallec and Lombes 2005, Huang, Chandra et al. 2010, Huyet, Pinon et al.
2012). Each of them is of much importance for transcriptional responses (Fuller, Yao et al.
2012, Faresse 2014). Of note, MR protein shows highly conserved primary sequences with
that of GR in DBD and LBD regions, but a weaker homology within NTD region (Bledsoe,
Montana et al. 2002, Baker, Funder et al. 2013). Furthermore, a multiple alignment of the
LBD sequence of vertebrate MR and GR has been used for phylogenetic analysis of the
closely related MR and GR, as well as to identify sites that could be important in functional
divergence of vertebrate MR from the GR (Baker and Katsu 2017).

2.2 GR signaling pathways

The physiological and pharmacological actions of GC are mediated by GR. Partly through
binding to the GRE sequences, glucocorticoid-bound GR induces or represses transcription of
target genes which could comprise up to 10-20% of the human genome (Galon, Franchimont
et al. 2002, Lu, Collins et al. 2007, Ren, Oakley et al. 2012). Importantly, since MR and GR
share the same ligands, as well as the same genomic targets located in DNA regulatory
sequences (Trapp and Holsboer 1996, Mifsud and Reul 2016, van Weert, Buurstede et al.
2017), the relative contribution and role of neuronal MR and GR and the regulation of their

potential target genes should be investigated together.

In the cytoplasm of target cells, hormone-free GR combines with multiple proteins, including
chaperone proteins (hsp90, hsp70, and p23) and immunophilins of the FK506 family
(FKBP51 and FKBP52), forming a large hetero-oligomeric complex (Fig. 8) (Pratt and Toft
1997, Grad and Picard 2007). This combination with these proteins maintains the receptors in
a transcriptionally inactive conformation but does favor binding to high affinity ligands. In the
CNS, upon GC binding, GR undergoes conformational changes that lead to the dissociation of
the associated proteins, and activation of the two nuclear localization signals (Pratt and Toft
1997, Grad and Picard 2007). Given that these signals were exposed due to the structural
rearrangement, GR is rapidly translocated into the nucleus through nuclear pores (Freedman
and Yamamoto 2004, Oakley and Cidlowski 2013).
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Fig 8. GR signaling pathways (Oakley and Cidlowski 2013). Glucocorticoid-activated GR
regulates gene expression in 3 primary ways: binding directly to DNA (A), tethering itself to other DNA-bound
transcription factors (B), or binding directly to DNA and interacting with neighboring DNA-bound transcription
factors (C). GR can also signal in a non-genomic manner through alterations in the activity of various kinases.

Once inside the nucleus, GR could bind directly to GREs and regulates the expression of
target genes (Fig. 8) (Beato 1989, Freedman 1992). The consensus GRE sequence,
GGAACANNNTGTTCT, is an imperfect palindrome, composed of two 6 bp half sites. GR
binds this element as a homodimer or heterodimer with MR, with one receptor monomer
occupying each half site (Trapp and Holsboer 1996, Mifsud and Reul 2016, van Weert,
Buurstede et al. 2017). Between these two half sites, 3 nucleotide spacing is strictly required
for GR to dimerize on this element. It has been shown that the GRE is able to regulate the
glucocorticoid-dependent induction of many genes (Bamberger, Schulte et al. 1996, Jin and
Choi 2017) and therefore is often referred to as an activating or positive GRE. Additionally, a
conserved inverted repeated negative GRE (nGRE) mediating glucocorticoid-dependent
repression of specific genes has also been characterized (Surjit, Ganti et al. 2011, Hua, Paulen
et al. 2016). Differing from the classic GRE in sequence, the consensus nGRE sequence,
CTCC(n)o-2GGAGA, has a variable spacer that ranges from 0 to 2 nucleotides. This motif

could be occupied by two GR monomers that do not homodimerize (Hudson, Youn et al. 2013,
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Hua, Paulen et al. 2016). These nGREs are localized abundantly throughout the genome, but
more investigation is needed to clarify to which extent GR binds this motif to directly repress
target genes (Oakley and Cidlowski 2013). Another important question remains whether MR
is also able to interact to this sequence, and whether this element could also constitute a gene

expression activator.
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Fig 9. Simplified illustration of the mechanisms of glucocorticoid actions on the CNS (Le

Menuet and Lombes 2014). (A) at low glucocorticoid (GC) concentration, MR is already fully occupied
by GC, recruits a distinct set of coregulators (e.g., SRC1, CBP/p300, RIP 140), binds to glucocorticoid response
elements (GRE) on the DNA to activate transcription of a specific set of genes. (B) at high GC concentration,
liganded GR binds to its own set of GRE, interacts with coactivators to stimulate transcription. (C) at
intermediary levels of GC, MR and GR likely form heterodimers on some target gene regulatory sequences.

It has been revealed, by global GR recruitment assays using Chromatin Immunoprecipitation
and sequencing (ChIP-seq) experiments, that the specifically bound GREs vary in a tissue-
specific manner due to differences in chromatin accessibility and exposure (John, Sabo et al.
2011). These data indicated that various actions of GC on diverse tissues could be partially

attributed to cell-type, specific differences in the chromatin landscape that influence which
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GREs are accessible for MR/GR binding. The corticosteroid receptor binding sites have been
screened in adrenalectomized (ADX) rat hippocampus using Chromatin Immunoprecipitation
(ChIP) with anti-GR and anti-MR antibodies followed by sequencing (Polman, de Kloet et al.
2013, van Weert, Buurstede et al. 2017). According to the most recent report of van Weert et
al, 918 and 1450 non-overlapping binding sites were found for MR and GR, respectively, as
well as 475 loci co-occupied by both MR and GR. It was proposed that low corticosterone
concentrations promote MR homodimer binding while higher doses trigger GR activation (Fig.
9) (Le Menuet and Lombes 2014). On the other hand, heterodimerization of GR and MR may
occur on target sequences under some specific conditions (Fig. 9) (Le Menuet and Lombes
2014).

Since GR cycles between bound and unbound states every few seconds, the interaction of GR
with DNA is highly dynamic (McNally, Muller et al. 2000). Once bound to the GRE, the
receptor undergoes additional conformational and post-translational changes resulting in the
recruitment of coregulators and chromatin-remodeling complexes, which finally modulates
gene transcription levels (Jenkins, Pullen et al. 2001, Rosenfeld and Glass 2001, Lonard and
O'Malley 2005). Cofactors regulating transcriptional activation include steroid receptor
coactivators (SRC 1-3) of the p160 family, the histone acetyltransferases CBP/p300, and the
nuclear methylase coactivator-associated arginine methyltransferase (CARM1). Corepressors
such as nuclear receptor corepressor 1 (NCoR) and silencing mediator of retinoid and thyroid
hormone receptors (SMRT) are recruited to GR bound to nGREs. The specific assembled
cofactors and corepressors, as well as their subsequent activity of the transcriptional
complexes, are dependent on both the nature of the glucocorticoid ligands and the specific
GRE sequence bound by the receptors (Meijsing, Pufall et al. 2009, Ronacher, Hadley et al.
2009). Using serial analysis of gene expression (SAGE) experiments on ADX rats treated
either by low (activating MR) or high (activating GR) concentrations of corticosterone, the
distinct control of gene expression by MR and GR in the hippocampus was investigated at the
genomic level (Datson, van der Perk et al. 2001). It was shown that subsets of genes regulated
by MR and GR did not overlap much, since 98 MR-responsive genes and 72 GR-responsive
ones were identified and 33 genes were regulated by both receptors, even if the two receptors
share the same DNA binding sequence GRE. These genes were associated to functions
ranging from metabolism to neuronal connectivity and neurotransmission (Datson, van der
Perk et al. 2001). These diversities between MR and GR target genes could be partially

accounted for their ability to interact with different sets of coactivators or corepressors (Fig. 8)
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(Pascual-Le Tallec, Simone et al. 2005), as well as the distinct protein-DNA binding patterns
(Mifsud and Reul 2016). Recently, with serial and tandem ChIP analyses, Misfud et al.
proposed that in rats, after forced swim stress, MR and GR bind concomitantly to the same
GRE sites within FK506-binding protein 5 (Fkbp5) and period circadian clock 1 (Perl), as
both homo- and heterodimers, but the GREs within serum- glucocorticoid- inducible kinase 1
(Sgk1) only recruit homodimers of MR or GR, indicating a gene-dependent pattern of each
receptor binding (Mifsud and Reul 2016). All these findings provide insight into how MR and
GR interact with the hippocampal genome.

Besides, GR could also regulate transcription of target genes, independently from classical
GRE binding but rather by physically interacting with other transcription factors (Fig. 8), by
tethering or composite manners. For example, interacting with specific members of the STAT
family, either apart from or in conjunction with GRE binding, GR has been shown to enhance
the transcription of responsive genes (Rogatsky and Ivashkiv 2006). An alternative
mechanism called transrepression represents the main mechanism by which activated GR
represses the activity of a growing list of pro-inflammatory transcription factors, including
AP1, NF-xB and CREB, partially explaining why GC suppress inflammation. In brief, GR
directly binds to the Jun subunit of AP1 or the p65 subunit of NF-kB and interferes with the
transcriptional activation of these two proteins (Yang-Yen, Chambard et al. 1990, Nissen and
Yamamoto 2000). For some genes such as NF-kB, the repressing function is achieved by GR
tethering to these DNA-bound proteins without direct GR binding to any specific GRE.
However, for other genes, GR acts in a composite manner, binding directly to a GRE and
physically associating with AP1 bound to a neighboring site on the DNA. In addition, it has
also been reported that GR and CREB show mutual functional interference of their
corresponding transcriptional activities (Stauber, Altschmied et al. 1992). One example of
such positive transcriptional outcome was documented for the somatostatin and
phosphoenolpyruvate carboxykinase (PEPCK) promoters, on which GR and CREB positively
and mutually influence each other binding to GRE and CRE elements, respectively (Imai,
Miner et al. 1993, Liu, Papachristou et al. 1994). On the other hand, a negative transcriptional
outcome was also recently described for the CREB-controlled thyrotrophin-releasing
hormone (TRH) gene promoter, which contains a number of GRE half sites and one extended
CRE element (Ratman, VVanden Berghe et al. 2013). It was reported that GC or cCAMP rapidly
increase Trh transcription in primary cultures of the hypothalamus, and ChIP assays revealed

binding of activated CREB and GR in cells treated with cAMP or with GC (Ratman, Vanden
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Berghe et al. 2013). Furthermore, using both in vivo (rats) and in vitro models (primary
cultures of hypothalamic cells), Sotelo-Rivera recently provided evidence for a mechanism
for the mutual interference between GC and cAMP signaling pathways: their co-stimulation
promotes an interaction between activated GR and the catalytic subunit of protein kinase A
(PKAC) (Sotelo-Rivera, Cote-Velez et al. 2017). This interaction of these two molecular
effectors restrains their nuclear translocation, curtailing stimuli-induced CREB
phosphorylation and, together with GR, their binding to Trh promoter, leading to reduced Trh
transcription (Sotelo-Rivera, Cote-Velez et al. 2017).

Although the main effects of GC are controlled by transcriptional responses that occur within
minutes to hours, accumulating evidence demonstrated that GR may also act via non-genomic
mechanisms. This mechanism elicits rapid cellular responses that occur within a few seconds
to minutes and do not require modifications in target gene expression (Fig. 8) (Groeneweg,
Karst et al. 2012, Samarasinghe, Witchell et al. 2012, Ayrout, Simon et al. 2017). Multiple
mechanisms have been proposed to be involved in these signaling events that ultimately
involved the activity of various kinases, such as PI3K, AKT and MAPKSs. Moreover,
glucocorticoid activation of membrane associated GR has been reported to be linked to these
mechanisms (Samarasinghe, Di Maio et al. 2011, Ayrout, Simon et al. 2017). The existence of
non-genomic signaling adds greater complexity and diversity to GC signaling and GC
biological actions, and raises the possibility that selective modulators of GR-dependent

genomic or non-genomic pathways may be therapeutically advantageous.

2.3 Physiological functions and pathological association of GR and MR in the brain

As nuclear receptors that bind to and are activated by the same ligands, GR and MR
physiologically work in combination in neurons. Both neuronal GR and MR are involved in
the stress response (de Kloet, Joels et al. 2005, Scheuer 2010, Hawkins, Gomez-Sanchez et al.
2012), the regulation of neuron excitability, LTP (Pavlides, Ogawa et al. 1996, Pavlides and
McEwen 1999) associated with memorization (Zhou, Bakker et al. 2010), leaning and mood,
as well as neuroprotection (Abraham, Harkany et al. 2001) and neurogenesis (Kim, Ju et al.
2004) in the hippocampus. Of note, most of the roles exerted by GR and MR are overlapping
with those of BDNF, according to what was described above (Chapter 1). Even though MR
acts in balance with GR (Fischer, von Rosenstiel et al. 2002, Kim, Ju et al. 2004), MR and GR
exert differential effects, sometimes in an opposite manner. For instance, MR activation exerts

a positive effect on LTP (Pavlides, Ogawa et al. 1996, Pavlides and McEwen 1999) and an
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anti-apoptotic role (Chantong, Kratschmar et al. 2012), while that of GR inhibits LTP
(Pavlides, Ogawa et al. 1996, Pavlides and McEwen 1999) and promotes neuron apoptosis
(Chantong, Kratschmar et al. 2012). Accumulating evidence suggests that membrane MR and
GR may also exert rapid non-genomic actions in the brain, although with a lower affinity for
corticosterone for MR (Joels, Karst et al. 2008, Sarabdjitsingh, Joels et al. 2012), providing
additional complexity in corticosteroid receptor signaling pathways. Of note, numerous
studies mostly focused on corticosteroid-bound GR actions in the CNS, which we mainly
discuss here, because MR is already occupied even as the lower GC physiological

concentrations.

2.3.1 GR roles in stress response and exercise

Stress is an adaptive reaction to various adverse events or factors to trigger an appropriate
physiological response. The acute effects of stress on GC levels have been well established
(Ulrich-Lai and Herman 2009, Allen, Kennedy et al. 2014), showing that various acute
stressors significantly increase circulating GC levels in plasma in humans, as well as in
rodents (Dickerson and Kemeny 2004, Cockrem 2013). In the limbic system, GR and MR
exert differential functions in the response to stress. Generally, it has been proposed that,
responding to harmful stimuli, MR triggers the stress response and the evaluation of the new
situation, while GR is responsible for the termination of the stress response and for peripheral
action allowing the mobilization of energy reserves from the body (de Kloet, Joels et al. 2005).
Specially, in parallel to the increased GC levels induced by chronic stress and in depression,
decreased MR and GR have been consistently reported in both humans and rodents. For
instance, postmortem analyses of brains of patients with major depressive disorder (MDD)
showed a decrease in MR mRNA expression in various brain regions including the
hippocampus, compared to non-depressed subjects (Klok, Alt et al. 2011). Moreover,
downregulation of GR in the brain, especially in the hippocampus, induced by chronic stress
is thought to be important in the pathophysiology of depression (Barden 2004, Anacker,
Zunszain et al. 2011, Anacker, Zunszain et al. 2011). Furthermore, many GR target genes
have been already identified as transcriptionally regulated in the hippocampus by distinct
stressors, such as the well-known glucocorticoid target genes Fkbp5, Perl, and Sgk1 (Mifsud
and Reul 2016). These genes are involved in GR ligand binding affinity (Jaaskelainen,
Makkonen et al. 2011), circadian neuronal activity (Rawashdeh, Jilg et al. 2014), and
neuronal plasticity processes (Tsai, Chen et al. 2002), respectively. Altogether, GR plays a
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crucial role in the stress response at the cognitive, physiological and genomic levels, while
acting in balance with MR. Thus, this dual system containing one hormone and two receptors
finely mediate highly specific responses to stress, being able to differentially regulate similar

subsets of target genes.

Surprisingly but interestingly, despite increasing GC levels in a similar manner to stress
(Heitkamp, Huber et al. 1996, Li and Cheng 2007), exercise exerts various beneficial effects,
including reducing depressive mood (Rethorst, Wipfli et al. 2009, Brown, Pearson et al. 2013,
Chen, Nakagawa et al. 2017) and improving memorization (Colcombe and Kramer 2003,
Smith, Blumenthal et al. 2010, Hindin and Zelinski 2012, Roig, Nordbrandt et al. 2013).
However, it was reported that chronic exercise either increases or does not affect GR
expression in the hippocampus of rodents, depending on the exercise protocols used (Fediuc,
Campbell et al. 2006, Droste, Chandramohan et al. 2007, Griesbach, Tio et al. 2012,

Clemmensen, Pehmoller et al. 2013).

Why chronic stress and exercise drive such distinct and opposite effects, while both situations
result in high plasma GC levels? One potential answer is due to their different influences on
MR and GR, while another proposition may be related to distinct regulation of BDNF
expression level (Chen, Nakagawa et al. 2017). As described above, chronic stress decreases
BDNEF in various brain regions (Hill, Hellemans et al. 2012, Numakawa, Adachi et al. 2013,
Suri and Vaidya 2013), while BDNF level is widely reported to be increased by exercise
(Vaynman, Ying et al. 2004, Zoladz and Pilc 2010, Voss, Vivar et al. 2013, Huang, Larsen et
al. 2014). These data indicate that interestingly in chronic stress and exercise, GC and BDNF

expression levels seem to be somehow negatively correlated.

2.3.2 Synaptic and behavioral effects of GR

The synaptic and behavioral actions of GC are largely dependent on brain regions and the
relative expression of GR and MR (de Kloet 2013). Here, we focus on hippocampus because

not only MR and GR but also BDNF are highly expressed.

The synaptic actions of GC at the cellular level in the hippocampus (predominantly in CAl
pyramidal neurons) have been well characterized (Joels, Sarabdjitsingh et al. 2012, Yi, Brown
et al. 2017). It was reported that corticosteroids highly affect LTP in the hippocampus by
binding to MR and GR. Specifically, MR activation induces the occurrence of LTP while GR
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activation reduces it (Pavlides, Ogawa et al. 1996, Pavlides and McEwen 1999, Yi, Brown et
al. 2017). Actually, activation of MR increases neuronal excitability by inducing the
formation of LTP, due to increased probability of glutamate release, suppressed potassium
conductance, and increased glutamate receptor trafficking (Karst, Berger et al. 2005, Groc,
Choquet et al. 2008). Conversely, the effects of elevated GC are mediated primarily by GR.
Particularly, activation of GR results in enhanced calcium influx, decreased calcium efflux,
and increased calcium-dependent potassium current, all of which cause suppression of
neuronal excitability (Karst and Joels 2005). Meanwhile, synaptic plasticity is also repressed
by GR activation due to impaired LTP (Yi, Brown et al. 2017). Furthermore, the inhibiting
effect of GR on neuronal excitability and synaptic plasticity is presumably to normalize
hippocampal activity after stress and to protect information acquired during the stressful
experience, respectively (Joels and de Kloet 1989, Pavlides, Ogawa et al. 1996, Groc,
Choquet et al. 2008). The effects of chronic stress on synaptic plasticity in the CA1l
hippocampal area are likely GR-mediated, as blockade of GR prevents the effects of stress on
LTP (Krugers, Goltstein et al. 2006). Moreover, animals with a history of chronic stress have
GR-dependent increases in calcium influx into CA1 neurons at basal levels of corticosterone,
which may contribute to impaired synaptic plasticity (Karst and Joels 2007). This underlies
some of the cognitive impairments observed after chronic stress exposure. Surprisingly
though, the rapid non-genomic activation of the membrane-associated MR and GR are also
involved in the effects of GC on cellular synaptic plasticity. For instance, corticosterone
increases hippocampal glutamate release within 5 min and this effect is lacking in selective
MR knockout mice and prevented by pretreatment with MR antagonists (Karst, Berger et al.
2005). Similarly, rapid GR-dependent effects were observed in the amygdala (Karst, Berger et
al. 2010).

As with the cellular effects of GC in the hippocampus, the role of GC in hippocampal-
dependent behaviors, including learning and memory, has been extensively studied. Similar to
GC actions at the synapse, the effects of GC on learning and memory are temporally- and
context-dependent (Diamond and Rose 1994). The physiological roles of MR and GR in
emotional memory have been investigated using fear conditioning, with specific receptor
antagonists. Zhou et al. reported that mifepristone (RU486, a GR antagonist) induced
contextual memory, a conscious recall of the source and circumstances of a specific memory,
on the short term, but reduced it on the long term in mice (Zhou, Bakker et al. 2010).

Meanwhile, treatment with spironolactone (a MR antagonist) decreased contextual memories
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prior to training but had no influence after training (Zhou, Bakker et al. 2010). Altogether,
these findings underscored that while exerting differential effects, MR and GR are of much
importance for the capacity for both holding a small amount of information for a short period
of time (short-term memorization) and storing the informative knowledge for long periods of
time (long-term memorization). Moreover, stress may facilitate the formation of emotionally
salient memories in the short term, which are important for adaptation (de Kloet, Oitzl et al.
1999, Smeets, Wolf et al. 2009). Along this line, MR is important for initial appraisal and
strategy selection in a novel spatial orientation task and for acquisition of fear memory (Oitzl
and de Kloet 1992, Khaksari, Rashidy-Pour et al. 2007). Conversely, GR mediates
consolidation of context-relevant information to optimize adaptation and survival in a variety
of spatial and fear-related memory tasks (Oitzl and de Kloet 1992, Abrari, Rashidy-Pour et al.
2009, Fitzsimons, van Hooijdonk et al. 2013). Thus, elevated GC levels are important for the
acquisition and consolidation of effectively relevant information and the disruption of
memory processes that are less relevant for adaptation, which are mediated by MR and GR.
However, several behavioral studies also indicated a role of MR and GR in non-genomic
corticosteroid actions. Specifically, non-genomic inhibition of memory retrieval was
abolished by pretreatment with MR antagonists (Khaksari, Rashidy-Pour et al. 2007).
Conversely, membrane-associated GR is required for facilitation of memory consolidation
and inhibition of working memory by corticosteroids (Barsegyan, Mackenzie et al. 2010,

Roozendaal, Hernandez et al. 2010).

Physiological functions MR Activation GR Activation

LTP and synaptic plasticity ‘

‘ On the short-term
Memorization and learning t
f On the long-term

Neuronal survival and

neurogenesis l

Table 1. Comparison of physiological functions of activated MR and GR on LTP and
synaptic plasticity; memorization and learning; neuronal survival and neurogenesis

(Meijer and de Kloet 1998, Le Menuet and Lombes 2014). Promoted effects are presented by f
while the inhibitory ones are shown as‘.
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In conclusion, both GR and MR are involved in GC actions at both synaptic and behavioral
levels, physiologically and under stress conditions. Likewise at the cellular level, MR
activation promotes LTP and increases neuronal excitability while GR activation inhibits LTP
and suppresses neuronal excitability and synaptic plasticity (Table 1). Moreover, at the
behavioral level, GC via GR and MR in the hippocampus, are of much importance for
mediating short-term and long-term memorization and learning (Table 1). As mentioned
above, it was reported that BDNF induces LTP and further promotes neurophysiological
foundation for learning and memory, which may be involved in the synaptic and behavioral
actions of MR and GR. Therefore, it is supposed that the BDNF and MR/GR signaling

pathways are connected in the mechanism of regulating LTP and behavior.

2.3.3 GR effects on neuronal survival and neurogenesis

In addition to their effects on stress response as well as cognitive and behavioral functions, it
is increasingly appreciated that GC and their receptors also play important roles in regulating

neuronal survival and proliferation /differentiation.

It has been proposed that GC act as double-sided hormones on neuronal survival, beneficial
effects at low doses are mediated in part by MR while deleterious ones under higher levels of
hormones result in a fully occupied GR. In male rodents, stress-induced elevated GC levels or
direct application of GC (corticosterone or dexamethasone) suppresses cell proliferation and
survival and promotes cell death in the hippocampus (Gould, Woolley et al. 1991, Tanapat,
Hastings et al. 2001, Wong and Herbert 2004, Mirescu and Gould 2006, Brummelte and
Galea 2010). Along with these findings, adrenalectomy abolishes the stress-induced
suppression of cell proliferation in male rats (Tanapat, Hastings et al. 2001). Both MR and
GR play a role in mediating the suppressive effect of GC on neurogenesis (Wong and Herbert
2005, Montaron, Drapeau et al. 2006). Consistently, in adult female mice, the GR antagonist
RUA486 was reported to inhibit neuronal apoptosis during a forced swim test (Llorens-Martin
and Trejo 2011). In addition, the pro-apoptotic effect of GR activation was more pronounced
in aging animals than that in younger ones (Hassan, von Rosenstiel et al. 1996). Using
neuronal differentiation models of embryonic stem cells (ESC), MR was shown to be a pro-
survival factor in neurons (Munier, Law et al. 2012). Furthermore, MR switches the balance
of anti-/pro-apoptotic factor expression toward survival, while GR drives an opposite action
(Crochemore, Lu et al. 2005, Munier, Law et al. 2012). Taken together, all these data
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provided strong evidence supporting the pro-survival effect of neuronal MR as well as the

pro-apoptotic effect of fully activated neuronal GR (Munier, Law et al. 2012).

MR and GR are also associated with neurogenesis in the DG, beside their direct functions on
neuronal survival and degeneration. Many studies have demonstrated that stress and GR
activation consistently decreased hippocampal neurogenesis in vitro and in vivo (Gould,
Woolley et al. 1991, Kim, Ju et al. 2004, Fujioka, Fujioka et al. 2006, Chetty, Friedman et al.
2014). Specifically, treatment with dexamethasone for 9 days led to a decrease of cell
proliferation in ADX rats, as well as in rat hippocampus primary cell cultures (Kim, Ju et al.
2004). On the other hand, it was reported that treatment with aldosterone for 1 month
increased granule cell proliferation in ADX rats (Fischer, von Rosenstiel et al. 2002). In
addition, in the pathophysiology of the central and peripheral nervous system, GR is involved
in the functions of glial cells (Desarnaud, Bidichandani et al. 2000, Fonte, Grenier et al. 2005,
Fonte, Trousson et al. 2007). For example, GC-activated GR was shown to regulate myelin
formation and to stimulate proliferation of Schwann cells (Fonte, Grenier et al. 2005), that can

bring another layer of complexity in these hormones functions.

Collectively, neuronal MR activation exerts pro-survival effects and increases neuron
differentiation and neurogenesis while GR activation leads pro-apoptotic effects and impairs

neurogenesis and neuron maturation (Table 1).

2.3.4 GR and neurodegenerative disorders

Until now, there is very little information on how GC-bound GR exactly contributes to the
pathophysiology and progression of neurodegenerative diseases. Thus, in this part we will
discuss also how GC and GR impact neurodegenerative processes in HD, AD and PD. It has
been postulated that the GC-GR responses to different stressors are affected in these

neurodegenerative diseases.

HD patients have significantly higher circulating cortisol levels compared to age-matched
control subjects (Heuser, Chase et al. 1991, Leblhuber, Peichl et al. 1995). Furthermore, Aziz
et al. (Aziz, Pijl et al. 2009) surmised that feedback regulation of HPA axis is altered in HD
patients and because these alterations occur during the peak period of the diurnal rhythm, the
underlying cause may altered GR activity at the level of the hypothalamus and CNS.

Consistently, increase in circulating corticosterone levels was also reported in an HD mouse
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model, R6/2 mice (Bjorkqvist, Petersen et al. 2006). However, there are yet no studies on
whether GR activity is deregulated in specific brain regions in HD such as in the hippocampus
and whether GR function is affected by mutant HD protein. Further work is also needed to
evaluate whether increased cortisol levels are involved in some of the HD symptoms such as
cognitive deficits, decreased hippocampal volume, sleep disturbance and glucose intolerance
(Vyas and Maatouk 2013).

There have been several reports of high cortisol levels in AD patients (Greenwald, Mathe et al.
1986, Rasmuson, Andrew et al. 2001, Hoogendijk, Meynen et al. 2006), which have been
negatively associated with memory scores as revealed by several correlative studies of
cortisol levels and cognition (Csernansky, Dong et al. 2006, Elgh, Lindqgvist Astot et al. 2006).
Since chronically high GC levels are known to impair memory, it is speculated that GC play a
role in progressive cognitive decline in AD. Specifically, data from studies on the effects of
GC on memory show that, on one hand, GC facilitate memory consolidation and, on the other
hand, impair memory retrieval processes (de Kloet, Oitzl et al. 1999, Smeets, Wolf et al.
2009). Another putative mechanism by which GC-GR could affect hippocampal functions in
AD is its modulation of neurogenesis in subgranular zone (SGZ) in DG. Adult neurons
originating from this region have been implicated in hippocampal-dependent memory
processes such as spatial memory. Recently, the critical role of GC-GR in maturation of these
neurons has been reported, showing that selectively GR knockdown by the perfect match
shRNA in mice increased the number of mature dendritic spines and mossy fiber boutons
(Fitzsimons, van Hooijdonk et al. 2013). In summary, high cortisol levels in AD patients are
negatively correlated with cognition. Since hippocampus with high GR expression is a major
region affected in this disease, experimental studies have focused on how stress-activated GR
modifies the molecular mechanisms of hippocampal-dependent memory processes. Therefore,
studying the underlying molecular mechanisms by which GR regulates hippocampal BDNF

expression is of much importance owing to the involvement of BDNF in AD pathophysiology.

Likewise in HD and AD, plasma cortisol levels are significantly higher in PD patients
compared to control subjects, as shown in several studies (Stypula, Kunert-Radek et al. 1996,
Ros-Bernal, Hunot et al. 2011). Stress was one of the earliest proposed causes of PD and
although it may not be a major etiological factor, there are clinical reports showing that stress
triggers the appearance of PD symptoms or exacerbates the motor symptoms (Smith, Castro et
al. 2002, Metz 2007). Although the molecular mechanisms are not well understood requiring
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further demonstration, it is possible that chronic stress-induced high GC levels through GR
activity inhibit synaptic plasticity (Day, Wang et al. 2006, Gerfen and Surmeier 2011),
exacerbating motor deficits in the animal models of PD (Barrot, Abrous et al. 2001, Ros-
Bernal, Hunot et al. 2011).

Of note, an important consequence of chronically elevated levels of GC is likely to be
maladaptive responses of GR to stressful stimuli and aging that could well be significantly

vital for progression of neurodegenerative processes.

2.3.5 Conclusion

In the CNS, MR and GR are involved in a tightly regulatory system of two receptors activated
by one class of corticosteroid hormones. Both the two related receptors exert widespread
actions on many aspects of neuronal physiology and pathology, such as memory, learning,
behavior, neurogenesis, neuroprotection, stress and depression, as well as the
neurodegenerative disorders. Briefly, while MR activation mostly results in beneficial actions
on neurons (Berger, Wolfer et al. 2006, Rozeboom, Akil et al. 2007, Munier, Law et al. 2012),
GR over-activation displays detrimental effects on mental health. Thus, the GR antagonist
mifepristone (RU486) has been considered as an important classical therapeutic drug in
patients developing psychotic depression associated with high cortisol levels (DeBattista,
Belanoff et al. 2006), and as a potential drug for treating neurodegenerative diseases such as
HD, AD and PD. As a consequence, development of new compounds able to selectively
activate MR signaling pathways and/or inhibit GR signaling pathways, and even better,
molecules capable to increase BDNF expression levels in the hippocampus, may constitute a

novel therapeutic option for the management of some CNS disorders.

2.4 Summary

In summary, the cellular response to GC depends mainly on binding and activating the
corticosteroid receptors as well as on the concentrations of the steroid. The specific
transcriptional signature of GC suggests that their binding confers specific GR conformations
that lead to differences in DNA binding, chromatin remodeling, and/or coregulator
recruitment (Oakley and Cidlowski 2013). Advances in the understanding of GC signaling
have uncovered a variety of mechanisms that contribute to the wide functions of GC in both

healthy and diseased tissues. Furthermore, a greater understanding of the effect of GC

53



signaling pathways on BDNF expression, would be helpful in the development of safer and

more effective GC therapies.
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3. Interaction between BDNF and GC in the CNS

3.1 GC regulate BDNF expression via GR

In animal models of depression, changes in GC levels, GR expression, and alterations in
BDNF signaling are observed (Mizoguchi, Yuzurihara et al. 2001, Ridder, Chourbaji et al.
2005, Schulte-Herbruggen, Chourbaji et al. 2006, Molteni, Calabrese et al. 2010, Chiba,
Numakawa et al. 2012). The effects of systemic administration of GC on the expression of
BDNF mRNA within multiple brain regions have been examined extensively, showing a
decline in hippocampal BDNF expression following GC administration in most studies
(Barbany and Persson 1992, Smith, Makino et al. 1995, Schaaf, Hoetelmans et al. 1997,
Schaaf, de Jong et al. 1998, Hansson, Cintra et al. 2000, Vellucci, Parrott et al. 2001, Hansson,
Sommer et al. 2006). Although there is not enough direct and strong evidence, it is
hypothesized that GC regulation of BDNF expression and signaling may occur at multiple
levels, from transcriptional control (in both direct and indirect manner) of the distinct exon-
specific BDNF transcripts to modulating BDNF translation, protein processing, trafficking, its

secretion and signaling pathways (Suri and Vaidya 2013).

3.1.1 Regulation of BDNF transcript expression by GR

Accumulating evidence shows that both MR and GR are involved in mediating BDNF
expression in the hippocampus, as examined in several studies. One related study was
published by Kino’s team (Kino, Jaffe et al. 2010). The authors reported that aldosterone and
dexamethasone, respectively, increased and suppressed the mRNA, protein expression and
secretion of BDNF in rat primary cortical neuronal cells, while corticosterone showed a
biphasic effect, stimulating the secretion at lower concentrations and suppressing it at higher
doses. Meanwhile, eplerenone and RU486, specific MR and GR antagonists, respectively,
completely blocked the effect of aldosterone or dexamethasone on BDNF mRNA expression
in these cells, indicating that alteration of this mMRNA expression by these steroids are
mediated by MR and GR, respectively. Some other studies (Chao and McEwen 1994,
Hansson, Cintra et al. 2000, Kino, Jaffe et al. 2010) also indicate that ligands for GR and MR,
corticosterone and aldosterone, regulate hippocampal BDNF transcript expression. However,
the conclusions from other groups were somewhat different. For instance, treatment with the
MR antagonists, spironolactone (McCullers and Herman 1998) or eplerenone (Hlavacova,

Bakos et al. 2010), does not seem to alter basal BDNF mRNA expression in rat hippocampal
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pyramidal neurons or its protein concentrations in hippocampus, respectively, as observed in
several reports. These studies raise the possibility of differential effects of MR and GR on
BDNF expression, which are particularly relevant while considering the results of sustained
GC exposure. The dose range utilized in most studies (Barbany and Persson 1992, Smith,
Makino et al. 1995, Schaaf, Hoetelmans et al. 1997, Schaaf, de Jong et al. 1998, Hansson,
Cintra et al. 2000, Vellucci, Parrott et al. 2001, Hansson, Sommer et al. 2006) suggests a
likely recruitment of GR to mediate the GC-evoked decline in BDNF. However, this needs to
be carefully examined by addressing whether the effects of acute and chronic GC treatment
are blocked by administration of selective GR or MR antagonists, and to address whether

these GC receptors exert differential effects on BDNF in a brain region-specific manner.

One interesting finding is that GR knockout could modify BDNF expression. Many different
GR mutant mice have been generated (Kolber, Wieczorek et al. 2008, Arnett, Kolber et al.
2011), including total and forebrain-selective (Boyle, Brewer et al. 2005) knockouts, total
(Ridder, Chourbaji et al. 2005) and forebrain-selective (Wei, Lu et al. 2004) over-expressing
mutants and DNA-binding mutants (Reichardt, Umland et al. 2000). Nervous system specific
heterozygous GR knockout mice (GR™), developed by using homologous recombination
(Tronche, Kellendonk et al. 1999), have been reported to exhibit either no change in basal
BDNF mRNA (Molteni, Calabrese et al. 2010), or a reduction in BDNF protein levels in the
hippocampus (Kronenberg, Kirste et al. 2009). Studies with GR-overexpressing mice, named
YGR mice that carry two additional copies of GR, generated by a transgenic approach
(Reichardt, Umland et al. 2000), indicated increased hippocampal BDNF expression (Ridder,
Chourbaji et al. 2005). A caveat to keep in mind prior to interpretation of the molecular
changes observed in GR mutant models is whether changes in BDNF are a direct consequence
of altered GR signaling within the brain region examined, or rather secondary to an alteration

in circulating hormones, stress-responsiveness and behavior (Kolber, Wieczorek et al. 2008).

Even though a detailed mechanistic description on how GC influence specific BDNF
promoters is lacking, several studies have demonstrated basal and stimulus-evoked alterations
in BDNF exon IV and VI-containing transcripts by GC (Dwivedi, Rizavi et al. 2006, Hansson,
Sommer et al. 2006). Using in situ hybridization, Hansson et al (Hansson, Sommer et al. 2006)
found that corticosterone down-regulated exon Il- and 1V-containing transcript levels, but had
no effect on exon | and I11-containing MRNA levels in hippocampal subregions of ADX rats.
Furthermore, they also assumed that the effects of corticosterone on BDNF were not cell type-
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but region-dependent. What should be paid into attention is that all of these findings on the
effects of stress and/or GC on BDNF isoforms are not well documented, most of them just
relying on in situ hybridization analyses for quantification. Understanding the mechanisms on
how GC/GR regulate BDNF expression will be helpful to assess the involvement of BDNF in

stress responses or neurodegenerative diseases.

Very recently, Makhathini et al examined how repetitive restrain stress (RRS) affects BDNF,
GR and MR levels (Makhathini, Abboussi et al. 2017). RRS was induced in rats by
restraining the animals for 6 h per day for 28 days. Using ELISASs, the authors found that
animals exposed to repetitive stress had significantly increased plasma corticosterone levels
and significantly decreased hippocampal BDNF concentrations (Makhathini, Abboussi et al.
2017). Moreover, they also reported that the mRNA and protein expression levels of BDNF,
GR and MR were significantly decreased in the stressed group compared to control animals
(Makhathini, Abboussi et al. 2017). However, no experiments have clearly addressed on the
exact underlying regulatory mechanisms of GC-mediated regulation on the expression of total

BDNF or its distinct exon-containing isoforms so far.

3.1.2 Regulation of BDNF signaling by GC

In addition to the regulation of BDNF mRNA and protein expression and stability, GC could
affect BDNF signaling, by regulating the expression of related receptors, TrkB and P75NTR,
as well as effectors of their downstream cascades. Here, we focus on GC regulation on TrkB
expression in hippocampus. Kutiyanawalla et al reported that long-term treatment with
corticosterone caused a decline in TrkB protein, but not in TrkB mRNA levels in the
hippocampus (Kutiyanawalla, Terry et al. 2011). Conversely, acute stress has been shown to
enhance hippocampal TrkB mRNA expression (Shi, Shao et al. 2010) but also evoked a rapid
down-regulation of TrkB transcript expression in the pituitary suggesting spatiotemporal
differences in TrkB transcriptional regulation following stress (Givalois, Marmigere et al.
2001). Several studies have reported that chronic stress appears to predominantly enhance
hippocampal TrkB mRNA expression (Nibuya, Takahashi et al. 1999, Vellucci, Parrott et al.
2002, Shao, Shi et al. 2010). Furthermore, GC regulation of BDNF signaling could occur at
multiple levels, from the modulation of receptor expression (TrkB), processing and coupling
to signaling cascades (including pERK1/2, pPLC, pAKT), to interactions of specific adaptor
proteins within the BDNF signaling pathways (Kassel, Sancono et al. 2001, Gourley, Wu et al.

2008, Jeanneteau, Garabedian et al. 2008, Munhoz, Sorrells et al. 2010). In conclusion, factors
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involved in BDNF signaling pathways, including the related receptors and their downstream
cascades, might be also regulated by GC. However, a systematic characterization of GC

effects on TrkB activity and its downstream cascades has not been carried out.

3.2 BDNF influences GR signaling

As described above, GC and BDNF display some overlapping, but sometimes opposite effects.
Both GC and BDNF influence LTP, hippocampal structural (Fuchs, Flugge et al. 2001, Yoshii
and Constantine-Paton 2010) and synaptic plasticity (Schmidt and Duman 2007, Schoenfeld
and Gould 2012), as well as hippocampal functions (Kim and Diamond 2002, Lu, Christian et
al. 2008) and behavior (Duman and Monteggia 2006, Joels 2008). Moreover, in vitro evidence
(Kumamaru, Numakawa et al. 2008) provides insights into crosstalk between GC and BDNF
signaling by demonstrating that the BDNF-mediated enhancement in neurite outgrowth of
cortical neurons is blocked by pretreatment with dexamethasone. It was hypothesized that
some of the GC effects in the hippocampus may be a consequence of a decline in BDNF
expression and BDNF signaling (Smith 1996, Kunugi, Hori et al. 2010). Many studies have
focused on the modulation by GC of the levels of BDNF expression, associated with a
number of psychiatric diseases, including depression (Shirayama, Chen et al. 2002, Angelucci,
Brene et al. 2005, Schmidt and Duman 2010) and anxiety (Chen, Jing et al. 2006, Soliman,
Glatt et al. 2010).

However, some reports showed that BDNF signaling could also regulate GR transcriptional
activity in a cell-autonomous manner, homeostatic feedback control of glucocorticoid action
(Jeanneteau, Lambert et al. 2012). Furthermore, Jeanneteau and his colleagues demonstrated
that BDNF signaling via TrkB activation regulates GR transcriptional activity on its target
genes expression in primary neurons partly through alterations in GR phosphorylation
(Jeanneteau, Lambert et al. 2012). Phosphorylation is the first identified and most extensively
studied covalent modification of GR (Kumar and Calhoun 2008, Beck, VVanden Berghe et al.
2009, Galliher-Beckley and Cidlowski 2009). To date, multiple highly conserved,
phosphorylated serine residues have been identified in human, rat, and mouse GR (Webster,
Jewell et al. 1997). The BDNF-TrkB signaling-induced GR phosphorylation occurs at S155
and S287 residues and modulates GR cofactor recruitment to affect GR transcriptional
activation and repression (Lambert, Xu et al. 2013). Most notably, BDNF signaling not only
alters the GR transcriptome by affecting the regulation of known GR-response genes, such as

Sgk1 induction, but also facilitates the recruitment of GR cofactors at specific promoters as
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well as a combinatorial binding of GR with CREB (Lambert, Xu et al. 2013). Moreover,
mutating these BDNF-sensitive sites results in the inhibition of the neuroplasticity response to
chronic stress, unraveling a crosstalk between GC and BDNF signaling pathways.
Interestingly, these events were observed not only in primary cortical neurons and PVN cells
harboring endogenous GR and TrkB expression, but also in HEK 293 cells co-transfected
with TrkB, and GR expressing vectors, suggesting that BDNF and TrkB are sufficient to
modulate GR phosphorylation and transcriptional regulatory functions. As a consequence,
these findings provide a foundation for studying how GR activity is modulated in response to
extracellular signaling pathways and the interplay between BDNF and GC signaling in
disorders featuring alteration of BDNF and glucocorticoid levels, indicating a beneficial
action of GR working together with BDNF.

TrkB-mediated GR phosphorylation fosters cofactor recruitment and changes the transcription
of specific target genes involved with neuronal plasticity. Numerous neuronal genes including
CRH respond to BDNF and GC (Lambert, Xu et al. 2013), and some of them depend on GR
phosphorylation at the BDNF-sensitive sites. Moreover, MAPKs were previously
characterized as capable to phosphorylate GR (Wang, Chen et al. 2007, Galliher-Beckley and
Cidlowski 2009), and to activate BDNF signaling. Mechanistically, activation of a TrkB-
MAPK pathway triggered GR phosphorylation and the expression of genes promoting

neuroplasticity.

Besides, the potential role of BDNF regulation on the HPA axis in vivo has been described
using several animal models for psychiatric disorders. It was previously found that BDNF
MRNA expression levels increased after immobilization stress and were followed by
upregulation of CRH in the PVN of the hypothalamus in male rats (Givalois, Naert et al.
2004). In addition, intra-cerebroventricular administration of BDNF also stimulated the HPA
axis (Givalois, Naert et al. 2004), as well as the CRH expression (Toriya, Maekawa et al.
2010). In vivo studies showed that BDNF enhanced CRH expression, involving a role for
TrkB-mediated effects on CREB (Jeanneteau, Lambert et al. 2012). Furthermore, CREB was
suggested to interact with GR in the regulation of CRH expression by BDNF (Jeanneteau,
Lambert et al. 2012).

This is an interesting example on how the GR and BDNF pathways may interact to

differentially modulate target gene expression, and provide impetus for future studies to
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examine in depth the crosstalk between these pathways, in particular in the context of their

modulation of hippocampal plasticity.

It is conceivable that a reciprocal homeostatic sensing mechanism exists between GR and
BDNF-TrkB signaling pathways to adjust GR transcriptional output. Furthermore, consistent
with this idea, the rapid feed-forward kinetics of BDNF-induced GR phosphorylation occurs
within minutes, while the slower feedback phase of the dexamethasone-induced TrkB
phosphorylation occurs over hours. The synchronization of these events may be crucial to
balance GR and TrkB activity in response to corticosteroid and neurotrophic signals, and
disruption of this process may lead to neurological disorders in animal models and in humans

(Jeanneteau, Lambert et al. 2012).
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As mentioned in the Chapter 1, alterations in BDNF expression are associated with various
CNS pathologies, including depression, epilepsy, and neurodegenerative disorders such as AD,
HD and PD. Thus, unraveling the molecular mechanisms regulating BDNF expression is
important to understand its contribution to CNS function and pathology. Some studies suggest
that stress or high levels of GC reduce BDNF expression and that both neuronal MR and GR
may be involved in its regulation in the hippocampus. Of note, as described extensively above,
many works analyzed GC effects on BDNF expression using animal models giving
sometimes some contradictory results. Exerting many overlapping actions with MR and GR
signaling together with BDNF, it has been suggested, but never definitely established, that
Bdnf gene harbors several putative GRES in its promoters (Timmusk, Palm et al. 1993, Schaaf,
De Kloet et al. 2000, Huynh and Heinrich 2001), which could explain direct genomic effects
of GC on BDNF transcription through these specific BDNF promoters. In addition to binding
GRE, GC could also influence the expression of its target genes by modulating the activity of
other transcription factors, such as AP-1 complex and CREB. However, the underlying

molecular mechanisms by which GC regulates BDNF expression were not clearly defined.

As the effects of GC on BDNF expression were difficult to unravel using animal models, here
we used a more reductionist approach based on cellular models: mouse primary cultures of
hippocampal neurons and established cell lines of neuronal origin. The later includes neurons
differentiated from mouse embryonic stem cells, N2A mouse neuroblastoma cells, and BZ
cell line previously derived from the hippocampus of a targeted oncogenesis transgenic mouse
model generated in our laboratory. We mainly focused on GR action on BDNF expression,
according to the previous evidence as well as the preliminary results we obtained, which we
will describe and discuss in more details in the following chapters. We investigated whether
GR regulates directly or indirectly BDNF expression in neurons using mostly an ex vivo
approach with neuron-like cellular models that allow a tight control of experimental
conditions. Meanwhile, we also examined which BDNF exon-containing transcript isoforms
were involved in GR regulation. We were committed to identify if BDNF is a new GR target
gene, to study which promoter regions within Bdnf gene are involved in the regulatory
mechanisms, and if accurate, to localize the precise DNA sequences on which GR acts,
directly on GRE or via functional interaction with other transcription factors. Moreover,

further work on a potential MR regulation on BDNF expression is envisaged.
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Eventually, a better knowledge of the mechanisms on how GC mediate BDNF expression
should help to better understand the pathophysiological processes involved in neurogenesis,
memorization and neuroprotection. The aim of this work was to bring new insights into the
molecular interactions between the GC signaling and the neurotrophin signaling in neurons,

both pathways being of importance in the physiology and pathology of the CNS.
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1. Introduction

As we have described in the introduction section, BDNF expression has been previously
reported to be altered under stress and high levels of GC in the hippocampus. In this project,
we examined the effects of GC on BDNF expression in several in vitro cellular models from
neuronal origin. Furthermore, we aimed at analyzing if GC actions on BDNF expression were
mediated by GR and MR, whether BDNF was one of their direct target genes, and finally we
wanted to decipher the molecular mechanisms involved in this regulation. Most of this
research had been published in Molecular Brain (Chen, Lombes et al. 2017) and is presented
in the next chapter of this thesis. However, the initial steps and some data of this study which
were not published, as well as the different cellular models used are herein presented in this

chapter.

In the brain, neurons represent only a fraction of the cell population, thus searching for
neuron-specific molecular mechanisms is facilitated by the use of adequate in vitro neuronal
cell based systems. Therefore, in this work, we used several neuron-like cell models,
including embryonic stem (ES)-derived neurons, the newly characterized neuron-like,
immortalized BZ cell line and the commercially available N2A cells, as well as mouse

primary cultures of hippocampal neurons (PCN).
2. Preliminary results

2.1. Neuronal differentiation of embryonic stem (ES) cells to study the regulation of
BDNF by GC

ES cell lines are derived from mouse blastocysts and undifferentiated ES cells are able to
proliferate indefinitely. In appropriate conditions, ES cells are also able to undergo in vitro
differentiation, into various cell lineages including neuronal differentiation (Ogrodnik,
Salmonowicz et al. 2014) via the formation of embryoid bodies (EBs). These cell lineages
could be enriched following specific culture conditions and recently have been widely used
for basic and therapeutic research, such as pharmacological treatments, knocking down of

gene expression by siRNA, derivation of new ES cell lines from preexisting mouse models.
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Fig. 10 The neuronal differentiation of ES cells. More details about the protocol of neuronal
differentiation derived from ES cells could be found in the text.

Models of neuronal differentiation of mouse ES cells had been previously developed in the
laboratory (Fig. 10) (Munier, Meduri et al. 2010, Munier, Law et al. 2012). Briefly, ES cells
were grown on 0.1% gelatin-coated plates and with the feeder cells for two days in ES
medium (DMEM with 4500 mg/L of glucose, containing 15% fetal bovine serum (FBS), 100
U/ml penicillin, 100 ug/ml streptomycin, 2 mM glutamine, (PSG), 1 x non-essential amino
acids (MEM), 20 mM HEPES, and 100 uM B-mercaptoethanol) at 37 °C in a humidified
incubator in presence of 5% CO2. The feeder cells were pretreated with 15 pg/ml mitomycin
C for 4 h, and leukemia inhibitory factor (LIF) 1000 U/mL were used for another 2 days after
the feeder cells were removed. Then the ES cells that were detached and dissociated with
0.25 % trypsin were plated at a density of 4 x 10° cells in a bacterial dish and cultured with the
differentiation medium (DMEM with 10% FBS, PSG, MEM, HEPES) with 5 x 107 M
retinoic acid to form the EBs, which were maintained for one week. Afterwards, EBs were
dissociated and digested by 0.25 % trypsin and 1 mg/mL collagen and the cell suspension
were filtered through a 40 pm nylon cell strainer. Eventually, the suspended neurons were
incubated in neuron medium (DMEM with 5% FBS, PSG, MEM, HEPES, 5 ug/ml Insulin, 5
ug/ml Transferrin, 5 x 102 M Sodium Selenite) until Day 13 in adherence in tissue culture

dishes.
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In recent years, ES cell models of differentiation have been proven to be a useful tool to study
the action of steroid receptors in various cellular contexts, including analyses of GC signaling
pathways (Munier, Meduri et al. 2010, Le Menuet, Munier et al. 2012, Munier, Law et al.
2012). The neuronal differentiation of ES cell is considered as an interesting model among
them. MR and GR expression levels are pivotal factors for corticosteroid actions in target
tissues. This is particularly germane for hippocampal MR and GR that cooperatively act to
regulate expression of their target genes. Meanwhile, BDNF is also abundantly expressed
during the neuronal differentiation of ES cells. Therefore, we used this cell model to study the
effects of MR and GR agonists, GC and Aldo, on BDNF expression.
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Fig. 11 BDNF (a), MR (b) and GR (c) mRNA expression in mouse brain and ES-derived

neurons (ES). Results are normalized by 36B4 expression in the same samples. A logarithm scale on Y axis
is used.

This ES cell-derived neurons expresses substantial levels of BDNF, MR and GR (Fig. 11)
however at much lower levels than those quantified in the mouse brain used as positive
control. The same tendency was observed for neuronal markers, including Microtubule-
Associated Protein 2 (MAP2), N-Methyl-D-aspartic Acid receptor (NMDAR) and
synaptophysin (data not shown). After steroid depletion using dextran charcoal-coated (DCC)
stripped serum, cells were treated with various steroids: corticosterone (Cort) 10° M to
activate MR, Cort 107 M to activate both MR and GR and aldosterone (Aldo) 10® M to
specifically activate MR. Cells were harvested at different time points (1, 2, 6, and 24 h),
RNA were extracted, reverse transcribed and the expression of BDNF was assessed by real-

time quantitative PCR (RT-gqPCR) (see supplemental table of the article for primer sequences).
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Fig. 12 Corticosteroid effects on BDNF mRNA expression in ES cell-derived neurons. a,
Time course (1, 2, 6, and 24 h) studies on Cort 10° M (activating MR), Cort 107 M (activating GR), and
Aldo 10 M (specifically activating MR) effects on total BDNF mRNA levels. b, Effects of Cort 10° M,
Cort 107 M, and Aldo 10® M treatment for 1 h on total BDNF mRNA levels. Values are given as arbitrary
units of Bdnf expression normalized to 36B4 gene expression, and represent mean *+ SEM (n=6 per
condition). The relative Bdnf expression in control cells was arbitrary set at 1. Statistical analysis was
performed using a nonparametric Mann-Whitney U test. ** p<0.01.

RT-gPCR results showed that total BDNF expression, assessed by measuring exon IX-
containing mMRNA levels, was significantly reduced (by approximately 30%, p<0.01) after 1 h
incubation with Cort 107 M, but not with other treatments (Fig. 12), compatible with the
involvement of GR activation. Although MR was clearly detected by qPCR in this cell line
(Fig. 11), neither Cort 10° M nor Aldo 10® M, both activating MR, did not have any effect on
BDNF transcript expression (Fig. 12). This may be explained by the fact that neuronal ES cell

differentiation does not preferentially lead to the generation of hippocampal-like neurons
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and/or that presumably differentiated cells do not express sufficient functional MR above a

critical threshold level.

To conclude, this cell model is suitable for studying GC effects on BDNF expression, while
presenting many neuronal characteristics in vitro, consistent with a high degree of
differentiation and a high proportion of well differentiated neurons. However, one of the main
limitations is that the cell culture and differentiation process takes at least 3 weeks and that
the repeatability of the differentiation process is very variable leading to strong disparities
within presumably similar experiments. Therefore, we took advantage of some other cell
models to expend our research, including primary cultures of mouse hippocampal neurons
(PCN), BZ and N2A cell lines.

2.2. Primary cultures of mouse hippocampal neurons as a good in vitro cell model

The primary culture of fetal hippocampal neurons constitutes a high physiological relevance
cell based-system. Hippocampal cultures have been extensively used in molecular biology for
about three decades, including to study specific cellular pathways, chemical modification and
treatment as well as target localization, due to the relatively simple architecture of the neuron

population in the hippocampus (Kaech and Banker 2006).

Hippocampus

Fig. 13 Isolation of hippocampal neurons from prenatal mice, adapted from Beaudoin et

al. (Beaudoin, Lee et al. 2012). The embryos at 18 or 19 days post-fertilization were euthanized and
hippocampal neurons were isolated and cultured.

Pregnant SWISS mice were euthanized at day 18 or 19 post coitum and hippocampal neurons
were isolated and cultured from the E18-19 embryos (Fig. 13), as shown in a video from
Journal of Visual Experiments (Seibenhener and Wooten 2012). The PCN isolation was
performed according to the supplier’s protocol of the Pierce Primary Neuron Isolation Kit.
More details about the PCN culture can be found in the Methods part of the article presented

in the next chapter.
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Day 1 Day 3

Day 6 Day 9

Fig. 14 Primary cultures of hippocampal neurons from prenatal mice. Cell growth 1 day
post-plating. Neurons are attached well after 6 h culture and neuronal processes begin to be visible during
Day 1; Cell growth 3 day post-plating, neurites expend well and form a network; Cell growth 6 day post-
plating, neuronal processes have been already branched and overlapping. Cell growth 9 day post-plating,
neurites are enriched and form a dense network; magnification x10.

Likewise all other neurons, neural cells grown from hippocampal cultures require critical
amino acids, hormones and growth factors, which are physiologically originating from glial
cells in the brain. By growing a "feeder" layer of glial cells along with the cultured neurons,
this symbiotic relationship could also be carried into a culture environment (Seibenhener and
Wooten 2012). Alternatively, to allow neuron survival in culture without glial cell cocultures,
we used a cocktail containing various growth factors and hormones provided by the furnisher
which is probably related to the widely used B27 supplement that contains corticosterone
(Uhlenhaut, Barish et al. 2013). Thus, we measured the GC final concentration in the culture
medium by the highly sensitive and specific LC/MS-MS method (Travers, Martinerie et al.
2017) and found that this medium contains very substantial levels of corticosterone (2 x 10®
M) as well as a lower level of cortisol (10 M), (data not shown). The later may be from the

fetal bovine serum which was supplemented in the medium. Under these culture conditions, it
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is very likely that partial activation of GR may already occur before the cells were treated
with dexamethasone (DEX). Unfortunately, cells could not be maintained without this
supplement as they died within few hours in its absence. The morphological features of PCN
from prenatal mice are shown in Figure 14. Moreover, we compared MR expression in mouse
brain and PCN by RT-qPCR. We discovered that MR expression level in PCN is around 1/25
of that quantified in the brain, which is far for being negligible (Fig. 15a).

b
2 Logl0 R gPCR
10 000.  Total BDNF
s s
I 144 @ 0.15-
w 1_ g
b e
o o
x <010
< 041 - 0.05 <
g g 0.05-
£ E
0.01 4 0.00-
Mouse Brain PCN Veh Aldo

Fig. 15 Aldo effects on BDNF mRNA expression in PCN expressing MR. a, MR mRNA
expression in mouse brain and PCN. Results are normalized to 36B4 mRNA expression in the same samples. A
logarithm scale on Y axis is used. b, Aldo effects (10® M) on BDNF mRNA expression in PCN after 6 h
treatment. Data are given as attomol of BDNF transcripts normalized to attomol of 36B4 mRNA, and expressed
as mean £SEM (n=6 per group). Statistical analysis was performed using a nonparametric Mann-Whitney U test.

Firstly, PCN were treated with Aldo 10® M for 6 h and BDNF transcript level was not
modified by Aldo stimulation (Fig. 15b), indicating that the corticosterone presented in the
supplement may have already occupied all or at least most of the LBD sites on MR before the
hormone was added, preventing any hormone-mediated effect to be detected. This obviously
excluded any study of MR functions on its target genes in this cell model. Therefore, the
synthetic GC agonist, DEX, 107 M was administrated to the PCN, and incubated with the
neurons for 1 h or 3 h. RT-gPCR results demonstrated that BDNF mRNA expression was not
modified by DEX 107 M whatever the time period tested (Fig. 16a). As a consequence, we
used a higher DEX concentration (10° M) in a time course experiment (1, 2, 4, 6 h). It was
observed that after 1 h treatment, the total BDNF mRNA level was significantly reduced by
10 M DEX, while those were not altered after 2, 4, or 6 h treatment (Fig. 16b).

75



gPCR

1.5- Total BDNF
- ' Bl Veh
.g - Bl DEX 107 M
w m
o = 1.0
s g
X0
<2 051
22
£

0.0-

1 3 h
b
gPCR

1.5- Total BDNF
s
=] ™y Veh
o0 Hl Ve
22 1.0 .
£ S % Bl DEX 10°M
X0
<32 0.5
ZL
£

0.0-

1 2 4 6 h

Fig. 16 DEX effects on BDNF mRNA expression in PCN. a, DEX effect (10 M) on total
BDNF mRNA levels after 1 h or 3 h treatment. b, DEX effect (10'6 M) on total BDNF mRNA levels after 1,
2, 4 and 6 h treatment. Data are given as arbitrary units of Bdnf and 36B4 gene, as mean ==SEM (n=6 per
group), and represent the relative expression compared with that obtained with control cells, which was
arbitrary set at 1. Statistical analysis was performed using a nonparametric Mann-Whitney U test. * p<0.05.

The concentration of corticosterone we measured in the culture medium (2 x 10 M) is likely
to be also sufficient to partially occupy GR and to saturate MR (Le Menuet and Lombes
2014). To summarize, primary cultures of mouse fetal hippocampal neurons constitutes a high
physiological relevance in vitro cell based-system. However, analysis of GC action in this
model is somehow difficult given the presence of GC in the medium preventing the detection

of any significant GC impact.

2.3. BZ cells as a model for studying kinetic mechanisms

Due to the limitation of ES cells-derived neurons and PCN, we used a new model, the BZ
cells that had been previously generated in the laboratory. It originates from a transgenic
mouse hippocampus by targeted oncogenesis (Le Menuet, Viengchareun et al. 2000). As we

may appreciate on Figure 17, after 4-day differentiation period, consisting in lowering from
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10 % to 1 % the serum concentration in the medium, BZ cells present with neuronal features,

displaying an elongated morphology harboring multiple short neuronal processes.

Day 0 Day 4

Fig. 17 BZ cell culture. Bz cells display some short cellular processes on Day 0 (magnification x 20),
while an elongated morphology harboring multiple longer ones was observed on Day 4 (magnification x 20).

Under these culture conditions, we compared the BDNF and neuronal marker MAP2
transcript expression in BZ cells before or 4 days after incubation in differentiation medium.
RT-gPCR results showed that mRNA expression levels of both BDNF and MAP2 were
significantly higher on Day 4, compared to those on Day 0 (Fig. 18). Moreover, beside MAP2
and BDNF, this cell line also expresses the glutamate receptor NMDAR, GR but very little
and probably non-functional MR as assayed by RT-gPCR.
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Fig. 18 BDNF and MAP2 mRNA expression in BZ cells increase with time. a, Total BDNF
MRNA expression on Day 0 and Day 4 cultures of BZ cells. b, MAP2 mRNA expression on Day 0 and
Day 4 cultures of BZ cells. Data are given as attomol of BDNF or MAP2 transcripts normalized to attomol of
36B4 mRNA, and expressed as mean = SEM (n=6 per group). Statistical analysis was performed using a
nonparametric Mann-Whitney U test. ** p<0.01.
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Furthermore, the expression level of glial marker, glial fibrillary acidic protein (GFAP), was
more than 10* times lower in BZ cells than in mouse brain (Supplemental Fig. S1d from our
article in Molecular Brain), indicating a more pronounced neuronal phenotype of BZ cells. It
is well established that Forskolin (FK) could activate cAMP signaling in intact cells, which
results in the activation of CREB and subsequent activation of this pathway. The FK
stimulation was shown to increase expression of CAMP target genes including BDNF (Tao,
Finkbeiner et al. 1998). BZ cells were thus treated by 5 x 10° M FK for 1 to 4 h.

qPCR
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Fig. 19 FK effects (5 x 10° M) on total BDNF mRNA expression in BZ cells. Data are given
as attomol of BDNF transcripts normalized to attomol of 36B4 mRNA, and expressed as mean =SEM (n=6 per
group). Statistical analysis was performed using a nonparametric Mann-Whitney U test. ** p<0.01

Following RT-qPCR analysis, we showed that higher levels of BDNF were observed when
BZ cells incubated with FK for 2, 3, or 4 h, compared to the control condition (Fig. 19). These
findings indicate Bdnf gene expression is stimulated by cAMP signaling pathway in BZ cells,
consistent with previous results reported in neurons (Yamamoto, Sobue et al. 1993, Conti,
Cryan et al. 2002). This finding demonstrates that the BZ cell line exhibits similar responses
to the cCAMP/CREB pathway than in neurons. Further characterization on BZ cells and DEX
effects on BDNF expression may be found in the paper presented in the next part. According
to the data we have already obtained, BZ cell line constitutes a good cell-based system to
investigate the molecular mechanisms including kinetic aspects on action of GR on BDNF
expression, due to the high expression levels of both BDNF and GR. However, transient
transfection efficiency is quite low in BZ cells (see Fig. 22b), prompting us to seek for
another cellular model to characterize in more details the effect of GR on BDNF promoter

activity.
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2.4. N2A cell line as a model to analyze Bdnf promoter sequence activities

Mouse neuroblastoma N2A cell line (ATCC number: CCL-131) has been widely used to
study neuronal differentiation, neurite growth, synaptogenesis and signaling pathways
(LePage, Dickey et al. 2005, Ogrodnik, Salmonowicz et al. 2014, Salto, Vilchez et al. 2015).
After 7-day culture with differentiation medium, consisting again in lowering the serum
concentration from 10 to 1%, N2A cells present with several small processes (Fig. 20). The
N2A cells express GR (Ct values are around 24 with 40 cycles of amplification by qPCR) and
various neuronal markers such as MAP2 (Ct: 27), NMDAR (Ct: 26) and synaptophysin (Ct:
24), but a low BDNF level (Ct 31) and an undetectable MR level. A time course (1 - 24 h) of
Cort treatment (10”7 M) on N2A cells showed that BDNF mRNA expression was inhibited by
Cort 107 M by more than 40% at 6 h time point (Fig. 21), stressing that Bdnf expression level
is regulated by GC. This finding is consistent with the results obtained in ES differentiated-
neurons cells and PCN, even though BDNF and MR expression level in N2A cells is very low
and the kinetic mechanism of BDNF transcription is not exactly the same than that on the
former two cell models. In order to anticipate subsequent promoter analysis of Bdnf
transcriptional activity, we examined the transfection efficiency of N2A cells. Cotransfection
of a plasmid harboring two response elements for glucocorticoid receptor driving luciferase
reported gene expression (GRE2.luc) with a GR expression vector in absence or presence of

DEX allowed to compare the transfection efficiency in BZ and N2A cells.

Fig. 20 N2A cell neuronal differentiation. After 7-day differentiation, N2A cells present with several
small dendrite-like arborization; magnification x10.
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Fig. 21 Corticosterone effect on total BDNF mRNA expression in N2A cells. a, Time course
(1, 2, 6, and 24 h) effect of Cort (10 M) on total BDNF mRNA levels. b: Cort 107 M on total BDNF
MRNA levels, one time point (6 h) from Fig. 21a. Data are given as arbitrary units of Bdnf and 36B4 gene,
and are expressed as mean = SEM (n=6 per group). Relative expression obtained with control cells, was
arbitrary set at 1. Statistical analysis was performed using a nonparametric Mann-Whitney U test. **
p<0.01.
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Fig. 22 DEX effects on GREZ2.luc activity in N2A cells and BZ cells. a, DEX 10" M effect on
GRE2.luc activity in N2A cells, co-transfected with GR expression vector and Renilla plasmid for
normalization. Results are expressed as the ratio of the Firefly /Renilla luciferase activities. n=16, Mean =+
SEM; ***P<0.005; Mann Whitney U-tests. b, comparison of the basal values of firefly and Renilla
luciferase activities in N2A and BZ cells, presented as Mean.

Results showed that luciferase activities increased by a 40-fold factor (Fig. 22a) after DEX
exposure (107 M) in N2A cells. However, both the luciferase and Renilla activity values at
baseline were more than 200 times higher in N2A cells than those measured in BZ cells (Fig.
22b). These data indicate that N2A cell line exhibits a quite good transfection efficiency
compared to BZ cells. In addition, N2A cells are easier to culture and transfect than ES cell-
derived neurons or PCN, and the results are more stable and repeatable with weak standard
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errors than in BZ cells. Altogether, even though N2A cells express a very low level of BDNF
and MR, it constitutes a highly efficient transfection model suitable for promoter

characterization.
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3. Conclusion

In this part | of results, we analyzed the GC effects on BDNF mRNA expression in ES-
derived neurons and PCN, and characterized two immortalized cell lines of neuronal origin,
BZ and N2A cells. We demonstrated that BDNF transcript expression is rapidly repressed by
GC in neurons derived from ES cells, PCN, as well as N2A and BZ cells (as shown in Part 11),
although at different time points of hormone exposure. Moreover, these four cell lines display
neuronal characteristics with some distinct specificities, including for PCN and ES cells-
derived neurons functional structures (axons and neurites) and expression of some neuronal
markers. Additionally, we were unable to demonstrate the presence of any functional MR in
BZ cells or in N2A cells (data not shown). Consequently, we analyzed the effects of GR on

Bdnf expression within these cellular models without any potential interference from MR.

Despite their intrinsic characteristics of the cellular models, likewise any cell-based system,
these cell lines display some advantages as well as disadvantages or limitations with respect
to expression levels of related genes, transfection efficiency and transcription potency.
Therefore, neuronal differentiation of ES cells was used in the preliminary analysis on GC
regulation on Bdnf expression while primary cultures of mouse hippocampal neurons were
used as an in vitro cell model with characteristic close to the ones on the brain. Additionally,
as BZ cells express very high levels of BDNF and functional GR, we use it for studying the
GR action on Bdnf expression (as shown in Part 11); N2A cells have been considered as a

transfection model for promoter study.
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Part Il :

Glucocorticoid receptor represses brain-derived

neurotrophic factor expression in neuron-like cells
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1. Introduction

In the result part I, we have shown that Bdnf expression is mediated by GR agonists, such as
Cort 107 M in ES-derived neurons and N2A cells, as well as DEX 10°® M in mouse PCN.
Previous evidence showed that GR is involved in GC-mediated Bdnf expression in the
hippocampus (Chao and McEwen 1994, Hansson, Cintra et al. 2000, Kino, Jaffe et al. 2010).
Meanwhile, several GR antagonists such as RU486 was used for determining the GR
regulation on BDNF mRNA expression (Kino, Jaffe et al. 2010). Furthermore, several studies
have demonstrated that Bdnf exon IV and VI-containing transcripts are involved in GC-
evoked decline in total Bdnf expression, after three weeks of treatments in rat frontal cortex
(Dwivedi, Rizavi et al. 2006, Hansson, Sommer et al. 2006). However, the conclusions from
different studies were somewhat different and sometime contradictory. Beyond the effect of
GR on BDNF transcript levels, one of the important issues should be addressed: the molecular

mechanisms of GR-mediated changes in BDNF expression.

To better understand the mechanisms on how GC regulates Bdnf expression via GR will be
helpful for revealing the dialogue between GR and neurotrophin signaling pathways involved
in stress response or neurodegenerative diseases. However, no experiments have clearly
addressed the exact underlying regulatory mechanisms of GR-mediated regulation of total
Bdnf expression or its distinct exon-containing isoforms so far. Therefore, the objectives of
this part are to investigate by qPCR if GC regulates the expression of total BDNF transcripts
as well as of its variant splices via GR activation, to study which Bdnf promoter regions are
involved in GR regulation by transient transfection experiments, and to target and localize the
DNA sequences and transcription factors interacting with GR using mutagenesis and ChIP

analyses.

The principal findings obtained are presented in the following article.
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Abstract

Brain-derived neurotrophic factor (BDNF) is involved in many functions such as neuronal growth, survival, synaptic
plasticity and memorization. Altered expression levels are associated with many pathological situations such as
depression, epilepsy, Alzheimer's, Huntington's and Parkinson'’s diseases. Glucocorticoid receptor (GR) is also crucial
for neuron functions, via binding of glucocorticoid hormones (GCs). GR actions largely overlap those of BDNF. It has
been proposed that GR could be a regulator of BDNF expression, however the molecular mechanisms involved
have not been clearly defined yet. Herein, we analyzed the effect of a GC agonist dexamethasone (DEX) on BDNF
expression in mouse neuronal primary cultures and in the newly characterized, mouse hippocampal BZ cell line
established by targeted oncogenesis. Mouse Bdnf gene exhibits a complex genomic structure with 8 untranslated
exons (I to VIII) splicing onto one common and unique coding exon IX. We found that DEX significantly downregulated
total BDNF mRNA expression by around 30%. Expression of the highly expressed exon IV and VI containing transcripts
was also reduced by DEX. The GR antagonist RU486 abolished this effect, which is consistent with specific GR-mediated
action. Transient transfection assays allowed us to define a short 275 bp region within exon IV promoter responsible

the central nervous system.

for GR-mediated Bdnf repression. Chromatin immunoprecipitation experiments demonstrated GR recruitment
onto this fragment, through unidentified transcription factor tethering. Altogether, GR downregulates Bdnf
expression through direct binding to Bdnf regulatory sequences. These findings bring new insights into the
crosstalk between GR and BDNF signaling pathways both playing a major role in physiology and pathology of

Keywords: Glucocorticoid receptor, Brain-derived neurotrophic factor, Glucocorticoids, Promoters

Introduction

The neurotrophin brain-derived neurotrophic factor
(BDNF) is a key player in neuronal function. BDNF is
highly expressed throughout the brain [1, 2], yet its
strongest expression level is found within the hippo-
campus, a limbic structure of major importance for
cognitive functions, such as memorization, learning,
behavior, stress, emotions, and mood [3, 4]. In the
central nervous system (CNS), BDNF regulates neur-
onal survival [5], differentiation and growth [6].
Growing evidence indicates that BDNF is also in-
volved in neuronal homeostasis and brain plasticity-
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related processes such as memory, learning [7, 8] and
drug addiction [9], as well as in long term potenti-
ation [10]. Alterations in BDNF expression levels
within specific neuron subpopulations have been asso-
ciated with various pathologies, including depression,
epilepsy, Alzheimer’s, Huntington’s and Parkinson’s
diseases [11-16]. BDNF mainly functions by binding
to its high-affinity receptor, tropomyosin-related kin-
ase B (TrkB) activating several pathways such as
MAP kinase, PI3 kinase and Phospholipase C [17].
Rodent Bdnf gene exhibits a complex genomic struc-
ture comprising of at least 9 exons (I to IX), which
are alternatively spliced to generate exon-specific
BDNF transcript variants with one common and
unique coding exon IX at the 3’ terminal end [18].
Generation of a large set of transcript isoforms is
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probably of biological significance as in rat hippocam-
pal neuronal cultures, it has been demonstrated that
BDNF mRNA variants are differentially distributed in
specific dendritic compartments in order to regulate
the local availability of BDNF protein [19]. Moreover,
BDNF expression was reported to be reduced with
aging and associated with a repressed chromatin state
on some of its gene regulatory regions [20]. Along
this line, epigenetic histone modifications and DNA
methylation marks have recently been identified as
complex and crucial mechanisms enabling modified
expression of various BDNF mRNA isoforms [21].
Altogether, several layers of events driving quantita-
tively and qualitatively BDNF expression highlight its
crucial contribution to CNS function in physiology
and pathology [22-24].

Glucocorticoid hormones (GCs) also exert pleiotropic
actions on neurons by binding to and activating the
glucocorticoid receptor (GR, NR3C1), as well as to the
mineralocorticoid receptor (MR, NR3C2) [25, 26]. The
latter exhibits a high ligand affinity, and as a conse-
quence it is almost permanently occupied by GCs, while
GR is mostly activated under high circulating GC con-
centrations such as during stress conditions or at the cir-
cadian peak of GCs. Both receptors are highly expressed
in the hippocampus, acting in balance to regulate vari-
ous physiological and neurological processes such as
stress responses, apoptosis survival and long term po-
tentiation [27]. Interestingly, BDNF activation of TrkB
receptors regulates positively GR activity on its target
gene expression by phosphorylating two key serine
residues on the receptor [28]. Mutating these BDNF-
sensitive sites results in the inhibition of the neuroplasti-
city response to chronic stress [29], unraveling a
crosstalk between GC and neurotrophin signaling path-
ways. On the other hand, regulation of BDNF expression
by stress [30] has important consequences on the patho-
physiology of mood disorders [31] and in the mechanism
of action of antidepressant agents [32]. As exposure to
acute or chronic stress triggers a surge of circulating GC
concentrations [33, 34], a role of these hormones in
modulating BDNF expression has often been suggested
[35—41], but most of these reports are based on indirect
evidence, and are sometimes contradictory depending
on the model and the treatment timeline [42—-44]. As a
whole, the molecular mechanisms by which GCs regu-
late BDNF expression are not clearly defined. In the
present study, we demonstrated that, upon exposure to
the glucocorticoid agonist dexamethasone (DEX), GR
directly downregulates Bdnf expression, at least in part,
by its binding to a specific DNA region upstream of
exon IV. Interestingly, this promoter fragment was
already characterized as stimulated by synaptic activity
in humans and rats [45, 46]. Along with primary cultures
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of fetal hippocampal neurons (PCN), we used the newly
characterized BZ cell line which was previously gener-
ated by targeted oncogenesis strategy [47] from a mouse
hippocampus and which expresses a high level of
both BDNF and GR. Altogether, this work unravels
new insights about the repression by GR of Bdnf ex-
pression, findings that may be of potential physio-
logical importance.

Methods

Primary cultures of fetal mouse hippocampal neurons
Pregnant SWISS mice at 18 or 19 days post-
fertilization were euthanized by decapitation. Dissec-
tion was performed according to a video published in
the Journal of Visual Experiments [48]. Hippocampal
neurons were isolated and cultured from the embryos
using the DPierce Primary Neuron Isolation Kit
(Thermo scientific, Courtaboeuf, France) following the
manufacturer’s instructions. This kit contained a neur-
onal media culture supplement (reference: 88286).
Cells were typically seeded on culture plates coated
with 10 pg/mL poly-D-lysine (Sigma-Aldrich, Lyon,
France), at the density of 2.5 x 10° cells/cm® and
grown for 9 days at 37 °C in a 5% CO, incubator.

Cell culture and reagents

BZ and Neuro-2a (N2A, ATCC number: CCL-131)
growth medium was composed of DMEM (PAA, Vélizy-
Villacoublay, France) containing 10% fetal bovine serum
(FBS) (AbCys SA, Paris, France), 1x nonessential amino
acids (PAA), 2 mM glutamine (PAA), 100 U/ml penicil-
lin (PAA), 100 pg/ml streptomycin (PAA), 20 mM
HEPES (PAA). For BZ differentiation experiments,
serum concentration was lowered to 1% for 2 days. N2A
differentiation medium was similar to BZ medium but
was supplemented with 5 pg/ml insulin (Sigma-Aldrich),
5 pg/ml transferrin (Sigma-Aldrich), 29 nM sodium sel-
enate (Sigma-Aldrich) and 1 pM retinoic acid (Sigma-
Aldrich). For hormonal treatment, cells were grown in
Dextran Charcoal Coated-treated (DCC) FBS. Dexa-
methasone (DEX) (Sigma-Aldrich) and RU 486 (RU)
(Sigma-Aldrich) were used at the indicated concentra-
tions diluted in ethanol. For RNA stability analysis,
10 pg/ml of 5, 6-Dichlorobenzimidazole-1-3-D-ribofura-
noside (DRB) (Sigma-Aldrich) diluted in DMSO was
applied.

Immunocytochemistry

BZ cells cultured in x-well tissue culture chambers
(Sarstedt, Numbrecht, Germany) were fixed with PBS
containing 4% paraformaldehyde (Sigma-Aldrich) solu-
tion for 15 min at room temperature. Cells were
permeabilized with 0.5% Triton X-100 (Sigma-Aldrich)
for 5 min and blocked by 1% non-fat milk in PBS
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with 0.1% Tween-20 (PBST) for 1 h at 37 °C. Cells
were incubated with anti B-tubulin III antibody TU20
(sc-51670, Santa Cruz, La Jolla, CA, [49]) or with
anti-GR antibody M20 (sc-23476, Santa Cruz, [50])
overnight at 4 °C and then with secondary antibody
Cy3 (Interchim, Thermo scientific) for 45 min in
PBST with 1% milk. After washing, BZ cells were in-
cubated with DAPI (4',6'-diamidino-2-phenylindole), 1:
1000 in PBST for 2 min and observed with a fluorescence
Olympus microscope AX70 (Olympus, Hambourg,
Germany).

RNA extraction and quantitative real-time PCR

Gene expression was quantified by reverse transcription
(RT) followed by quantitative PCR (qPCR). Cells were
harvested and total RNAs were extracted with Trizol re-
agent (Invitrogen, Cergy-Pontoise, France) according to
the manufacturer’s instructions and their concentrations
were determined using a Nanodrop 2000 spectropho-
tometer (Thermo scientific). RNAs were reverse-
transcribed and processed for real-time PCR on an ABI
Step One Plus (Applied Biosystems, Courtaboeuf,
France). Briefly, 1 pg of total RNA was treated by
DNAse I (Invitrogen), then reverse-transcribed with 50
U MultiScribe reverse transcriptase (Applied Biosys-
tems). After 10-fold dilution, 1/40 of the RT reaction
was used for qPCR using the Fast SYBR Green PCR
master mix (Applied Biosystems). Final primer concen-
trations were 300 nM for each primer. Primer sequences
for each gene are listed in Additional file 1: Table S1. Re-
action parameters were 95 °C for 20 s followed by 40 cy-
cles at 95 °C for 3 s and 60 °C for 30 s. For plasmids
used for standard curves, amplicons were purified from
agarose gels and subcloned into pGEMT-easy plasmid
(Promega, Charbonniéres, France), then sequenced to
confirm the identity of each fragment. Standard curves
were generated using serial dilutions of standard plas-
mids, spanning six orders of magnitude and yielding cor-
relation coefficients more than 0.98 and efficiencies of at
least 0.95, in all experiments. Standard and sample
values were determined in duplicate from each sample.
Relative expression within a given sample was calculated
as the ratio: attomol of specific transcripts/attomol of
36B4 transcripts.

Protein extraction and Western blotting

Protein expression was assessed by Western blotting.
Cells were harvested from the culture plates and total
cellular proteins were extracted by lysis buffer contain-
ing 1% Triton X-100, 1% proteasome inhibitor cocktail
(Sigma-Aldrich). Lysates were cleared by centrifugation
at 13,000 g for 20 min and protein concentrations were
measured using the BC Assay Protein Quantitation Kit
(Uptima, Oakland, CA). Total protein lysates (50 pg)
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were fractionated on 15% SDS-PAGE then transferred
to nitrocellulose membranes (GE Healthcare Life Sci-
ences, Vélizy-Villacoublay, France). Membranes were
blocked for 1 h in PBST with 2.5% BSA, and then incu-
bated with primary antibodies overnight at 4 °C, rabbit
polyclonal anti-BDNF (sc-546, Santa Cruz [51]) at
1:200 and mouse monoclonal anti-a-tubulin (Clone
DM1A, Sigma-Aldrich) at 1:10,000. Incubation with
secondary antibodies conjugated to infrared fluoro-
phores (goat anti-rabbit IgG Dylight 800 and anti-
mouse IgG Dylight 680 at 1:10,000 from Thermo Scien-
tific) was performed for 1 h. An Odyssey infrared
imaging system (LI-COR, Bad Homburg, Germany) was
used to scan membranes at a wavelength of 680 nm
(anti-mouse) or 800 nm (anti-rabbit). Data were ana-
lyzed with Image Studio 1.1 software (Li-COR).

Luciferase assays
pCDNA3-GR plasmid was generated by subcloning hu-
man GR (NR3CI) into pCDNA3 vector (Invitrogen).
Bdnf promoter reporter plasmids were constructed by
inserting PCR fragments from Bdnf promoter regions
into PGL4-basic luciferase reporter vector (Promega),
see Additional file 1: Table S1 for primer sequences.
These fragments, named LP6, SP6, LP4, and SP4, are lo-
calized according to the distance to exon VI transcrip-
tion starting site that was set at +1 (see Fig. 4). Specific
genomic sequences were amplified by PCR from mouse
genomic DNA and inserted into the PGL4 cloning vec-
tor in the Xho I and Hind III restriction sites using
pGEMT easy vector kit (Promega), then transformed in
JM109 E.Coli. Plasmids were sequenced to confirm the
identity and orientation. The renilla activities driven by
the expression vector PRL-TK (Promega) or total protein
concentrations were used for normalizing expression.
On the day prior to transfection, N2A cells were
plated in 96-well plates at a density of 2 x 10* cells per
well in the N2A differentiation medium. Medium was
changed for OptiMEM medium (PAA) on the next day,
and cells were transfected using Lipofectamine 2000 re-
agent (Invitrogen). Plasmid concentrations per well were
50 ng PGL4-Bdnf promoter vectors, 25 ng pCDNA3-GR
or empty vector, 13.3 ng PRL-TK renilla expression vec-
tor. Six h post-transfection, OptiMEM medium was re-
placed by N2A DCC medium. Cells were treated with
Ethanol (Veh), DEX and/or RU486 24 h after transfec-
tion and then were harvested after another 24 h with
Passive Lysis Buffer from the dual luciferase reporter
assay system kit (Promega). Lysates were transferred to
96-well clearbottom microplates (Fisher), and lumines-
cence intensities were measured with a TRISTAR LB941
automatic luminometer (Berthold, Thoiry, France) with
dual injectors. Normalized values were wused for
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statistical analyses. Each experiment was performed with
8 replicates and repeated at least three times.

Chromatin immunoprecipitation (ChIP)

ChIP experiments were performed using the Ideal-ChIP
for transcription factor kit (Diagenode, Liege, Belgium)
following the manufacturer’s protocol. Specifically, 4 x
10° BZ cells per well of 6-well plates grown in 1% DCC
medium were treated by vehicle (ethanol), Dex 107 M
or Dex 107 M together with RU 10° M for 1 h. Cells
were then fixed by a mix of formaldehyde 16% and fix-
ation buffer from the kit (4: 1 ratio), 1/100 volume final
for 8 min. ChiP experiments were performed according
to Le Billan et al [52]. Chromatin samples (300 pl) were
sheared by 12 cycles 30 s ON and 30 s OFF with the
Diagenode Bioruptor Pico system and 2.5 pl samples
were kept for input measurements. Two hundred and
fifty pl of sheared chromatin samples were incubated
overnight at 4 °C with 1 pg IgG from the kit as control
or 5 pg anti-GR antibody H300 (Santa Cruz sc-8992-X
[53]). Chromatin shearing was controlled on a 1.5%
agarose gel and typically a smear was visualized ranging
from 100 to 500 bp. qPCR amplifications of eluted DNA
were performed with primers encompassing a short up-
stream sequence of exon IV, or on Perl and Ucpl pro-
moters (Additional file 1: Table S1 for primer
sequences). Raw data are expressed as percentage of in-
puts, according to the Percent of Input Method, ChIP
analysis; Thermo Fischer Scientific.

Immunoprecipitation

Immunoprecipitations were performed using 30 pl pro-
tein A-coated magnetic beads (Diagenode). Beads were
washed 3 times with C1 buffer of the High Cell ChIP kit
(Diagenode) and incubated for 4 h with anti-GR anti-
body H300 (Santa Cruz) at 4 °C with protease inhibitors
and 0.2% BSA. Then, 350 pg of proteins from BZ cell ly-
sates were incubated overnight with antibody-coated
beads. The following day, beads were washed 3 times
with buffer C1 and once with buffer W1 (High Cell ChIP
kit), and immunoprecipitated proteins were eluted from
the beads with 20 pl of Laemmli buffer at 95 °C for
5 min and loaded on a 10% SDS-PAGE gel for Western
blotting. Membranes were hybridized with anti-GR anti-
body M20 (sc-23476, Santa Cruz, [54].

Targeted mutagenesis

Targeted mutations of Bdnf promoter construct plasmids
were performed using the Quickchange II XL kit (Agi-
lent Technologies, Les Ulis, France) following the manu-
facturer instructions. Briefly, 10 ng of SP4 luciferase
plasmid was amplified by PCR with sense and antisense
mutated primers for 18 cycles. PCR reactions were
transformed in XL1 blue ultracompetent E. Coli strain
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(Agilent, les Ulis, France) on LB Agar Ampicillin petri
dishes. Bacterial colonies were picked up. Plasmid DNA
were extracted and sequenced by Eurofins (Ivry sur
Seine, France) to check for the introduction of the muta-
tion and sequence integrity. Primers for mutagenesis are
available in Additional file 1: Table S1. Plasmids were
transfected in N2A cells as stated for the luciferase
assay.

Statistical analyses

Results are expressed as mean + SEM of at least six sam-
ples for each condition unless stated otherwise. Statis-
tical analyses were performed using nonparametric
Mann-Whitney U-tests, unless stated otherwise, using
Prism 5 (GraphPad Software, Inc., San Diego, CA).

Results

GR represses Bdnf expression in primary mouse
hippocampal cultures

To determine the effect of GCs on Bdnf expression in
neurons, we used day 9 primary cultures of mouse hip-
pocampal neurons (PCN), a model of high physiological
relevance that expresses both BDNF and GR (Additional
file 2: Figure Sla and c). Bright field microscopy at day 3
in vitro (D3 IV, Fig. 1la upper panel) already showed a
nearly homogenous neuronal culture that developed in a
dense neuronal network at day 9 (D9 1V, Fig. 1la, lower
panel). Neuronal marker MAP2 transcripts expression
measured by qPCR was in the same range in PCN than
in mouse brain while glial marker GFAP expression,
assessed as an estimation of astrocyte contamination dis-
played a more than two hundred times lower expression
in PCN culture than in mouse brain (Additional file 2:
Figure S1b and d), indicating a high neuronal enrich-
ment in PCN culture. Additionally, GR mRNA and pro-
tein were clearly expressed in D9 IV cultures, as shown
in qPCR (Additional file 2: Figure Slc) and in Western
blot (Additional file 2: Figure S1e). One h treatment with
dexamethasone (DEX), a synthetic GR agonist (10° M),
was sufficient to significantly repress by 30% total BDNF
mRNA expression (Fig. 1b), measured by qPCR on the
common exon IX abundance. This inhibition was fully
reversed by co-treatment with the GR antagonist RU486
(RU). These results were consistent with a previous
study performed on rat PCN [42]. These experiments
were performed using a neuronal media supplement
(Pierce neuronal isolation kit, reference 88286) that was
required for the survival of PCN and that did contain
GC. We were unable to maintain the cells in culture in
the absence of the supplement even for a few h. Of note,
the culture medium with the supplement contains a sub-
stantial concentration of corticosterone (~2.10° M), as
measured by LC/MS-MS (data not shown), that is suffi-
cient to partially bind and activate GR.
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Fig. 1 GR inhibits Bdnf expression in 9-day PCN. a, Bright field microscopy showed that PCN developed a morphology with multiple cellular processes
on Day 3 in vitro (D3 IV, upper panel), while a denser neuronal network was visible on Day 9 (D9 IV); magnification x10. b, Total BDNF mRNA expression
was significantly repressed by DEX. Relative expression of total BONF mRNA assessed by gPCR on exon X under vehicle, (Veh, ethanol) dexamethasone
(DEX; 10”7 M) or DEX and GR antagonist RU486 (RU; 10° M) treatments (1 h). Results are expressed as attomol of BDNF mRNA/attomol of 36B4 mRNA
(n=6, Mean + SEM); * Veh vs DEX, P < 0.05; $ DEX vs DEX + RU, P < 0.05, Mann Whitney U-tests. ¢, Schematic representation of mouse Bdnf gene
according to Aid et al [18]. Eight untranslated exons (I to VIII) splice onto one common coding exon IX, with two regulatory regions that drive the
expression of mainly 2 clusters of untranslated exons (I, II, il and IV, V, VI, respectively). d, Relative expression of Bdnf untranslated exons in 9-day PCN
(n=6, Mean + SEM) as measured by RT-gPCR. Exons IV and VI containing transcripts are the most expressed isoforms, followed by that of exon |
containing mMRNA. ND: non determined. e, f, g, h, i, Expression of exon |, IV, and VI containing transcripts was downregulated by DEX while expression
of exon VIl and VIIl containing transcripts was not modified by DEX treatment. gPCR analyses of exon |, IV VI, VIl and VIl mRNA levels in the same
samples than in (a), Mean + SEM; * (P < 0.05) vs Veh; $P < 0.05; $$ P < 0.01 vs DEX; Mann Whitney U-tests

In order to better understand the mechanisms by respectively (Fig. 1c) [18, 55]. We determined the rela-
which GCs decrease neuronal Bdnf expression, it is tive expression of the untranslated exon-containing tran-
worth noting that mouse Bdnf gene exhibits a complex scripts by RT-qPCR and found that exon IV containing
genomic structure with 8 untranslated exons (I to VII[) mRNA isoform was by far the most expressed one
that splice onto the common coding exon IX and two followed by exon VI and I containing isoforms (Fig. 1d).
clusters of promoters upstream of I, II, III and IV, V, VI,  Expression of all of these 3 exon-containing messengers
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was repressed by DEX while RU suppressed this effect
(Fig. 1e, f and g). Conversely, DEX did not exert any ef-
fect on exons VII and VIII containing transcripts (Fig. 1h
and I), highlighting an exon-specific regulation of GR on
Bdnf gene. Altogether, these data showed that GR was
able to repress BDNF mRNA expression in PCN by
downregulating specific isoforms even in the presence of
noticeable amounts of GCs in the medium.

The BZ cell line is a glucocorticoid responsive model
expressing BDNF

In PCN, the presence of corticosterone in the culture
supplement was likely able to interfere with investigation
on GR action on BDNF expression. Nonetheless, the BZ
cell line previously generated from a mouse hippocam-
pus by targeted oncogenesis [56] displayed several inter-
esting characteristics to study this issue. BZ cells
appeared in light microscopy as slightly elongated and
connected by short processes when grown in 1% fetal
bovine serum (FBS, Fig. 2a, upper left panel). Immunola-
beling revealed the presence of the B-tubulin III neur-
onal marker in BZ cells (Fig. 2a, upper right panel and
lower panels), indicating they present with some
neuron-like features. Moreover, GR was readily detected
by immunocytochemistry as a nucleocytoplasmic label-
ing in BZ cells (Fig. 2b). As shown by the DAPI counter-
staining, GR expression is expressed in all BZ cells. In
addition, expression of Gr, Bdnf as well as the neuronal
marker Map2 and the NmdaR(1 (Grinl) isoform was
observed in BZ cells as measured by RT-PCR (Fig. 2c),
and compared to embryonic stem cell derived neurons
(ES) and mouse brain. Quantification by qPCR of BDNF
and GR mRNAs showed that their relative levels were in
the same range in BZ cells and PCN (Additional file 2:
Figure Sla and c), although lower when compared to
those measured in the brain. While BZ cell expression of
Map2 neuronal marker was comparatively lower than
the one measured in PCN and brain, it was similar to
that found in ES derived-neuron cultures (Additional file
2: Figure S1b). It is worth noting that the main BDNF
receptor TrKB was not expressed in BZ cells (data not
shown), thus any observed effect on BDNF expression is
not due to a negative feedback loop resulting from TrkB
receptor activation. BDNF protein was clearly detected
by Western blotting on lysates from BZ cells and PCN
as well as mouse brain (Fig. 2d). GR expression in BZ
cells was further demonstrated by immunoprecipitation
assays as revealed by the~ 100 kDa molecular mass
band observed in both input and GR immunoprecipi-
tated complexes lanes (Fig. 2e). BZ cells were transfected
with a plasmid containing two glucocorticoid response
elements fused with the luciferase gene (GRE2.Luc). Al-
though transfection efficiency was low, DEX treatment
was able to transactivate GRE2.Luc starting from a dose
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of 10® M indicating that a functional GR is expressed in
BZ cells (Fig. 2f). We optimized the BZ cell culture con-
ditions by lowering fetal bovine serum concentration
from 10 to 1% for 48 h and showed that this experimen-
tal condition increased the expression of the MAP2
neuronal marker mRNAs (Fig. 2g). As BDNF and GR
transcripts expression are identical between all culture
conditions, this effect is probably specific. Thus, BZ cells
were routinely expanded using 10% FBS, plated at
12,500 cells/cm? and grown in low serum concentration
(1%) 48 h before hormonal treatments. Altogether, the
BZ cell line of hippocampal origin exhibits neuronal fea-
tures and expresses substantial amounts of both GR and
BDNF at the messenger and protein levels, enabling to
investigate the impact of GR activation on Bdnf
expression.

GR represses Bdnf expression in BZ cells

The effect of DEX on total BDNF mRNA expression
was analyzed on time course experiments, using a 10-
fold lower concentration (107 M) than in PCN. DEX
significantly decreased total BDNF transcript abun-
dance by 30% after 3 and 4 h treatment (Fig. 3a). At
this dose, no effect was observed on PCN probably
because of the presence of corticosterone in the cul-
ture medium (data not shown). Parallel measurements
of the GR target gene Sgkl transcript levels revealed,
as expected, a strong induction (3 to 5 fold) already
detected after 1 h stimulation, thus validating GC
treatment effectiveness, and the BZ cell ability to re-
spond to GCs (Additional file 3: Figure S2a). In the
presence of the transcription inhibitor DRB, there was
no difference in the rate of BDNF mRNA turnover
between Veh and DEX, suggesting that the DEX-
induced reduction of BDNF transcript levels was re-
lated to transcriptional repression rather than RNA
decay mechanisms (Fig. 3b). These findings also dem-
onstrated that the half-life time of BDNF transcripts
in BZ cells was evaluated at around 2 h, which is
consistent with a rapid detection of BDNF mRNA
level diminution upon GC exposure. Co-treatment
with RU for 3 h abolished the effect of DEX on Bdnf
expression, demonstrating that DEX repression is in-
deed mediated by GR (Fig. 3c). As a control, under
the same experimental conditions, SgkI activation by
DEX was fully repressed by addition of RU (Add-
itional file 3: Figure S2b). The relative expression of
Bdnf untranslated exons in BZ cells was somehow
different from the one observed in PCN since exon
VI-containing mRNA  represented the highest
expressed isoform in BZ cells, followed by exon VII
and VIII then exon IV mRNA while the expression of
exon I-containing transcript was negligible (Fig. 3d).
Examination of exon IV and VI isoform expression
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Fig. 2 Characterization of the BZ cell line. BZ cells are cultured in DMEM supplemented with 1% FBS unless stated otherwise. a, BZ cells present with
neuronal features. BZ cells display an elongated morphology harboring multiple short cellular processes, brightfield microscopy (magnification x20, upper
left panel). Immunolabeling images (x40) with negative control secondary antibody and DAPI counterstaining (upper right panel), 3-tubulin lll (lower left
panel) and merged DAPI and 3-tubulin Il (lower right panel). b, GR is expressed in BZ cells. Immunocytochemistry of GR staining on BZ cells grown in
10% FBS, showing a homogenous expression of GR in this cell line. GR, upper panel, DAPI, middle panel, Merged, lower panel (c), Analytical RT-PCR of
GR, BDNF, NMDA receptor ¢ (NMDAR) and MAP2 mRNA expression (30 cycles of amplification with DreamTaq (Thermo Scientific)) on BZ cells compared
with neurons derived from mouse embryonic stem cells (ES) and mouse brain. d, Western Blot on BDNF protein in BZ cells, primary cultures of mouse
hippocampal neurons (PCN), and mouse brain, showing that BDNF protein was clearly detected in all of the 3 samples. e, Immunoprecipitation in BZ cell
lysates with anti-GR antibody, further demonstrating GR expression, MW: molecular weight markers in kDa, IgG: rabbit immunoglobulins, GR band is
around 105 kDa. f, DEX was able to transactivate GRE2.Luc, indicating the presence of a functional GR in BZ cells. Transfection of BZ with a PGL3-Gre2.Luc
plasmid under DEX dose responses (107 to 10° M, n=8, Mean + SEM); Vect, GRE2.Luc; Veh set at 1: * P<0.05, * P<0.01, Mann Whitney
U-tests. g, Increased expression of neuronal marker MAP2 transcripts at low FBS (1%) concentration. MAP2 (higher panel), GR (middle
panel) and BDNF (lower panel) mRNA expression in BZ cells under various FBS concentrations from 1 to 10%; n=6, Mean + SEM;
** P<0.01 vs 1% condition, Mann Whitney U- tests
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(See figure on previous page.)

Fig. 3 GR downregulates BDNF expression in BZ cells. a, The total BDNF transcript abundance was decreased by 30% after 3 and 4 h DEX
treatment. Time course of total BDNF transcript expression under 107 M DEX or vehicle treatment, time O is set at 1, n =12, Mean + SEM; * P<
0.05, ** P<0.01vs Veh, Mann Whitney U-tests. b, Repression of BDNF mRNA expression is transcriptional. Time course assessment of total BDNF
mMRNA expression under DRB in the presence or absence of DEX. Note the logarithmic scale of the y-axis. Total BDNF transcript half-life time was
estimated at approximately 2 h. The corresponding slopes were not significantly different with ANCOVA test (P=0.14) (c), GR effect is inhibited by
RU. RT-gPCR on common exon X, 3 h treatment with DEX 107 M and/or RU 10° M (n =12, Mean + SEM); Veh vs DEX ***P < 0001, RU and DEX +
RU vs DEX, $ P<0.05, $$ P<0.01. d, Relative expression of BDNF untranslated exons containing mRNA in 4-day BZ cultures (n =6, Mean + SEM) as
measured by RT-gPCR. The highest expressed isoform in BZ cells is exon VI-containing transcript, followed by exon VIl and VIII, then exon IV, while
exon | mRNA expression was negligible. e, f, g, h, GR specifically repressed exon IV and VI expression but was ineffective on exon VIl and VIl expression.
gPCR on exon IV, VI, VIl and VIIl (n =12, Mean + SEM) containing transcript levels in the same samples than in (c); Veh set at 1, * (P < 0.05), and

** (P<0.001) vs Veh; $ (P<0.05) and $$ (P<0.01) vs Dex, Mann Whitney U-tests

after 3 h DEX treatment showed a similar pattern of
repression than with total BDNF transcripts, which
was fully prevented by coincubation with RU (Fig. 3e
and f). Interestingly, DEX-induced repression was
stronger with isoform IV and VI (around 50%) than
for total BDNF transcripts. Likewise in PCN, there
was no effect of DEX on exon VII and VIII (Fig. 3g
and h), indicating once again the specificity of the
DEX-repressive action on exon IV and VI expression.
These findings suggested a GR mediated effect
through a repressive mechanism on the promoter re-
gions upstream of exon IV and/or VI (see Fig. 1c).

GR represses Bdnf expression by acting upstream of exon IV
Exons IV and VI are in a close vicinity on mouse Bdnf
gene, located in a ~ 1.5 kbp sequence (Fig. 4a). To clarify
the mechanisms by which activated GR represses neur-
onal Bdnf expression, we generated several Bdnf pro-
moter luciferase constructs including four fragments of
this region, LP6 (1.8 kb, -1563; +227) and SP6 (837 bp,
-610; +227) flanking exon VI, LP4 (543 bp, -1593; -1021)
and SP4 (275 bp -1315; -1041) flanking exon IV. The
first base-pair of exon VI was arbitrarily set at +1 for the
sequence numbering (see Fig. 4a). The activities of these
fragments inserted upstream of the reporter luciferase
gene were investigated for their responses to GCs using
luciferase assays in the neuroblastoma tumor cell line
N2A. This model has been preferred to BZ cells given
that these latter cells exhibit a very low transfection effi-
ciency. DEX dose response curves (10 to 10® M) were
generated with the four constructs while cotransfecting
a GR expression vector. Whereas the luciferase activities
driven by the SP6 construct were not modified by DEX
whatever the GC dose (Fig. 4b), LP6-driven activities
were significantly reduced even at the lowest DEX con-
centration (10° M) (Fig. 4c). Co-treatment with RU
abolished DEX inhibitory effect, stressing that this re-
pression was mediated by GR (Fig. 4d). To determine
the location of the regulatory regions on which DEX-
activated GR affected Bdnf expression, we narrowed
down our promoter analyses by focusing on two shorter
DNA fragments, LP4 and SP4, upstream of exon IV (see

Fig. 4a) since DEX did not regulate SP6 activity. Lucifer-
ase activities driven by both the two shorter fragments
were significantly reduced by GR with DEX compared
with vehicle, likewise what was observed with the LP6
fragment, in a dose-response manner (Fig. 4e and g).
While DEX was able to repress LP4 construct, (Fig. 4f),
significant antagonist effect of RU was observed with the
SP4 construct (Fig. 4h) indicating that activated GR may
act directly or indirectly on this short 275 bp region up-
stream of exon IV in an inhibitory fashion.

AP1 and CRE response elements do not mediate GR
transrepression

To investigate the molecular mechanisms of the
glucocorticoid-dependent repression, we analyzed in silico
the GR-sensitive SP4 sequence (275 bp; -188, +87 from
exon IV transcription start site) using Jaspar database
(URL: http://jaspar.genereg.net/cgi-bin/jaspar_db.pl) but
were not able to identify any potential GR response ele-
ments (GRE). In contrast, we found two Jun/Fos response
elements, comprising two potential AP1 binding sites (po-
sitions -127 and -101), as well as two cAMP response ele-
ments (CRE), for CREB1 (position -38) and CREB3I2
(position -14), see Fig. 5a. Given that GR is able to repress
SP4 sequence transactivation ability (see Fig. 4h), it was
tempting to speculate that GR effect was the result of a
transrepression mediated by its interaction with AP1 and/
or CRE binding transcription factors as it has been previ-
ously proposed [57]. Of interest, in humans and rats, these
CRE response elements, which are evolutionary conserved
were characterized as positively regulated by synaptic ac-
tivity [46], while constructs harboring the AP1 sites were
not sensitive to a previously described BDNF-positive
feedback loop [58]. To test this hypothesis, deletion mu-
tants of AP1 (mAP1-1 and mApl-2) and CRE (mCRE1
and mCRE2) binding sites were generated from SP4-
luciferase plasmid, as well as double mutants with deletion
of the two potential AP1 binding sites (dmAP1) or the
two CRE binding sites (dmCRE) sites (Fig. 5a, the deleted
bases are indicated in white lettering). All AP1 and CRE
mutants, as well as the double mutants showed a strong
reduction of their basal transcriptional activities in N2A
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Fig. 4 GR-dependent inhibitory effects on BDNF promoter 4 activity relies on a short sequence upstream of exon IV. a, Map of transfected
constructs, LP6, SP6, LP4 and SP4 regions. These sequences were subcloned into PGL4 luciferase plasmid, setting the first base of exon VIl at +1: a
long (LP6, 1.8 kb, -1563, +227, containing exon IV, V and part of VI) and three short regions (SP6, 837 bp, -610, +227, partly encompassing exon VI;
LP4, 543 bp, -1563, -1021; SP4, 275 bp, -1315, -1041; LP4 and SP4 are upstream of exon IV and include its transcription start site). b, DEX dose
responses (Veh, Ethanol for 24 h) of SP6 transfected in N2A cells, co-transfected with GR expression vector and Renilla plasmid for normalization.
Results are expressed as fold change of the luciferase/Renilla value of SP6 transfected alone. No significance was observed whatsoever (n = 16),
showing SP6-driven activities were not modified by DEX. ¢, Same as in (b) with LP6 construct, Veh condition is set at 1; n =16, Mean + SEM; # p
<0.05, LP6 vs Veh; **P < 0.01, ***P < 0.005, DEX vs Veh; Mann Whitney U-tests. Luciferase activities driven by LP6 were already decreased by DEX
at a low concentration. d, Transfection of LP6 in N2A cells, 24 h treatment with Veh, DEX (107M), RU (10°M) and both; n = 16, Mean + SEM;

$ p<005,$5 p<001, vs DEX; Mann Whitney U-tests. The DEX repression is inhibited by RU. e, DEX dose responses of LP4 transfected in
N2A cells. Results are expressed as fold change of the luciferase/protein value of LP4 transfected alone. Veh condition is set at 1; n=§;
## P<0.01, LP4 vs Veh;* P<0.05, ** P<0.01, DEX vs Veh; Mann Whitney U-tests. DEX reduced the LP4 activities in a dose-response
manner. f, Transfection of LP4 construct plasmid in N2A cells, 24 h treatment with Veh, DEX (107M), RU (10°M) or both; n =16, Mean +
SEM; *P < 0.05 vs Veh; § p<0.05, vs DEX; Mann Whitney U-tests. The DEX effect was not reversed by RU. g, Same as in (e) with SP4
construct. DEX vs Veh; * P<0.05 and ** P<0.01. DEX repressed SP4 activity. h, SP4 fragment is repressed by GR. Same as in (f) with SP4
construct; ** P<0.01 vs Veh; $$ P<0.01 vs DEX
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dmAP1, deletion of both sites. Deleted based are shown in white lettering in Fig. 5a. Basal transcriptional activity driven by the WT sequence was
arbitrarily set at 1, Means + SEM; *** P < 0.005; Mann Whitney U-tests, n = 8. ¢, Luciferase activities of promoter mutants with AP1 deletions were still
repressed by DEX. * P < 0.05 DEX (red) vs vehicle (blue). Mean + SEM; ** P < 0.01, DEX vs Veh of the same construct. Mann Whitney U-tests, n=8; all Veh
conditions were set at 1. d, Luciferase activity of WT and CRE mutants. mCRE-1: construct with CRE1-1 deletion, mCRE-2, construct with deletion of
CRE-2 sequence, dmCRE, deletion of both sites. Deleted based are shown in white lettering in Fig. 5a. Basal transcriptional activity driven by the WT
sequence was arbitrarily set at 1, *** P < 0.005; Mann Whitney U-tests, n = 8. e, Luciferase activities of promoter mutants with CRE deletions were still
repressed by DEX. mCRE-1: construct with CRE-1 deletion, mCRE-2, construct with deletion of CRE1-2 sequence, dmCRE, deletion of both sites.
* P <0.05 DEX (red) vs vehicle (blue). Means + SEM; ** P < 0.01, DEX vs Veh for the same construct; *** P < 0.005, DEX vs Veh for the same construct,
Mann Whitney U-tests, n =8; all Veh conditions were set at 1

cells compared to the WT plasmid indicating they are activity. To determine whether GR does bind to Bdnf
functional sequences in SP4 construct (Fig. 5b and d). The =~ SP4 promoter fragment, chromatin immunoprecipitation
transcriptional response to DEX was measured setting the ~ (ChIP) experiments were undertaken in BZ cells using
vehicle condition value at 1 for each construct (Fig. 5c and  specific primers (see Additional file 1: Table S1), the tar-
e). For all these mutants, as well as for AP1 and CRE  geted sequence and primer pair being schematized in
double mutants (dmAP1 and dmCRE), DEX treatment Fig. 6a. DEX treatment led to a ~ 3-fold enrichment of
still led to the repression of their transcriptional activities =GR recruitment compared to the control condition
in a similar fashion than with the SP4 wild type fragment.  (Veh) or IgG, while cotreatment with RU significantly
In the absence of classical GRE and other response ele- reduced GR binding (Fig. 6b). As a positive control, we
ments for transcription factors known to interact with GR  also examined the capacity of GR to interact with the
in the SP4 sequence, these data excluded the possibility of = regulatory sequence of a well-known GR target gene
an interaction between GR and AP1 and/or CRE response  period circadian clock 1 (Perl) [52]. Under such experi-
elements to transrepress Bdnf expression in these neuron-  mental conditions, a 10-fold enrichment of GR upon

like cells. DEX exposure was measured that was antagonized by
RU (Fig. 6¢). Besides, as a negative control, no GR re-
GR binds upstream of exon IV upon DEX treatment cruitment was detected on a genomic sequence compris-

Even if no specific DNA response element was identified ing a fragment of Ucpl promoter (Kuhn et al,
for DEX responses, transfection data strongly suggest a  unpublished observations), a gene whose expression is
direct involvement of GR to repress SP4 transcriptional —mostly restricted to brown adipocytes [59] (Fig. 6d),
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1 binding sites, AP1-1 and AP1-2 as well as two potential cAMP Response-Elements CRE-1 and CRE-2 according to the Jaspar database.
Exon IV transcription start site is set at +1. Primers for ChIP are indicated by arrows. b, ChIP-gPCR results showing GR recruitment upstream of exon IV
region in BZ cells after treatment with DEX (107 M) or DEX together with RU (10 M) for 1 h. IgG: ChIP-qPCR with IgG negative control antibodies on
the same sequence. Results of 3 different experiments are pooled setting the vehicle mean value at 1 (n =6, Mean + SEM), and showed as fold change
of the percentage of input value of Veh** P<0.01, DEX vs Veh; $$ P<0.01, DEX+RU vs DEX; Mann Whitney U-tests. ¢, ChIP-gPCR results
(same samples than in B) of GR recruitment on Perl gene regulatory sequence used as positive control in BZ cells under DEX or DEX +
RU treatment for 1 h. ** P<0.01, DEX vs Veh. $§ P<0.05, DEX+RU vs DEX. d, same as in (c) with GR recruitment on Ucpl gene used as
negative control. Primers for genomic PCR amplification are listed in Additional file 1: Table S1

further demonstrating that GR recruitment on Bdnf and
Perl promoters was specific. Taken together, ChIP ex-
periments provided evidence that DEX inhibits Bdnf
transcriptional activity, at least partly by specific GR re-
cruitment onto a short fragment (SP4) directly upstream
of exon IV.

Discussion

BDNE, the main neurotrophin is a key factor regulating
neuronal function in health and diseases, such as sur-
vival, growth, synaptic structure and activity. Thus, un-
derstanding the molecular mechanisms involved in the
regulation of neuronal Bdnf expression is a major issue.
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However, the effect of glucocorticoids on Bdnf neuronal
expression is still a matter of debate [60]. Given the
complexity of the central nervous system anatomy and
its functional organization, where neurons represent
only a small fraction of the total number of cells, we fo-
cused our attention in the present study to in vitro neur-
onal models in order to investigate GC action on Bdnf
expression. Besides, GC bind to two receptors in the
brain; the high affinity MR, which is occupied even at
low concentrations of hormones, and GR with a lower
affinity for ligands thus more sensitive to hormonal
regulation and variation [27]. In the present work, we
decipher the role of GR as a mediator of GC actions and
for this purpose we use the glucocorticoid agonist dexa-
methasone (DEX) that exhibits a low MR activating
capacity [61, 62].

We have demonstrated that DEX exposure led to a
marked downregulation of BDNF transcript expression
in neuronal cells that was mediated by GR. More pre-
cisely, total BDNF mRNA levels were reduced after GC
treatment in primary hippocampal neuron cultures, but
also in the neuron-like cell line BZ. In both models,
BDNF transcripts containing exons IV and VI isoforms
were highly expressed and specifically repressed by GR
activation. Transfection experiments were performed
using a long 1.8 kb DNA fragment (LP6) encompassing
the closely packed exon IV, V and VI and their 5’ regula-
tory sequences. LP6-driven activity was significantly re-
pressed by DEX vyet prevented by addition of GR
antagonist RU. Functional characterization of the tran-
scriptional activity of LP6 construct fragments by lucifer-
ase reporter assays led to identify a short 275 pb
sequence (SP4) directly upstream of exon IV, and
encompassing its transcription start site, which might
account for the inhibitory effects of GCs. Analysis by
Jaspar online software (URL: http://jaspar.genereg.net/
cgi-bin/jaspar_db.pl), revealed that two Jun/Fos response
elements, constituting AP1 binding sites, were located
on this region as well as two cAMP response elements
(CRE), a CREB1 and a closely related CREB3I2 response
element, all being located just upstream of the exon IV
transcription start site (see Fig. 6a). Chromatin immuno-
precipitation assays demonstrated that GR binds to this
sequence, GR recruitment being prevented by GR antag-
onist RU. However, promoter constructs with deletion of
AP1 and CREB binding sites were still repressed by DEX
excluding their involvement in GR regulation of Bdnf ex-
pression. Altogether, we propose that one of the mecha-
nisms responsible for the repression of Bdnf expression
by DEX is the binding of GR just upstream of exon IV,
through ternary complexes with transcription factors
that are still to be determined. Such a repression of gene
expression by GR tethered to various transcription factor
complexes has been reported in several studies [57, 63].
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Nonetheless, no other response elements for proteins
susceptible to interact with GR, such as NFkB, were
identified on the SP4 sequence using Jaspar software.
Another proposed mechanism of direct GR repression
was uncovered recently in the form of negative GRE
(nGRE) with a specific sequence (CTCCXGGAG) that
clearly differed from positive GRE [64]. Anyhow, none
of putative nGRE was identified in the SP4 sequence.
Eventually, one might speculate that GR binds to a spe-
cific GRE outside the long LP6 fragment that lacks any
GRE and acts on Bdnf promoter by a folding DNA loop,
a mechanism that has been recently described for GR
[65]. However, such a mechanism is very unlikely given
that GR interacts with the SP4 sequence as demon-
strated by transfection and ChIP assays. Nonetheless, we
believe these results are of important since they ex-
cluded the involvement of specific response elements for
transcription factors known to be transrepressed by GR
(Jun/fos and CREB) in the SP4 sequence. This raises the
hypothesis of a new mechanism involving some partners
mediating GR transrepression that remains to be
identified.

It is worth noting that this region upstream of exon
IV, which displays a high degree of homology between
mammalian species emphasizing its biological import-
ance, has been extensively characterized in previous
studies by several groups as positively regulated by cal-
cium [45, 66, 67], synaptic activity [46] and BDNF itself
[58] in humans and rats. Moreover the two CRE ele-
ments for CREB (CRE1) and CREB3I2 (CRE2) we identi-
fied in the mouse sequence are conserved and involved
in this regulation, CRE2 being formerly reported as a
BHLHB2 response element [46, 68]. In sum, we unrav-
eled that GR represses the activity of exon IV promoter
that was previously shown to be stimulated by synaptic
activity [46]. This is consistent with the adverse effects
of the overactivation of glucocorticoid pathways on brain
physiology [27].

The BZ cell line was derived few years ago from a
mouse hippocampus. Herein, a more detailed
characterization of this neuronal cell line was under-
taken and revealed that BZ cells constitute a suitable cel-
lular tool to investigate the regulation of BDNF
expression. In comparison, the commercially available
N2A cell line expresses very low levels of BDNF tran-
scripts, impairing analysis of isoform expression even if
total BDNF transcripts could be measured by the sensi-
tive qPCR technique and we found that GC were able to
repress Bdnf expression in this model (data not shown).
Beyond that, BZ cells appear to be a suitable cell-based
system for studying GR signaling pathways in a neuron-
like cell context in vitro.

In the present study, quantification of BDNF protein
abundance by Western blot in PCN and BZ cells, did
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not show any significant change with short term (6 h) or
long term (24 h) DEX treatments (data not shown). Even
if we could not exclude that GCs might reduce BDNF
protein expression on a different timeline, recent studies
underscored that BDNF mRNA isoforms localization
might be a major factor regulating its functions [69]. For
instance, transcripts containing exon IV and VI in rat
primary hippocampal neuron cultures were found to dis-
play a more distal localization relative to the soma than
those including exon I, while they were able to stimulate
dendritic branching [19]. Based on this fine-tuning
spatial code, it could be proposed that the localization of
BDNF mRNA isoform translation would be related to
distinct BDNF sites of action. Thus, it is very likely that
total expression of BDNF or secretion level of the pro-
tein might constitute inappropriate indexes to define
BDNF biological function.

Altogether, we provide evidence for a functional cross-
talk between activated GR and Bdnf expression in mouse
neurons that is, at least in part, mediated by GR binding
to a restricted sequence upstream of exon IV. In sum,
high circulating glucocorticoid levels prevailing under
certain circumstances such as stress may alter neuronal
Bdnf expression [44] and specifically its transcripts dis-
tribution leading to a remodeling of dendrite and syn-
apse architecture and function. This could be of
physiological importance in processes such as
memorization and behavior as well as causal in various
pathologies associated with modification of GR and
BDNF pathways.
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Legend of Supplemental Figures

Supplemental Figure S1.

Comparison of gene expression in various models. BDNF (A), MAP2 (B), GR(C) and GFAP (D)
MRNA expressions were measured by RT-gPCR and normalized to 36B4 expression in PCN, BZ
cells, differentiated neurons from ES cells (ES-Neuron) and brain (n=3, means + SEM). Results
are depicted with logarithmic y-scales owing to the large variation in expression levels
between models. The gene expression/36B4 expression ratio values are indicated upon each
histogram bars for clarity. E, Western blot on PCN, BZ cells and E18 mouse hippocampus (Hp

E18), using 25 ug of protein lysate with anti-GR and anti-a-tubulin antibodies.

Supplemental Figure S2.

GR stimulates Sgk1 expression in BZ cells. A, Time course of SGK1 transcript expression under
107 M DEX (red) or vehicle treatment (blue), as measured by RT-gPCR. Results are expressed
as attomol of SGK1 mRNA/ attomol of 36B4 mRNA. n=12; **P<0.01 vs Veh Mann Whitney U-
tests. B, RT-gPCR analysis after 3 h treatment with 10”7 M DEX in the presence or absence of

10® M RU; vs Veh, n=12, means + SEM; * P<0.01; vs DEX $S P<0.01.
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Additional file 1: Table S1

Primer name

Sequence (5’ to 3’)

PCR

BDNF exon IX F

AAAGTCCCGGTATCCAAAGGCCAA

BDNF exon IX R

TAGTTCGGCATTGCGAGTTCCAGT

BDNF exon | F CCTGCATCTGTTGGGGAGAC
BDNF exon | R GCCTTGTCCGTGGACGTTTA
BDNF exon Il F CTAGCCACCGGGGTGGTGTAA
BDNF exon II R AGGATGGTCATCACTCTTCTC
BDNF exon IIl F CTTCCTTGAGCCCAGTTCC
BDNF exon llI R CCGTGGACGTTTACTTCTTTC
BDNF exon IV F CAGAGCAGCTGCCTTGATGTT
BDNF exon IV R GCCTTGTCCGTGGACGTTTA
BDNF exon VI F CTGGGAGGCTTTGATGAGAC
BDNF exon VIR GCCTTCATGCAACCGAAGTA

BDNF exon VII F

CTTACTTACAGGTCCAAGGTCAACG

BDNF exon VII R

CAGAGGGTCGGATACAGGCTG

BDNF exon VIII F

TCCCATCTACCCACACACTTTTATG

BDNF exon VIII R

TGTTCGGCTCCACTGAGGCG

36B4 F AGCGCGTCCTGGCATTGTCTGT
36B4 R GGGCAGCAGTGGTGGCAGCAGC
GRF TTCTGTTCATGGCGTGAGTAC
GRR CCCTTGGCACCTATTCCAGTT
NMDAR F CAGGCTCAGAAACCCCTCAGA
NMDAR R GATGGCCTCAGCTGCACTCT
MAP2 F CCGGTCATCCATCCGAGTTA
MAP2 R TCGACTAAGTGTCAGATCGTCCTT
B-Actin F AAGTACCCCATTGAACATGGCA
B-Actin R CATCTTTTCACGGTTGGCCTTA
SgklF TCACTTCTCATTCCAGACCGC
Sgk1R ATAGCCCAAGGCACTGGCTA

Promote rconstructs

SP6BDNF F (with Xhol)

CGCCCTCGAGAATTCTATTAGGCACACTCC

SP6BDNF R (with HindIll)

CGCTAAGCTTGGCAGTTGAAGGAACC

LP6BDNF F (with Xhol)

CGCCCTCGAGACAGCTAAATGAAAGTAGCC

LP6BDNF R (with Hindlll)

CGCTAAGCTTGGCAGTTGAAGGAACC

SP4BDNF F (with Xhol)

CGCCCTCGAGTGGAAGTGAAAACATCTACA

SPABDNF R (with Hindlll)

CGCTAAGCTTCTGGGAGATTTCATGCTA

LP4BDNF F (with Xhol)

CGCCCTCGAGACAGCTAAATGAAAGTAGCC

LP4BDNF R (with Hindlll)

CGCTAAGCTTCCATTTGATCTAGGCAGA

Mutagenesis

mAP1-1F CTGGAACGGAATTCTTCTAATAAAAGATATTTTAAATGCGCGGAATTC
mAP1-1R GAATTCCGCGCATTTAAAATATCTTTTATTAGAAGAATTCCGTTCCAG
mAP1-2 F AAATGCGCGGAATTCTGCTGGTAATTCGTGCACT

mAP1-2 R AGTGCACGAATTACCAGCAGAATTCCGCGCATTT

mCRE1 F GCTCCACGCTGCCTTGGAGCTGTCATATGATA

mCRE1 R TATCATATGACAGCTCCAAGGCAGCGTGGAGC

mCRE2 F CGTGGAGCCCTCGGACTCCCACCC

mCRE2 R GGGTGGGAGTCCGAGGGCTCCACG

ChiP




BDNF PIV F TAGATAATGACAGGCTTGG
BDNF PIV R GCCTCGAAATAGACACTCT
Perl F ACCCCCTTCCTCCTAACTGTCT
Perl R CCAGCGCACTAGGGAACATC
UCP1F GGTGCCCTGTAAATGGTGTTCT
UCP1R TGGCAGGAAGAGTGGAAAGG

The primer sequences for BDNF (exon IX) are from Almeida et al., Mol Cell Neurosci,2014; BDNF
exons I, II, 1, IV and VI are from Zajac et al., Hippocampus, 2010; BDNF exons VIl and VIIl are
from Salerno et al., J Neurosci Res, 2012; the others are designed by authors. F: Forward
primers, R: Reverse primers.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4008664/
https://www.ncbi.nlm.nih.gov/pubmed/22331573




2. Supplementary results and discussion

In this article, we deciphered GR roles on regulating Bdnf expression and found a
transrepression mechanism by which GR inhibits Bdnf transcriptional activity via tethering
with other undetermined transcription factors, using several in vitro models. However, many
issues are still needed to be illustrated carefully and some perspectives for answering to these
questions are listed in the conclusion part of this chapter. For example, given that no GRE has
been identified in the SP4 sequence, other transcription factors might probably cooperate to
account for the GC-mediated downregulation of BDNF expression. Moreover, we did not
analyze a potential MR action on BDNF expression, because neither BZ nor N2A cells
express functional MR, limiting the study on this issue. Here, we depict and discuss some

additional data obtained since the publication of the article.

2.1. Potential GR-binding DNA sequence and other transcription factors within the

small region upstream of exon 1V

As we have shown in the paper, we analyzed the potential binding sites in the 275 bp SP4
fragment just upstream of Bdnf exon 1V, but we did not find any functional GRE sites, and we
excluded as well two AP1 sites and two CRE sites. Interestingly, studies using ChlP-seq, have
showed that GR occupies AP1 response elements, even in the absence of AP1-binding protein
complexes suggesting that the tethering model (protein-protein interaction) is sometime
insufficient to explain GR action on AP1 binding sites (Biddie, John et al. 2011, Uhlenhaut,
Barish et al. 2013, Lim, Uhlenhaut et al. 2015). Additionally, Weikum et al reported very
recently that GR binds directly to AP1 response elements via sequence-specific contacts to a
GRE half-site embedded within the AP1 sites in a DNA-binding-dependent manner, to
transrepress a subset of inflammatory genes (Weikum, de Vera et al. 2017). These findings
show that GR utilizes multiple mechanisms to achieve context-specific transcriptional
outcome and further expend our understanding of this complex multifaceted transcription
factor. However, since the transcriptional activities of mutagenesis on motives AP1-1 and
AP1-2 were still repressed by DEX treatment in a similar fashion than with the SP4 wild type
fragment, and the deletion of these potential AP1 binding site sequence was targeted in the

middle position nucleotides, this mechanism is likely to be excluded.

Some other groups have also analyzed the functionality of exon IV flanking sequence.

Analyses on BDNF exon IV-containing transcript suggested that a 170 bp upstream exon IV
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(totally included in SP4 sequence) contains three calcium response elements (CaRE), referred
to as CaRE1, 2 and 3 (Fig. 23) (Zheng, Zhou et al. 2012).

BDNF Exon IV

\USFI/Z CR @ m. ]

—— CaRE1 CaRE2 - CaRE3[— E-Box | |NFkB (———
(-73) (-64) (-52) (-43)(-36) (-29) (-13) (+1)

Fig. 23 The arrangement of functional cis-elements and the corresponding transcription

factors in Bdnf promoter 1V, according to Zheng et al. (Zheng, Zhou et al. 2012). The
relative location of the sequences to the transcription initiation site (+1) is labeled. The E-Box and the NFxB
sequence have one base pair overlap.

CaRE1, is located at -73 to -64 relative to the exon IV transcriptional initiation site, binding
calcium-responsive transcription factor (CaRF); CaRE2 is located at -52 to -43, binding
members of the basic helix-loop-helix (BHLH) family, USF1/2; CaRE3 locates between -36
and -29, binding CREB in vitro (Fig. 23) (Tao, Finkbeiner et al. 1998). Interestingly, the
CaRE3 which has previously been reported to be a BHLHBZ2 binding element (Martinez-Levy,
Rocha et al. 2017), is disrupted by our CRE2 mutant. In addition to the CaREs, accumulating
evidence has also implicated the function of other cis-elements in regulating BDNF 1V
transcription. An NFxB site and a class B E-box (Lipsky, Xu et al. 2001, Jiang, Tian et al.
2008), have also been demonstrated to exist in a 22 bp segment spanning from -21 to +1 of
the initiation site (Fig. 23). However, these sites did not show up with Jaspar analysis and
were reported in the rats but not in the mice. In order to identify the site of GR binding, we
further narrowed down our promoter analysis by focusing on a shorter 74 bp DNA fragment
upstream of exon 1V, which was subcloned and was a part of the 275 bp SP4 (SP4.74, Fig.
24a). Its promoter activity was assessed by transient transfection experiments in N2A cells.
Luciferase activities driven by this small DNA sequence were greatly decreased by GR
agonist DEX 107 M, while coincubation with GR antagonist RU 486 reversed the repressing
effect of DEX (Fig. 24b), indicating that even this tiny fragment still maintains the GR-
induced repressing effect on Bdbf transcriptional activity, and more importantly, SP4.74
contains probably a site for GR repression. As a control, a PGL3.pro plasmid containing a
minimal promoter was not regulated by DEX (Fig. 24c), stressing the specificity of GR action
on SP4.74.
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SP4 TGGAAGTGAAAACATCTACAAAGCATGCAATGCCCTGGAACGGAATTC
TTCTAATAAAAGATGTATCATTTTAAATGCGCGGAATTCTGATTCTGGTA
ATTCGTGCACTAGAGTGTCTATTTCGAGGCAGAGGAGk;TATCATATGAC
AGCTCACGTCAAGGCAGCGTGGAGCCCTCTCGTGGACTCC Cacccactttce
cattcaccgalggag aggactgctctcgetgccgcetecececacccaccecccggegagcetageat
gaaatctcccag

SP4.74 GTATCATATGACAGCTCACGTCAAGGCAGCGTGGAGCCCTCTCGTGGA

CTCCCacccactttcccattcaccga

b SP4 74 ¢ PGL3
1.5 1.5-
s 8
o 1.0 $ @ 1.0 T
2 ** 2
1] 1]
= L
O 0.5 O 0.5
ke 3
(=] o
'S 'S
0.0 0.0- :
& +,@-° & & ¢ +,Q9 &

Fig. 24 GR-dependent inhibitory effects on the activity of a small Bdbf promoter
construct SP4.74. a, Comparison of DNA sequences of SP4 and SP4.74, the latter being highlighted by the
blue lines below within the former. The nucleotide sequence is from NCBI website. The black capital letters are
sequence from promoter 4, while the red lowercase letters represent that from the beginning of exon IV. b,
Transfection of SP4 74 in N2A cells, 24 h treatment with Veh, DEX (107 M), RU (10° M) and a combination of
both. ¢, Transfection of PGL3 in N2A cells, 24 h treatment with Veh, DEX, RU and both. Results are expressed
as fold change of the luciferase/protein values. Veh condition is arbitrary set at 1; n=8, Mean =SEM; ** P<0.01,
DEX vs Veh; $ p<0.05, $$ p<0.01, vs DEX; Mann Whitney U-tests.

We extensively analyzed this smaller fragment with Jaspar website (URL:

http://jaspar.genereq.net/cqi-bin/jaspar _db.pl), discovering several interesting candidate

element sites, such as an aryl hydrocarbon receptor (AhR, a xenobiotic receptor) response
element (AhR.RE) located in -26 to -21 and a member of Neuro D/Oligo neuronal
transcription factor response element family, located in -51 to -41 (Fig. 25). It has been
reported that both of these transfection factors can interact with GR (Sakata, Woo et al. 2009,
van Weert, Buurstede et al. 2017). For example, Wang et al concluded that the AhR
functionally interacts with the GR, through which GR transactivation activity is further
enhanced, and in contrast, AhR transactivation activity is inhibited (Sakata, Woo et al. 2009).

Furthermore, Jin et al. recently provided a molecular mechanism of crosstalk between AhR
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and GR in target gene expression in human retinal pigment epithelial cells (Jin and Choi
2017), indicating that the AhR-RE in SP4.74 may be a good candidate for GR transrepression.
Concerning Neuro D factors, a recent study demonstrated that 3 NeuroD family members
(Neurodl, Neurod2 and Neurod6) acted as DNA-binding dependent coactivators for both MR
and GR in reporter assays in heterologous HEK293 cells, likely via indirect interactions with
the receptors (van Weert, Buurstede et al. 2017). However, identification of these motifs as
mediator of GR repression via functional interaction with these binding proteins remains to be
further investigated by mutagenesis of SP4.74 luciferase plasmid and transfection together

with ChIP experiments in order to fully validate this hypothesis.

Neuro/oligo.RE CRE1 AhR.RE CRE2
SP4.74 GTATCATATGACAGCTCACGTCAAGGC-GAGCCCTCTCGTGGA
CTCCCacccactttcccattcaccga

R

Ahr::Arnt 8.070
Neurog1 6.041
Neurog2 4.456

oligo2 3.819
oligo3 3.628

Fig. 25 Aryl hydrocarbon receptor response element (AhR.RE) and Neuro/oligo

response element (Neuro/oligo. RE) in SP4.74, as well as two CRES. The black letters are
sequence from promoter 4, while the red ones are that from exon IV. The yellow highlighted regions are putative
CRE sites, the pink AhR.RE site and the green Neuro/oligo.RE site (analyzed by the Jasbar database). The scores
for AhR.RE and Neuro/oligo.RE obtained by Jasper database are listed below the map of SP4.74.

2.2. Promoter 1 activity was repressed by GR

As shown in the paper, we found that GR has an inhibitory effect on the expression of exons I,
IV, and VI containing transcripts, but not that of exons VII or VIII, indicating that this
mechanism could be important for exon specific repression of Bdnf expression. In the present
study, we did not focus much on exon | because its expression level was lower than exon 1V
and VI in PCN and extremely low in BZ cells. Moreover, the sequence upstream exon 1V
being well characterized by other groups (Tao, Finkbeiner et al. 1998, Martinez-Levy, Rocha
et al. 2017) in the context of neuronal excitability, we were interested in investigating the

action of GC signaling on this promoter. Anyhow, we have assessed exon | promoter activity
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on a 2.5 kb region driven luciferase construct LP1. We found that the luciferase activity of
LP1 was also repressed by DEX, which was antagonized by RU486 (Fig. 26a). However, the
exon | regulatory sequence exhibited a more than 10-fold lower transcriptional activity than
the large LP6 fragment we analyzed (Fig. 26b), upstream of exon IV and VI, indicating that
exon | regulation was likely of lesser importance under these experimental conditions.
Additionally, the relative expression of exon I-containing transcripts was also much lower in
PCN compared to that of exon IV and VI, and the fact that exon | was poorly expressed in BZ
cells limits the interest of such investigations. In summary, given that exon | expression and
promoter activity were lower than those of exon 1V and VI in PCN as well as in BZ cells, it is

very unlikely that exon | plays a major role in BDNF action in our models.
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Fig. 26 GR-dependent inhibitory effects on LP1 activity. a, Transfection of LP1 in N2A cells, 24
h treatment with Veh, DEX (107 M), RU (10° M) and a combination of both. Results are expressed as fold
change of the luciferase/Renilla values. Veh condition is arbitrary set at 1; n=16, Mean =SEM; ** P<0.01, DEX
vs Veh; $ p<0.05, $$ p<0.01, vs DEX; Mann Whitney U-tests. b, Luciferase activity normalized to Renilla
activity of LP1 and LP6 Bdbf promoter fragments transfected in N2A Cells.
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3. Conclusion and Perspectives

In this second part, we analyzed the effect of DEX on BDNF expression in mouse PCN and in
the BZ cell line, demonstrating that DEX significantly downregulated total BDNF mRNA
expression. Expressions of the abundant exon IV and VI BDNF containing transcripts as well
as the weakly expressed exon I-containing isoform, were also reduced by DEX, but not that of
exons VII and VIII. Furthermore, RU486 abolished these DEX-induced effects, consistent
with GR-mediated action. Moreover, a short 275 bp region (recently even further narrowed
down to a 74 bp fragment) within exon IV promoter and responsible for GR-mediated BDNF
repression was identified as a critical regulatory sequence using transient transfection assays.
ChIP experiments determined GR recruitment onto this region maybe through transcription
factor tethering. In conclusion, in the present work, we demonstrated that GR represses BDNF
expression through binding to, at least in part, just upstream exon IV transcription start site. In
this manner, GC signaling seems to antagonize neuronal activity and synaptic plasticity acting
on the same promoter region than different factors that promote it such as the AP-1 and
CREB.

As many promising aspects of this study just start to be investigated, this project will be
carried on in the laboratory along different directions. An important point is that, even if PCN
are a model of choice in neuroscience, the utilization of survival cocktails, such as the widely
used B27, that contains several growth factors and hormones, including glucocorticoids,
presents with some limitations to decipher the action of GR and particularly MR. To
circumvent this problem, the use of a B27 cocktail exempt of glucocorticoid may be a
solution, if the neuronal culture quality is not drastically affected. This strategy could be
useful to investigate the potentially dose- and time-dependent effects of corticosteroid
hormones on BDNF expression mediated by GR and MR. More generally, the contribution of
each receptor to many aspects of neuron functioning being still a matter of debate (Polman, de
Kloet et al. 2013, van Weert, Buurstede et al. 2017), the possibility to grow PCN, even for a

short time without glucocorticoids is attractive.

To investigate the role of MR on BDNF expression, we have recently generated some BZ cell
lines stably transfected with human MR (hMR) expression vector pPCDNA3-hMR, some of
them expressing a high level of hMR mRNA and are currently under characterization. Indeed,
there is no commercially available immortalized neuronal cell line that expresses substantial

amounts of functional MR. Of note, an optimization of the BZ cell transfection protocol
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facilitated the generation of the stably transfected clones. Given that BZ cells express high
level of BDNF and GR, a cellular model that could stably express endogenous MR would be
extremely helpful to study the regulation of BDNF expression by corticosteroids, especially if
culture of glucocorticoid-free PCN is not possible. Particularly, the balance between MR and
GR action on BDNF expression could be analyzed in this cell line.
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GENERAL DISCUSSION AND
PERSPECTIVES
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As mentioned in the introduction section, BDNF and GC have been shown to be extensively
involved in behavioral and cognitive processes (Kang, Welcher et al. 1997, Tyler, Alonso et
al. 2002, Pang, Teng et al. 2004, Radecki, Brown et al. 2005, Nooshinfar, Akbarzadeh-
Baghban et al. 2011). In the present work, we were committed to decipher the crosstalk
between those two molecules in neurons. Here, we will put in perspective our findings with

previous works from the literature.

1. BDNF expression is regulated by GR at the transcriptional level

Comparing to the well characterized regulation on Bdnf expression by neuronal activity, few
research has been done on its transcriptional regulation by GC. Particularly, among all the
promoters, the regulatory feature of the promoter 4 upstream of exon IV has received most
attention. Additionally, epigenetic regulation of the Bdnf gene induced by some major
environmental factors in rodents mainly focused on the modifications at promoter 4 (Boulle,
van den Hove et al. 2012). Incidentally, we focus on the GR involvement in regulating the
transcriptional activity of promoter 4, using transient transfections, mutagenesis and ChlP
experiments. We demonstrated that GR inhibits the promoter 4 activity by binding to the
small DNA sequence upstream of exon IV, probably by interacting with other transcription
factors. However, mutagenesis analyses did not provide a clear answer to the question on
which DNA motifs GR recruitment occurs, even though the involvement of the putative
binding sites for two types of transcription factors, JUN/FOS and CREB, was excluded.
Taken together, GR regulates Bdnf expression at a transcriptional level in these cellular

models.

It has been suggested that changes in BDNF mRNA expression levels predominantly arose as
a consequence of altered transcription rather than through possible changes on mRNA
stability. Furthermore, we also demonstrated in BZ cells that DEX did not affect the rate of
the BDNF mRNA turnover in the presence of a transcription inhibitor DRB, consistent with
the hypothesis that DEX reduced BDNF transcript levels through a transcriptional repression
but not via mRNA degradation. However, GR regulation on Bdnf was hypothesized to occur
in part through the modification of mMRNA stability, translation efficiency, processing,
trafficking and secretion, in addition to the transcriptional level (Suri and Vaidya 2013).
However, experimental evidence in support to this idea is currently limited, and potential
effects of GC on both transcription and degradation of BDNF mRNAs still need to be tested.

It is unknown whether the stability of BDNF transcript isoforms is somehow altered by GC
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exposure. In addition to the effects at the level of BDNF mRNA, GC could also influence
BDNF synthesis (Shah, Kimball et al. 2000), secretion (Kino, Jaffe et al. 2010) and
processing. However, this has not been clearly addressed experimentally.

2. GR and BDNF promoters are involved in neuronal activity

Consistent with what we found in neuronal cell culture models, high GC concentration was
reported to repress hippocampal BDNF expression levels via GR activation in living rodents
as well (Alboni, Tascedda et al. 2011, Wosiski-Kuhn, Erion et al. 2014), resulting in aberrant
synaptic plasticity (Zhou, Zhang et al. 2000, Alboni, Tascedda et al. 2011, Wosiski-Kuhn,
Erion et al. 2014, Park, Lee et al. 2015). Recently, using a transgenic mouse model of obesity
and diabetes (leptin receptor deficient, db/db mice), which presents a high GC level, Wosiski-
Kuhn et al. revealed that synaptic deficits evoked by exposure to elevated GC levels may be
attributable to GR-mediated transrepression of AP-1 actions at BDNF promoters 1 and 4
(Wosiski-Kuhn, Erion et al. 2014). Through coimmunoprecipitation analysis with antibodies
against GR and Fos, a component of the AP1 heterodimer, they found that nuclear GR
associates with Fos in db/db mice, but not in wildtype mice. ChIP experiments with an anti-
Fos antibody have been also performed in hippocampal tissues from db/db and wildtype mice.
It was showed a weaker Fos recruitment onto BDNF promoter 1 and 4 in db/db mice than that
in wildtype mice (Wosiski-Kuhn, Erion et al. 2014). Additionally, GR involvement in this
mechanism was determined by the use of a corticosterone synthesis inhibitor, metyrapone
(Wosiski-Kuhn, Erion et al. 2014). These findings indicate that exposure to elevated GC in
the hippocampus impaired synaptic plasticity and spatial memory by repressing BDNF
promoter activities. Moreover, it was proposed that, of the eight BDNF promoters, promoters
1 and 4 are the most responsive to neuronal activity both in vitro and in vivo (Timmusk, Palm
et al. 1993, Tao, Finkbeiner et al. 1998, Rattiner, Davis et al. 2004).

Given previous work indicating the importance of promoter 1- and 4-mediated transcriptional
activation of BDNF for activity-dependent plasticity (Pruunsild, Sepp et al. 2011, Wosiski-
Kuhn, Erion et al. 2014), we focus on analyzing the expression and promoter activity of exon
I, 1V, and VI. In fact, we found that high GC level transrepressed the transcriptional activities
of BDNF promoter 1 and 4 in the in vitro cellular models we used, such as the inhibitory
regulation of high GC on the expression of exon I, IV and VI- containing transcripts in PCN
and BZ cells as well as on the luciferase activation driven by promoter 1 and 4 in N2A cells.

However, the mRNA expression of transcript isoforms spliced from exon VII or VIII was not
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changed, indicating a differential effect of GR on Bdnf mRNA isoform expression in neuronal

cells.

3. Exon-specificity of BDNF expression in brain pathophysiology

BDNF is an important neurotrophin involved in brain pathophysiology, and in particular,
epigenetic inactivation of promoter 4 has been reported in depressed patients (Keller,
Sarchiapone et al. 2010, Hing, Davidson et al. 2012) and stressed animals (Tsankova, Berton
et al. 2006, Fuchikami, Morinobu et al. 2009). Using a knockout of exon 1V (KIV) mouse
model, young adult mice lacking promoter 4-driven BDNF but carrying the other 8 promoters
and the BDNF protein-coding region (Sakata, Woo et al. 2009), the Sakata’s group has shown
causal evidence that defective promoter 4 leads to depression-like behavior (Sakata, Jin et al.
2010). In addition to stress-related diseases, the activities of different BDNF promoters have
been also reported to be involved in pathological processes of other CNS disorders. Beta-
amyloid (AP) is an important pathological hallmark in AD. A treatment of AB in cortical
neuron cultures resulted in a short time increase (3 - 5 h) in BDNF expression, that seemed to
be driven by increased expression of transcripts | and IV (Aliaga, Silhol et al. 2010). Very
recently, it was reported that in the cortex of epilepsy patients, a significant increase of both
BDNF transcripts | and VI was found as compared to the control group, as well as an
increased expression of CREB and GR genes (Martinez-Levy, Rocha et al. 2017). Altogether,
these findings indicate an exon-specificity of BDNF expression in the pathophysiological

processes of various brain disorders.

4. Spatial distribution of BDNF transcripts

The complexity of the multiple Bdnf transcripts is probably of importance in the regulation of
the multiple functions of BDNF protein. Along this line, based on several studies, a “spatial
code” hypothesis of BDNF transcripts was proposed by Tongiorgi’s group, according to
which different BDNF splice variants, through the spatial segregation of their mRNA,
constitute a code to selectively direct BDNF protein to differential subcellular localization in
the soma or dendrites. This represents a mechanism by which local synthesis of proteins at
distinct sites triggers local effects (Pattabiraman, Tropea et al. 2005, Chiaruttini, Sonego et al.
2008, Baj, Leone et al. 2011, Baj, D'Alessandro et al. 2012, Baj, Del Turco et al. 2013).
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Using densitometric analysis of quantification of in situ hybridization data on the subcellular
distribution of the most abundant BDNF transcripts, it was shown that exons Il and VI
localized into distal dendrites, whereas exons | and IV were restricted to the soma in the
hippocampus and cortex during epilepsy in rat (Pattabiraman, Tropea et al. 2005, Chiaruttini,
Sonego et al. 2008). Furthermore, silencing individual endogenous transcripts or
overexpressing BDNF-GFP transcripts in cultured neurons demonstrated that whereas some
transcripts (I and V) were found selectively in proximal dendrites, others (Il and VI) were
found in distal dendrites (Baj, Leone et al. 2011). These studies indicate that spatial
segregation of BDNF transcripts enables BDNF proteins to differentially shape distinct
dendritic compartments. In this manner, the effect of DEX on the subcellular localization of
BDNF isoforms in PCN is of interest.

Additionally, dendritic enrichment of BDNF transcripts encoding exons VI and VII in CAL,
exons I, VI, and 1Xa in CA3 of the hippocampus, and exons V, VI, VII, and VIII in DG, were
found in rats, with the exon VI being the main transcript in dendrites (Baj, Del Turco et al.
2013). Interestingly, the hippocampus of rats treated by pilocarpine, a muscarinic receptor
agonist, displayed enhanced network excitability (Knopp, Kivi et al. 2005), exhibited an
increase of BDNF exon IV- and VI- containing transcripts in dendrites (Baj, Del Turco et al.
2013). These results provide further support for the hypothesis of spatial code to differentially
regulate BDNF in the somatic or dendritic compartments in response to local synaptic

activity.

The detailed description of the spatial code for BDNF transcripts proposed by Tongiorgi’s
group asks the question on the general function of this spatial code in stress response,
neuronal plasticity and physical exercise. It was hypothesized that the antidepressant
treatments and physical exercise exert their beneficial effects through upregulation of BDNF
in limbic brain regions, which is required to support survival and differentiation of newly
generated DG or neoneurons (Cotman and Berchtold 2002, Castren 2004, Russo-Neustadt and
Chen 2005, Duman and Monteggia 2006). Indeed, several lines of evidence was provided to
show that antidepressants, antipsychotic drugs, and physical exercise regulate selectively
expression of BDNF transcript isoforms (Garza, Ha et al. 2004, Khundakar and Zetterstrom
2006, Baj, D'Alessandro et al. 2012). For instance, it was shown that physical exercise and
antidepressants induce a general increase of BDNF mRNA and protein in the soma of
hippocampal neurons and a selective increase of BDNF in dendrites of CA3 neurons, which
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was accounted for by exon VI variant (Baj, D'Alessandro et al. 2012). These results add one
further piece of evidence for the hypothesis of antidepressant actions through neurotrophin
regulation and function in the hippocampus and that of spatial code for a selective expression
of Bdnf in specific subcellular districts. This spatial code hypothesis predicts that these
therapies may specifically upregulate BDNF splice variants in one region of the dendritic tree,
which may result in activation and reinforcement of specific neural networks (Baj,
D'Alessandro et al. 2012). Thus, to define the specific localization of BDNF transcripts
derived from distinct exons, contributing to the therapeutic effects of pharmacological or
behavioral treatments, may provide key information about the neuronal circuits involved in
these responses (Baj, D'Alessandro et al. 2012, Baj, Del Turco et al. 2013).

In our work, total BDNF protein levels assessed by Western Blot after 6 and 24 h treatment
with DEX were not affected, neither in PCN nor in BZ cells (data not shown). Since it seems
that alteration of Bdnf expression induced by GR occurs at the transcriptional level, it can be
concluded that not only the expression levels of total BDNF mRNA but also those of its
transcript isoforms are important for BDNF action. Furthermore, the spatial code of BDNF
transcript distribution determining in which subcellular regions the variant splices are
produced, translated and secreted, as well as exerting their actions, may be of more

importance than total amount of BDNF protein measured in a whole sample.

5. Conservation of BDNF SP4 sequence between human and mouse

Homology of human and rodent BDNF 5’ untranslated exons ranges from 95% to 45%,
reaching 95% for exon I, 91% for exon 1V, 86% for exon VI (Liu, Walther et al. 2005, Aid,
Kazantseva et al. 2007). Moreover, we analyzed the conservation of the small 275 bp region
and found the precise homology between human and rodent SP4 sequence is 92%. Of note,
the beginning of exon IV included in the short 275 bp fragment shows a lower similarity
comparing the upstream promoter sequence (Fig. 27). Furthermore, we analyzed the SP4
fragment from human Bdnf gene with Jaspar website, discovering that all of the potential
DNA motifs for AP1, CREB, AhR and Neuro/oligo binding sites are conserved in human, and
their sequences show an almost 100% similarity to those in mouse, except a CREB site (Fig.
27). Interestingly, two additional Neuro/oligo response elements are detected in the SP4
equivalent region of the human gene (Fig. 27), which may indicate important transcriptional
regulation via this region with additional functions in humans. Taken together, the high

conservation of the exon IV and VI, especially of the SP4 fragment and of the putative
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transcription factor DNA binding sites, are of importance in searching the regulatory
mechanisms of mouse Bdnf expression and function, as well as the molecular events involved

in GR-mediated transcriptional alterations on BDNF exon 1V and VI.

Mouse TGGAAGTGAAAACATCTAC-AAAI TGCCCTGGAACGGAATTCTTCTAATARAA 59

IIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIII Creerrrrrentd
Human TGGAAGT GCA TGCCCTGGAACGGAACTCTTCTAA

Mouse GATGTATCATTTTAAATGCGCGGAATTCTGATTCTGGT CTAGAGTGTCTA 119

IIIIIIIIIIIIIIIIIIIII QrguiespobaigauuenninonpepARubinped
GATGTATCATTTTAAATGCGCTGAATTTTGATTCTGGT CTAGAGTGTCTA

Human

179

Mouse TTTCGAGGCAGAGGAGGT: GCTCACGTCAAGGCAGCGTGGAGCCC

frerereerer reeerrerrrerrrerrnd IIIIIIIIIIII Frerrrrrrrrnerd
Human TTTCGAGGCAGCGGAGGTATCATATGACAGCGCACGTCAAGGCACCGTGGAGCCC

Mouse BBcacTcccacccacttteccattcaccgaggagaggactgetetegetgecgeteccee 239

Leerereeeeererereeerereereerr reererr reererrrrerrrrrrrrrerd
Human -GACTCCCacccactttcccattcaccgcggagagggctgctctcgctgccgctccccc

Mouse cacccacccccggecgagectagecatgaaatctece

Human ______ ccceccggegaactagcatgaaatctece

CRE o a1 N AnRRE Neuro/oligo.RE

Fig. 27 The analysis on homology of mouse and human SP4 DNA sequence, as well as

the similarity of potential response elements of AP1, CREB, AhR and Neuro/oligo family.
The black letters are sequence from promoter 4, while the red ones are that from exon IV. The homological score
of SP4 sequences between human and mouse is 92%. The yellow highlighted regions are putative CRE sites; the
blue ones are potential AP1 sites; the pink ones are AhR.RE sites and the green ones are Neuro/oligo.RE sites
(analyzed by the Jasbar database). Some sequences of response elements are overlapped.

As the SP4 GR responsive sequence we defined was already characterized as sensitive to
synaptic activity, an interesting perspective would be to study the interaction between
compounds that stimulate neuronal activity (FK, KCI and kainic acid) as well as some
neurotoxic compounds (peroxide) and the MR/GR signaling pathways. This could be
performed by analyzing Bdnf expression level, as well as the various signaling pathways
affected by neuronal activity and corticosteroid hormone actions, using our current models
(BZ, PCN and N2A cells) and the ones currently under development such as BZ-hMR and
glucocorticoid-free PCN cultures. Eventually, this work will be carried on in the laboratory to
investigate the different issues we have just described. Indeed, it is of importance to better

understand the crosstalks between the two corticosteroid receptors in neurons, MR and GR
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and the neurotrophin signaling for the sake of scientific knowledge, but also because these

two pathways are involved in many neurological disorders.
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GENERAL CONCLUSIONS
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It was reported that alterations in BDNF expression and functions are associated to numerous
neuropsychiatric and neurodegenerative diseases. Decrease of BDNF expression promotes
pathological processes whereas an increase of BDNF signaling facilitates neuronal recovery.
Implementation of “BDNF therapies”, however, challenges a large number of methodological
and pharmacokinetic issues. A better knowledge of the mechanisms regulating BDNF
expression and signaling is of importance in the process to solve these issues (Jeanneteau and
Chao 2013).
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Fig. 28. Schematic drawing of interplay between GC and BDNF signaling pathways in

the neurons. Glucocorticoid receptor (GR) is kept in the cytoplasm under an inactive form by its binding with
the chaperone proteins. When glucocorticoid (GC) concentrations are elevated, such as under stress, GC bind
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GR. Ligand-activated GR translocates into the nucleus, where it binds to some undefined transcription factors
bound to the DNA sequence upstream of exon 1V within Bdnf gene, resulting at least in part in the transcriptional
repression of Bdnf. BDNF mRNAs, comprising a large amount of exon IV- and VI-containing transcripts, are
translated into a common protein, which is secreted from the soma, proximal or distal dendrites. BDNF binds to
its receptor TrkB, activating distinct signaling pathways that promote neuronal survival, synaptic plasticity and
behaviors. It is hypothesized that these processes are also regulated by GR, whose signaling may interact with
that of BDNF, eventually affecting the pathology of neuropsychiatric and neurodegenerative diseases.

Glucocorticoids are stress-related hormones, while Bdnf is a stress-sensitive gene, and both of
them are involved in the modulation of the cognitive and behavioral processes (Fig. 28) (Kang,
Welcher et al. 1997, Tyler, Alonso et al. 2002, Pang, Teng et al. 2004, Radecki, Brown et al.
2005, Nooshinfar, Akbarzadeh-Baghban et al. 2011). High GC level exposure decreases
dendritic arborization and synaptic density in the hippocampus (Tata, Marciano et al. 2006),
while increased BDNF levels reinforce the maintenance of synapses and dendritic fields in the
adult nervous system (Poo 2001). Furthermore, downregulation of BDNF expression induced
by stress/GC mediates deleterious effects of prolonged GR activation on neuronal survival,
synaptic plasticity and behavior, which correlate with cognitive deficits and mood disorders
(Duman, Heninger et al. 1997, Duman and Monteggia 2006). Imbalance of the GC and
neurotrophic systems may impair neural connectivity and precipitate the development of
psychiatric disorders as previously proposed (Duman, Heninger et al. 1997, Krishnan and
Nestler 2008). Therefore, it was hypothesized that BDNF and GC activities are calibrated, and
the tuning between both BDNF and GC activities may determine a wide range of effects from
synaptic plasticity to various CNS disorders such as neurodegenerative diseases (Jeanneteau
and Chao 2013).

We used several in vitro cellular models treated with high levels of GC, mimicking stress
conditions, and demonstrated that GC downregulate BDNF mRNA expression levels,
especially exon IV- and VI- containing transcripts, at a transcriptional level (Fig. 28). All of
the GC actions are considered due to a GR action, because they are suppressed by a GR
antagonist, mifepristone (RU486), which is widely used by other groups in the functional and
mechanistic study on GR. Although total BDNF protein expression was not altered by GC in
several cellular models, the subcellular localization and secretion of distinct BDNF variant
splices may be more pivotal for its functions. According to the literatures (Pattabiraman,
Tropea et al. 2005, Chiaruttini, Sonego et al. 2008), we propose that in the basal status, exon
IV variant splice is concentrated into the soma and functions on the proximal dendrites, while

exon VI is mainly expressed in the distal dendrites (Fig. 28). Of note, exon IV is sensitive to
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neuronal activity and is reported to be transferred to distal dendrites where it exerts effects

cooperating with exon VI.

However, many questions on the interplay between GC and BDNF signaling in the CNS are
still open. For example, in which manner does GR bind to Bdnf gene sequence upstream of
exon IV, on which exact region this mechanism occurs, and which coregulators and
transcription factors are needed during these genetic and epigenetic processes (Fig. 28)? To
date to our knowledge, GR DNA-binding response elements have not been identified in many
promoters of the Bdnf gene, including promoter 4. Furthermore, does this alteration of Bdnf
expression induced by GR affect the neurotrophin signaling pathways as well as GR signaling,
both of which contribute to regulate synaptic plasticity and behaviors (Fig. 28)? On the other
hand, neuronal network activity contributes to BDNF expression (Lu 2003), and stimulates
BDNF secretion, which may result in strengthening and maintenance of active synapses
(Snider and Lichtman 1996, Poo 2001). Based on this theory, does neuronal activity alter or
even reverse this GR-mediated regulation on BDNF (Fig. 28)? Additionally, due to the
limited presence of functional MR in the cellular models we used, we did not go further with
MR actions on this potential target gene. However, analyzing specific effects and mechanisms
induced by MR agonists and antagonists in some appropriate cellular models will be of much
importance and interest. Another critical step of practical significance is research on animal
models, such as stress-induced depressed rodents, that should be utilized to investigate the
hypotheses already proposed in the light of a potential MR and GR acting dialogue on BDNF

signaling.

Altogether, characterizing the molecular mechanisms by which GC and BDNF signaling
pathways interact, may provide targets to prevent the harmful effects of GC excess and to
reinforce the beneficial actions of BDNF, which prime the resilience and recovery from
severe stressful experiences and contribute to the rescue of neuropsychiatric and

neurodegenerative diseases.
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