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ABSTRACT

TRANSCRIPTIONAL REGULATION OF BRAIN-DERIVED NEUROTROPHIC
FACTOR IN NEURONS

By
Fei Zheng
Neuroplasticity is an important feature of mammalian brains, referring to the
functional or structural changes of the nervous system after learning or adapting
to the changes of environment. Activity-dependent transcription is critical for
neuroplasticity. Brain-derived neurotrophic factor, an activity-dependent gene, has
emerged as a key molecule in synaptic plasticityy, memory formation and
neurological diseases. The regulation of activity-dependent BDNF transcription
remains elusive.

Exon [IV-containing BDNF mRNA (BDNF 1V) is one of the major
activity-responsive forms of the multiple BDNF mRNAs. Calcium influx via calcium
channel or NMDA receptor stimulates BDNF 1V transcription in cortical neurons,
which requires activity of MAPK, PI3K, PKA and CaMKs. The three identified
calcium-responsive elements (CaREs) in the BDNF IV promoter (promoter V)
mediate calcium-induced BDNF |V transcription coordinately. In mature neurons,
only CaRE1 and CaRE3 are responsive to calcium influx and are regulated by
MAPK, PI3K and CaMKs in a stimulation-selective manner.

BDNF IV is also induced by self-stimulation, which is regulated by MAPK

activity, extra- and intracellular calcium level and the NMDA receptor. Both NR2A-



and NR2B-containing NMDA receptors, as well as synaptic and extrasynaptic
NMDA receptor, are required for BDNF self-induction. Moreover, a synergistic
effect of BDNF and NMDA stimulation has been found for BDNF IV upregulation.

In summary, we suggest a novel working model for the regulation of calcium-

and BDNF-induced BDNF transcription.
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CHAPTER 1
BRAIN-DERIVED NEUROTROPHIC FACTOR (BDNF) IN PLASTICITY,

MEMORY AND DISEASE.



Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family,
plays critical roles in many aspects of neuronal events, including differentiation,
survival and neuroplasticity in both developmental and adult brain (Poo, 2001; Lu,
2003; Reichardt, 2006; Bekinschtein et al., 2008a; Minichiello, 2009). In this
chapter, | will first introduce some basic features of BDNF including its genetic
structure, protein cleavage, and intracellular signals. Second, | will focus on BDNF
functions in neuronal plasticity (mainly long-term potentiation or LTP), memory
formation, and certain neurological diseases.
ACTIVITY-DEPENDENT BDNF SYNTHESIS AND BDNF-MEDIATED
SIGNAL TRANSDUCTION

BDNF transcription

BDNF is involved and functions as a key molecule in synaptic plasticity, which is
mainly due to its activity-dependent synthesis and release. BDNF expression is
induced by several neuronal activities, both in vitro and in vivo. For example,
calcium influx from L-type voltage-gated calcium channel (L-VGCC) (Tao et al.,
1998) and activated NMDA (N-methyl-D-aspartic acid) receptors (Tabuchi et al.,
2000) in cultured neurons, as well as electric stimulation in brain slices (Patterson
et al., 1992) all evoke of BDNF mRNA expression. Moreover, the BDNF mRNA
can also be induced in live animal brains after fear-associated memory training
(Hall et al., 2000), physical exercise (Neeper et al., 1995), exposing to novel

environment (Young et al., 1999), and kainic acid (KA)-induced seizure (Timmusk
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et al., 1993).

Intriguingly, the activity-dependent BDNF transcription only produces certain
BDNF mRNA forms (Timmusk et al., 1993; Lubin et al., 2008). BDNF gene
consists of at least eight 5’ untranslated exons (exon | to exon VIII) and one 3’
coding exon (exon IX). Using 5 rapid amplification of cDNA ends (RACE),
bioinformatics, RT-PCR and sequencing analysis, nine distinct transcriptional
initiation sites were identified at the beginning of the eight 5’ exons and in the
intron preceding exon IX. As shown in Figure 1.1, each 5 exon is spliced to the
common 3’ exon to generate a BDNF mRNA form with one 5’ noncoding exon and
one 3’ coding exon. Including the BDNF mRNA consisting of 5’ extended coding
exon (exon IXA) and exon IX, there are at least night different BDNF mRNA forms
(Timmusk et al., 1993; Aid et al., 2007). Because of the alternative splice donor
site within exon Il, there are three exon llI-containing transcript variants (llA, IIB
and IIC) (Timmusk et al., 1995). Moreover, in the 3’ end of exon IX, there are two
different poly-adenylation sites. Thus, each BDNF mRNA can use an alternative
poly-A signal, resulting total 22 BDNF mRNA forms (Fig. 1.1). Considering the
protein coding exon is common to all of these products, thus all isoforms are
translated into the same BDNF protein.

RACE analysis and expression features of different exon-containing BDNF
mRNA forms indicate that these transcripts are controlled by different promoters.

It is hypothesized that the differential promoters of BDNF gene may provide
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Figure 1.1
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Figure 1.1 The scheme of mouse and rat BDNF gene. BDNF gene consists of eight 5’ exons (I-VIII)
and one 3’ exon (IX). Introns in the gene are presented as straight lines. The protein coding
regions are shown as dark boxes and the untranslated regions are shown as open boxes. Three
alternative splicing sites (A, B and C) in exon Il and the two poly-adenylation sites (polyA site) are
indicated with arrows. Exon IXA is the 5’ extended coding exon. Adapted from Aid et al., 2007. For
interpretation of the references to color in this and all other figures, the reader is referred to the
electronic version of this dissertation.



multiple layers of regulation by distinct modulators in different tissues. For
example, in cortex, exon IV-containing BDNF mRNA (BDNF V) is the major form
induced by neuronal activity (Tao et al., 1998). Investigations on this specific
transcript indicate that the 170-base-pair (bp) 5 flanking sequence of exon IV
functions as the regulatory region for calcium-mediated BDNF |V transcription, in
which three calcium responsive elements (CaRE1, 2 and 3) have been identified
(Fig. 1.2).

CaRE1 is located at -73 to -64 relative to the exon |V transcriptional initiation
site, which is conserved in the rat, mouse and human BDNF gene (Tao et al.,
2002). A yeast one-hybrid screen purified a novel transcriptional activator, named
calcium responsive factor (CaRF), as a CaRE1 binding protein. Computational
analysis predicts several kinase-phosphorylation sites including
mitogen-activated protein kinase/ extracellular signal regulated kinase
(MAPK/ERK), calcium/calmodulin kinase Il (CaMKIl) and protein kinase C (PKC)
sites, but the detailed regulation on CaRF/CaRE1 system is largely unknown.
Recently, McDowell and colleagues generated mice with deletion of CaRF DNA
binding domain (CaRF knockout/KO). The mice express reduced BDNF IV mRNA
in the cortex but not hippocampus (McDowell et al., 2010), suggesting that the
regulation of BDNF by CaRF may be tissue-selective.

CaRE2 has been identified as an E-BOX element, which is supposedly bound

by a member of the basic helix-loop-helix (bHLH) family (Chen et al., 2003b).
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Figure 1.2
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Figure 1.2 The transcriptional regulation on promoter IV. The currently identified cis-elements

located in the 5 flanking region of exon IV and the NFAT sequence on the 3’ of exon IV are

presented as blue boxes. The relative location of the sequences to the transcriptional initialization

site (+1) is labeled below. The E-Box and the NFkB sequence have one bp overlap.



Indeed, the results from yeast one-hybrid screen showed that CaRE2 is bound by
USF1/2 (upstream stimulatory factor, belonging to the bHLH family) as homo- or
heterodimers. USF1 and 2 regulate BDNF transcription independently because
CaRE2-mediated transcription is intact in USF1 or USF2 single knockout neurons.
Moreover, CaRE2-mediated transcription is elevated by membrane depolarization
but not by activation of glutamate receptors, indicating that it is regulated in a
stimulation-selective manner.

CaRE3 resembles a cAMP response element (CRE). Electrophoretic mobility
shift assays (EMSA) provided strong evidence that CaRE3 is bound by CRE
binding protein (CREB) (Tao et al.,, 1998). CREB is activated through
phosphorylation at Ser-133 by either MAPK-RSK2/MSK (ribosome S6
kinase2/mitogen- and stress-activated kinase) or CaMKIV. The activated CREB
recruits its co-activator CBP (CREB binding protein), which is associated with
histone acetylation and RNA polymerase Il complex recruitment, and facilitates
transcription (Greer and Greenberg, 2008; Sakamoto et al., 2011). Furthermore,
activation of CREB is necessary for BDNF |V transcription and sufficient for BDNF
IV mRNA up-regulation. First, dominant-negative CREB blocks calcium-mediated
BDNF IV transcription, and disrupted CREB binding by mutating CaRE3
sequence alone abolishes KCI- and sensory experience-induced BDNF [V
transcription (Tao et al., 1998; Hong et al., 2008). Second, promoter IV-driven

transcription can be elevated by a constitutively active CREB without calcium
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stimulation.

However, accumulated evidence showed that the BDNF |V expression is also
controlled by other cis-elements. For example, a 22-bp segment spanning from
-21 to +1 contains overlapped sequence of a NFkB (nuclear factor kB) binding site
and a class B E-BOX (Lipsky et al., 2001; Jiang et al., 2008). Although the direct
evidence for the endogenous NFkB binding to promoter IV is lacking,
NMDA-induced BDNF |V transcription does require NFkB activity and deletion of
this NFkB site also abolishes up-regulation of BDNF IV mRNA by NMDA
stimulation. The class B E-BOX is bound by BHLH2, a suppressor in the bHLH
family. The reduced occupancy of BHLH2 after NMDA receptor activation is
required for the upregulation of BDNF IV. Furthermore, either basal or KA-induced
BDNFIV level is increased in BHLH2 knockout (KO) mice. Moreover, a composite
NFAT/MEF2 (nuclear factor of activated T cell/ myocyte enhancer factor 2)
consensus sequence exists at exon |V, which is bound by transcriptional factors
NFATc4 and MEF2. Silencing NFATc4 decreases BDNF IV mRNA induced by
NMDA stimulation and overexpression of NFATc4 enhances the induction,
indicating that NFATc4 positively regulates BDNF |V transcription (Vashishta et al.,
2009). Although the partner of NFATc4 varies in different cell types, it is suggested
that MEF2, a transcriptional factor, which responses to neuronal activity,
dissociates with histone deacetylases (HDAC) and facilitates transcription, is a

strong candidate (Crabtree and Olson, 2002; Flavell et al., 2006). Moreover, a
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recent study pointed out that a transcriptional factor, Npas4, responses slowly to
neuronal activity but is required for sustained BDNF IV mRNA level after
stimulation (Lin et al., 2008). Together with the CaRF, USF1/2 and CREB, these
new-indentified transcriptional factors coordinately regulate activity-dependent
BDNF IV transcription.

Beside BDNF |V, exon I-containing BDNF (BDNF 1) is also an
activity-responsive BDNF form, which is enhanced by calcium influx through
L-VGCC (Tabuchi et al., 2000) or NMDA receptor (Tian et al., 2009). Intriguingly,
this induction seems to be tissue-selective as BDNF | was evoked by NMDA in
hippocamal but not cortical cultures. Furthermore, a CRE overlapped by a USF
binding element (USFBE), which is required fro calcium-mediated BDNF |
transcription, has been identified in Promoter | (Tabuchi et al., 2002). The role of
CREB and USF1/2 on regulating BDNF | transcription has also been confirmed in
cultured neurons.

In addition to the 5’ UTRs (untranslated regions) of multiple exons, the 3 UTR
with alternative poly-A sites has been implicated in subcellular translocation of
BDNF mRNA (An et al., 2008). The BDNF transcript with short UTR is restricted to
the soma, whereas the long UTR BDNF mRNA is able to be transported to
dendrites. In mice with truncated long UTR, BDNF mRNA and protein are
significantly reduced in the dendrites and the growth of dendritic spines is

abnormal, suggesting that the localization and local translation of BDNF is
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important for the formation of neural circuits.

Pro-BDNF and mature BDNF

The regulation of BDNF in nervous system occurs not only at mRNA level. The
post-translational modification of BDNF protein is also essential for BDNF
functions. The initially synthesized precursor protein pro-BDNF (32 kDa)
undergoes a cleavage to form mature BDNF (mBDNF). It was thought that
pro-BDNF is intracellular localized and the cleavage happens in either trans-Golgi
(by the subtilisin-kexin family of endoproteases) or immature secretory granules
(by proprotein convertases) (Mowla et al., 1999; Greenberg et al., 2009). However,
reports from several laboratories have indicated that pro-BDNF is also releasable
and physiological functional (Pang et al., 2004; Woo et al., 2005; Yang et al.,
2009). In contrast to mBDNF, which facilitates long term potentiation (LTP, a
cellular model for memory formation) and promotes cell survival by binding the
receptor tyrosine kinase B (TrkB, see below), pro-BDNF binds to p75" '~ receptor,
which enhances long term depression (LTD) and induces apoptosis pathways
(Teng et al., 2005; Woo et al., 2005). Additionally, the identification of tPA (tissue
plasminogen activator)-plasmin regulated pro-BDNF cleavage also provided a
novel pathway for pro-BDNF to mature BDNF conversion. High frequency
stimulations (HFS) that normally induce LTP facilitate tPA secretion, and
consistent with this pathway, tPA and plasmin are playing a functional role in late

phase LTP (Pang et al., 2004; Nagappan et al., 2009).
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BDNF- mediated signal transduction

How does BDNF function in the nervous system? Secreted mBDNF binds to the
TrkB receptor, resulting in ligand-receptor dimerization and autophosphorylation
of the tyrosine residue that is at the intracellular kinase domain of TrkB
(Cunningham and Greene, 1998). The phosphorylation elicits recruitment of
several proteins including adaptor protein Shc and phospholipase Cy(PLCy)
(Kavanaugh and Williams, 1994; Minichiello, 2009). Activated TrkB triggers three
major signaling cascades: the Ras-Raf-MAPK, PI3K (phosphatidylinositol
3-kinase)-Akt and PLCy pathways. The recruited adaptor protein Shc is in turn
bound by growth factor receptor-bound protein 2 (GRB2) and/or son of sevenless
(SOS), and activates Ras-Raf-MAPK pathway (Reichardt, 2006). The activation of
PI3K-Akt/PKB (protein kinase B) pathway is through the indirect binding of Ras
and certain adaptor proteins like GRB associated binder 1 (GAB1) to TrkB
receptor (Rodriguez-Viciana et al., 1994; Holgado-Madruga et al., 1997). PLCy
activated by the tyrosine residue of TrkB hydrolyses
phosphatidylinositol-4,5-bisphosphate (PIP2), generating inositol-1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG). IP3 activates IP3 receptor on ER
(endoplasmic reticulum) to open the intracellular calcium stores, which induce
calcium-dependent pathways such as CaMKs cascades. DAG is able to stimulate
the PKC pathway (Reichardt, 2006). Notably, MAPK and CaMKIV have been

indicated as the activators of transcriptional factor CREB, which regulates BDNF |
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Figure 1.3
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Figure 1.3 BDNF/TrkB-mediated signal transduction. When bound by BDNF, the TrkB receptor
activates three major pathways: Ras-MAPK/ERK, PI3K-Akt, and PLCy pathways. The direct
docking sites on TrkB C-terminal are for adaptor protein Shc and PLCy. Activated Shc recruits Grb
and SOS and in turn activate Ras-MAPK pathway. The Grb2-GAB1 and Ras account for PI3K
activation. Phophorylated PLCy by TrkB converts PIP2 to IP3 and DAG. IP3 releases intracellular
calcium and induces calcium/CaMK pathway. Elevated ERK and CaMKIV activity may
phosphorylate CREB and contribute to gene transcription. Adapted from Reichardt, 2003.



and IV transcription. Thus, the induction of MAPK and PLCy pathway may
enhance BDNF mRNA, suggesting a positive feedback for neuronal
activity-dependent BDNF transcription (Fig.1.3).
FUNCTION OF BDNF IN SYNAPTIC PLASTICITY, MEMORY FORMATION AND
NEUROLOGICAL DISEASES
The mammalian brain is able to convert transient stimuli from the environment to
a long-lasting morphological change or functional alternation, which is considered
to be the basis of learning and adaption to the environment. This conversion
process involves de novo gene transcription, protein synthesis and cell structure
modification. BDNF, as described above, is an activity-dependent immediate early
gene (IEG). It plays a critical role in neuronal plasticity, memory formation, mental
disorders and neurodegenerative diseases.
BDNF and LTP
To study the molecular and cellular mechanism of learning and memory, a
phenomenon named long term potentiation (LTP) is widely considered to be a
cellular model of learning and memory. LTP is a persistent increase of synaptic
strength resulting from synchronously stimulation of pre- and postsynaptic
neurons. This enhancement can last from minutes (early-phase LTP or E-LTP) to
hours or days (late-phase LTP or L-LTP). This process needs not only opening of
calcium channels, activation of several enzymes, neural transmitter release,

trafficking and insertion of glutamate receptors, but also, especially for the L-LTP,
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gene transcription and protein synthesis (Sweatt, 1999; Malenka, 2003; Malenka
and Bear, 2004; Minichiello, 2009).

BDNF has emerged as a key molecule in neuroplasticity. First, BDNF mRNA
is dramatically increased by LTP induction, in both hippocampal neurons and
brain slices (Patterson et al., 1992; Dragunow et al., 1993). BDNF release is also
greatly enhanced during LTP induction, which is visualized by either
overexpression of green fluorescence protein (GFP)-tagged BDNF or usage of a
cell-based fluorescent indicator that selectively and efficiently detects BDNF
(Brigadski et al., 2005; Nakajima et al., 2008). Second, BDNF is required for
hippocampal LTP induction. For example, bath application of anti-BDNF
antibodies or BDNF scavenger TrkB-IgG to block BDNF-TrkB signal attenuates
LTP (Figurov et al., 1996; Kang et al., 1997). In addition, LTP induction is impaired
in BDNF knockout mice, and this defect is able to be rescued by exogenous
application of recombinant BDNF or a virus-reintroduced BDNF gene, ruling out
BDNF deletion-caused developmental impairment (Korte et al., 1996; Patterson et
al., 1996; Pozzo-Miller et al., 1999). BDNF can also facilitate LTP induction in an
age-dependent manner: BDNF has no effect on potentiation in mice at postnatal
day (P) 8-9, converts short-term LTP to long-term LTP at P12-13, and does not
further increase the amplitude of LTP in P17-18 or adult brain. This variability may
be due to the change of BDNF or TrkB expression levels during development

(Maisonpierre et al., 1990; Figurov et al., 1996). Although one report indicated that
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BDNF stimulation alone can induce LTP (Kang and Schuman, 1995), this result
was not replicated by several other groups (Figurov et al., 1996; Patterson et al.,
1996). Third, BDNF-TrkB signal is also required for L-LTP maintenance.
Pretreatment with TrkB antiserum impaired L-LTP, and a similar effect was found
in TrkB knockout mice (Korte et al., 1998; Xu et al., 2000; Minichiello et al., 2002).
More surprisingly, bath application of BDNF can rescue impaired L-LTP in
protein-synthesis blocked system, suggesting a key role of BDNF for L-LTP (Pang
et al., 2004).

BDNF and memory formation

How is BDNF involved in learning and memory? BDNF expression is evoked by
hippocampus-dependent learning, and it is necessary for short-term or long-term
memory (STM or LTM) formation. First, BDNF mRNA is increased after
hippocampus-dependent learning in several paradigms, such as Morris water
maze, inhibitory avoidance and contextual fear conditioning (Kesslak et al., 1998;
Ma et al., 1998; Hall et al., 2000). Second, Infusions of either BDNF antibodies or
antisense oligonucleotides severely impair spatial and inhibitory avoidance
memory in rats (Ma et al., 1998; Mu et al., 1999). In addition, heterozygous BDNF
knockout mice with reduced BDNF expression fail to form spatial or contextual
memory (Linnarsson et al., 1997; Liu et al., 2004). Moreover, conditional deletion
of TrkB in the forebrain also impairs memory formation when tested using a Morris

water maze or a radial arm maze (Minichiello et al., 1999). Third, BDNF is also
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required for the storage of LTM. Infusion of BDNF antisense oligonucleotides 4 or
12 hours after training disrupts memory retention and blocks memory retrieval
(Alonso et al., 2002; Bekinschtein et al., 2007; Bekinschtein et al., 2008b).

As mentioned above, there are multiple BDNF mRNA forms and only certain
of them are responsive to neuronal activity. Thus, recent studies sought to
understand whether this exon-specific effect is critical for BDNF function in vivo.
There are two lines of BDNF |V-mutated mice generated by different groups
(Hong et al.,, 2008; Sakata et al., 2009). Sakata and colleagues inserted
GFP-STOP into the exon IV locus to prevent BDNF |V expression (the mouse is
named BDNF-KIV), whereas Greenberg’s group mutated the CREB binding site
(CaRE3/CRE) in promoter IV to abolish the activity-dependent BDNF [V
upregulation (the mouse is named CREmKI). Both mutants showed abnormal
function of inhibitory synapses but not excitatory synapses. For example, less
GABAergic synapses are formed in CREmKI cortex, whereas the medial
prefrontal cortex (MPFC) of BDNF-KIV has reduced parvalbumin-positive
GABAergic interneurons, and shows disrupted spike-timing-dependent
potentiation. Interestingly, CaRF (the transcriptional factor regulating BDNF |V
expression, see Section 1) knockout mice, which show significant decrease of
BDNF 1V in cortex, also express reduced GABAergic synapse markers (McDowell
et al., 2010). It is still unknown whether the exon-specific mutation of BDNF

affects learning and memory. However, the CaRF KO animals show disrupted
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remote memory and impaired extinction. Thus, it would be interesting to study
whether the two BDNF [V-mutated mice show similar phenotypes.

Mechanisms of BDNF function

How does BDNF regulate synaptic plasticity and memory formation? To be
specific, it is important to know 1) where BDNF is released (presynapses or
postsynapses) and 2) what signaling pathways are involved.

First, it has been suggested that the induction of either hippocampal LTP or
striatal LTP only requires BDNF from presynaptic vesicles (Zakharenko et al.,
2003; Jia et al., 2010). However, release of the preexisting BDNF is not sufficient
to maintain its functional level at synaptic connections at the late phase of LTP.
Additionally, there is no dispute that L-LTP requires new protein synthesis and
sustained BDNF level, suggesting that enhanced BDNF transcription, which only
occurs at postsynapses, accounts for the long-lasting synaptic change (Patterson
et al., 1992). Moreover, postsynaptic BDNF secretion triggered by a spike-timing
protocol at the single-cell level is required for the long-term structural change of
spines, highlighting the role of postsynaptic BDNF release in plasticity (Tanaka et
al., 2008). Taken together, it indicates that presynaptic and postsynaptic BDNF is
released and functions at early and late stage of LTP separately (Fig. 1.4).

Second, the downstream cascades of BDNF involved in synaptic plasticity are
largely unknown. It has been suggested that BDNF regulates neuroplasticity via

modulating neurotransmission, as well as mediating transcription and translations.
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Figure 1.4

Early phase

Late phase

Figure 1.4 Secretion of BDNF from pre- and postsynapses accounts for the different phase of LTP.
BDNF release from presynapses (pink color) may contribute to the early phase plasticity (e.g.
E-LTP). Transcription and secretion of BDNF from postsynapses (blue color) may be necessary for
the late phase plasticity (e.g. L-LTP). Adapted from Lu et, al., 2007.
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BDNF triggers glutamate release and membrane depolarization (Poo, 2001; Tyler
et al., 2002). For example, BDNF enhances glutamate release from
synaptosomes and regulates a rapid recycling vesicle pool (Sala et al., 1998;
Tyler et al., 2006). It has also been demonstrated that BDNF results in membrane
depolarization through gating sodium channel Na,1.9 (Kafitz et al., 1999; Blum et
al., 2002) in a classical TrkB signal-independent manner. Additionally, BDNF
modulates glutamate receptors. NMDA receptor as a major glutamate receptor
consists of two NR1 subunits and two NR2 (2A, 2B, 2C and 2D) subunits.
BDNF-activated TrkB interacts and phosphorylates NR2B subunit through Fyn,
and in turn increases open possibility of NMDA receptor (Levine et al., 1998; Lin
et al., 1998). Besides, BDNF also elevates the expression and regulates the
trafficking of both NMDA and AMPA (2-amino-3-(5-methyl-3-oxo-1,2-
oxazol-4-yl)propanoic acid) receptor. This process has been indicated as an
essential step for the induction and maintenance of LTP (Caldeira et al., 2007b;
Caldeira et al., 2007a; Nakata and Nakamura, 2007) (Fig. 1.5). Last but not least,
BDNF stimulates gene transcription and protein translation that are required for
L-LTP and LTM. This has been extensively reviewed elsewhere (Poo, 2001;
Reichardt, 2006; Lu et al., 2008). Among the hundreds of BDNF-induced genes
(Gokce et al., 2009) closely related to synaptic plasticity, learning and memory
(e.g. c-fos, arc), it is notable that BDNF itself is also upregulated. This

enhancement may interpret the sustained level of BDNF during the late phase of

19



LTP or LTM.

Further investigations have been performed to dissect the detailed pathways
of BDNF-TrkB in plasticity and memory formation. For instance, inhibition of ERK
by pharmacological drugs blocks the BDNF-induced ERK phosphorylation and
abolishes BDNF-induced LTP (Ying et al., 2002). BDNF reverses memory deficit
resulting from translation inhibition, and the ERK inhibitor blocks the rescue
(Bekinschtein et al., 2008b). In contrast to the viewpoint that ERK mainly accounts
for the effect of BDNF in neuroplasticity, Minichiello and colleagues showed
discrepant results using mice with individual phosphorylation site-mutated TrkB
receptor (Minichiello et al., 2002). They found that the docking site of PLCy is
important for LTP and calcium-dependent signals including CREB activation. The
mutation of the Shc binding site impairs ERK activation without affecting LTP or
CREB activity, however. This discrepancy may be attributed to different
experimental set-up on different brain regions (mPFC vs. hippocampal CA3-CA1).
BDNF in neurodegenerative diseases and mental disorders
Beside its well-documented functions in regulating neuroplasticity, BDNF has
also been implicated in many neurological diseases including Alzheimer’s disease
(AD) and Parkinson’s disease (PD), as well as psychiatric disorders (Mattson et
al., 2004). For example, AD patients have reduced BDNF mRNA in
hippocampus and less catalytic TrkB in the temporal and frontal cortex (Phillips et

al., 1991; Allen et al., 1999). Decreased BDNF has also been detected in
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Figure 1.5

Transcrption of glutamatereceptors

Figure 1.5 Modulation of glutamate receptors by BDNF-TrkB signals. Activated TrkB can modulate
both NMDA and AMPA receptor. This modulation includes enhancing the transcription of the genes
of NR1, NR2A, NR2B, GIuR1 and GIuR2; increasing the insertion of the receptors on
postsynapses (pink); and phosphorylating NR1 and NR2B via Fyn to increase NMDA open
possibility.
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substantia nigra in PD patients (Mogi et al., 1999). Furthermore, administration of
BDNF into the striatum of PD model animals prevents the degeneration of
dopaminergic neurons (Levivier et al., 1995). Additionally, BDNF is involved in
psychiatric disorders such as bipolar disorder (BD), depression and schizophrenia,
which is supported by the following results: 1) reduced BDNF levels in the
hippocampus of rats of depression and the plasma of patients suffering from
depression, 2) decreased BDNF in BD and schizophrenia patients, 3) enhanced
levels of BDNF induced by antidepressant treatment (Buckley et al., 2007; Post,

2007; Martinowich and Lu, 2008).
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CHAPTER 2

REGULATION OF BRAIN-DERIVED NEUROTROPHIC FACTOR EXON IV

TRANSCRIPTION THROUGH CALCIUM RESPONSIVE ELEMENTS IN

CORTICAL NEURONS

This manuscript has been submitted to Biochemical Journal. Dr. Xianju Zhou

contributed to Figure 2.4, 2.5, Supplemental Figure 2.2 and 2.3.
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Activation of immediate early gene transcription via Ca2+-stimulated signal
transduction represents a major molecular mechanism of
activity-dependent modification of neuronal function. Previous studies
suggest that three calcium responsive elements (CaRE) in promoter IV may
coordinate to regulate brain-derived neurotrophic factor (BDNF) exon IV
transcription. However, it is not known how Ca2+-stimulated CaRE
activation is regulated. Here, we report that CaRE1 and CaRE3, but not
CaRE2 are activated by L-type voltage-gated calcium channel (L-VGCC) and
NMDA receptor (NMDAR) activation. Ca2+-stimulation on CaRE1 activity
was blocked by dominant negative (dn) constructs of MEK, PI3K, CaMKIV
and CaMKIIN (an inhibitory construct for CaMKIl). PKA and CaMKI activity
were required for L-VGCC-, but not NMDAR-mediated CaRE1 activation.
Sequence analysis suggests that CaRE3 resembles the previously identified
cAMP responsive element (CRE). We found that CaRE3 and CRE activity
were regulated by the same Ca2+-stimulated protein kinases. CaRE3 and
CRE activity were blocked by dnMEK, dnPI3K, dnPKA and dnCaMKIV.
CaMKI was required for NMDAR- but not L-VGCC-mediated CaRE3/CRE
activation. Furthermore, overexpression of an active form of CREB
(VP16-CREB) enhanced CaRE3 and CRE, but not CaRE1 activity.
Surprisingly, the activation of the previously identified transcription factor

for CaRE1 (i.e. CaRF) was only stimulated via L-VGCC but not NMDAR, and
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inhibited by dnMEK, dnPI3K and CaMKIIN. These results suggest a new
working model that BDNF exon IV expression may be coordinated by CaRE1
and CaRE3 activity, which show different responses to Ca2+-stimulated

protein kinases.

Activity-dependent gene transcription is functionally relevant for animals to
acquire information and adapt to their environments. One major molecule that
transduces neuronal activity to regulate transcription is calcium. Ca2+ influx
mediated by voltage-gated and ligand-gated Ca2+ channels triggers the
activation of multiple protein kinases, and in turn regulates transcription factors
and transcriptional initiation.

Previous studies on transcription factor CREB (cAMP responsive element
binding protein) have demonstrated how transcriptional initiation can be tightly
and specifically controlled by multiple signaling activities triggered by Ca2+ (Mayr
and Montminy, 2001; West et al., 2001; Greer and Greenberg, 2008). Specifically,
multiple phosphorylation sites in CREB are regulated by calmodulin
(CaM)-dependent protein kinases, cAMP-dependent protein kinase (PKA) and
Ras/Raf/MAPK/Rsk cascade. Further, lack of CREB-mediated transcription is
implicated in mental disorders (Kawanishi et al., 1999; Newton et al.,, 2002),
neurodegeneration (Steffan et al., 2000), apoptosis during development (Xing et

al., 1996; Bonni et al., 1999), and impaired synaptic plasticity (Bourtchuladze et
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al., 1994).

One important gene target of CREB is brain-derived neurotrophic factor
(BDNF). BDNF transcription is very responsive to neural activity, and up-regulated
by learning (Hall et al., 2000; Lubin et al., 2008), physical exercise (Neeper et al.,
1995), and kindling or kainite-induced seizures (Dugich-Djordjevic et al., 1992).
The induction of BDNF expression could theoretically exert further modification on
synaptic functions, including regulating dendritic spine density (Ji et al., ;
McAllister et al., 1995), enhancing both pre-synaptic and post-synaptic functions
(Lessmann et al., 1994; Schinder et al.,, 2000), and mediating long-term
potentiation (LTP) and memory formation (Figurov et al., 1996; Linnarsson et al.,

1997).

Molecular studies have revealed that the BDNF gene consists of nine 5
exons (from exon | to IXA) and a common 3’ encoding exon IX (Aid et al., 2007).
After transcription and splicing, one and only one 5’ exon is joined to exon IX,
resulting nine BDNF mRNA forms each of which contains one 5 exon and the
exon IX. In cultured cortical neurons, Ca2+ influx through L-type voltage-gated
calcium channels (L-VGCC) and NMDA receptor (NMDAR) specifically stimulates
transcription of exon IV-containing BDNF mRNA form or BDNF |V (Tao et al., 1998;
Tabuchi et al., 2000; Zheng and Wang, 2009) (because of the recent discovery of

new exons, exon |V was described as exon Il in the earlier studies). The 1500bp

36



of the 5’ flanking sequence of exon IV (defined as promoter V) confers the full
activity for Ca2+-stimulated transcription (Tao et al., 2002). Truncation and
mutagenesis analysis identified three calcium responsive elements, namely
CaRE1, CaRE2, and CaRE3 (Tao et al., 2002). It was shown that CaRE1 and
CaRE2 activity is stimulated by membrane depolarization (Tao et al., 2002; Chen
et al., 2003b). By using a yeast one-hybrid screening, transcription factors CaRF
(Calcium responsive factor) and USF (upstream stimulatory factors) were found to
bind CaRE1 and CaRE2, respectively (Tao et al., 2002; Chen et al., 2003b).
Although sequence analysis of CaRF revealed putative phosphorylation sites for
CaMKIl and MAPK, how Ca2+ and these two Ca2+-activated protein kinases
regulate CaRE1 and CaRF activity are not yet determined. Two-dimensional
isoelectric focusing experiments also implicated that protein kinases might
regulate USF activity and CaRE2-mediated transcription. The sequence of
CaRES3 is similar to that of the CRE consensus sequence (Shieh et al., 1998; Tao
et al., 1998). Although an in vitro study showed that an oligonucleotide containing
CaRE3 binds CREB in neuronal extracts, it is not known whether CREB regulates
the transcriptional activity of CaRE3. In addition to determining whether CREB is
the physiological partner of CaRE3, it is important to determine whether the
CREB-regulating protein kinases, such as CaMKs, PKA and MAPK, also
mediated Ca2+-stimulated CaRE3 activity.

In the present study, we examined how Ca2+ and Ca2+-activated protein
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kinases regulate BDNF promoter IV activity via the CaREs. We found that
promoter IV activity and the up-regulation of exon IV-containing BDNF mRNA
showed identical regulatory properties, indicating that the cloned 5’ flanking
sequence of exon IV recapitulates the activity of the endogenous promoter. We
further found that CaRE1 and CaRE3, but not CaRE2 were activated by both
L-VGCC and NMDAR. It appeared that L-VGCC- and NMDAR-mediated
activation of CaRE1 and CaRE3 were differentially regulated by Ca2+-activated
protein kinases. Moreover, our results also show that CaRE3 and CRE have the
same regulatory property, indicating that CaRE3 is a CREB target. Furthermore,
our study on CaRF regulation suggests mediation on CaRE1-driven transcription
may not be all through this transcription factor. Our results demonstrate how
BDNF expression is mediated by the complex protein kinase network via
individual CaRE.
EXPERIMENTAL PROCEDURES

Reagents- All chemical reagents were purchased from Sigma (St. Louis, MO),
unless otherwise stated. LY294002 (a PI3K inhibitor), PD98059 (a MEK inhibitor)
and H89 (a PKA inhibitor) were purchased from Calbiochem (Gibbstown, NJ).
Oligonucleotides were synthesized by Integrated DNA Technologies (Coralville,
IA). Cell culture and transfection reagents were from Invitrogen (Carlsbad, CA).
Plasmids and reporter constructs- The 911bp promoter IV region of BDNF was

cloned from rat genomic DNA  with the  forward primer

38



(5-ATGCTCGAGAAGAGGCTGTGGCACCGTGC-3') and the reverse primer
(5'-CCCAAGCTTTCCCCAAGGTTCTAGACTC-3"). The fragment was inserted
into Xhol/Hindlll site of pGL3-basic firefly luciferase reporter vector (Promega,
Madison, WI) to generate PIV-Luc. Three copies of CaRE1, or CaRE2, or CaRE3
(Tao et al., 2002) sequence in BDNF promoter IV were cloned into pGL3-promoter
firefly luciferase reporter vector, which contains a minimal SV40 promoter, to
generate plasmids CaRE1-Luc, CaRE2-Luc and CaRE3-Luc. The CRE-Luc
reporter plasmid was described previously (Impey et al., 1998), and was a gift
from Dr. Daniel Storm (University of Washington). Gal4, Gal4-CaRF, Gal4-CREB
and UAS-Luciferase constructs (Tao et al., 2002) are generously provided by Dr.
Michael Greenberg (Harvard University). The Renilla Luciferase reporter
construct, TK-pRL (Renilla-luciferase), was from Dr. Richard Miksicek (Michigan
State University). Expression plasmids for dominant negative PKA (dnPKA, cAMP
binding positions mutated)(Impey et al., 1998), dominant negative MEK (dnMEK,
S222A)(Impey et al., 1998), dominant negative PI3K (dnPI3K, p110AKIN)(Chen et
al., 2005), dominant negative CaMKI (dnCaMKI, K49E, T177A, IHQS286EDDD
and F307A, which mutated its catalytic residues, CaMKK phosphorylation domain
and autoinhibitory domain), dominant negative CaMKIV (dnCaMKIV, mutations
T196A, K71E and HMDT305DEDD are at ATP binding sites and autoinhibitory
domain and a nuclear localization signal is attached)(Wayman et al., 2004) and

CaMKIIN (which expresses a CaMKII inhibitory protein)(Chang et al., 2001) were
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described previously. Dominant negative calmodulin
(pJPA7/rCaM-DEF1234A)(Labasque et al., 2008) is from Dr. Philippe Marin
(University of Montpellier, Germany). Plasmid expressing a constitutive active
CREB (VP16-CREB, using transactivation domain of Herpes simplex virus VP16
to replace the first GIn-rich domain of CREB)(Barco et al., 2002) was from Dr. Karl
Obrietan (Ohio State University).

Plasmids and reporter constructs- The 911bp promoter IV region of BDNF was
cloned from rat genomic DNA  with the  forward primer
(5"-ATGCTCGAGAAGAGGCTGTGGCACCGTGC-3') and the reverse primer
(5'-CCCAAGCTTTCCCCAAGGTTCTAGACTC-3"). The fragment was inserted
into Xhol/Hindlll site of pGL3-basic firefly luciferase reporter vector (Promega,
Madison, WI) to generate PIV-Luc. Three copies of CaRE1, or CaRE2, or CaRE3
(Tao et al., 2002) sequence in BDNF promoter IV were cloned into pGL3-promoter
firefly luciferase reporter vector, which contains a minimal SV40 promoter, to
generate plasmids CaRE1-Luc, CaRE2-Luc and CaRE3-Luc. The CRE-Luc
reporter plasmid was described previously (Impey et al., 1998), and was a gift
from Dr. Daniel Storm (University of Washington). Gal4, Gal4-CaRF, Gal4-CREB
and UAS-Luciferase constructs (Tao et al., 2002) were generously provided by Dr.
Michael Greenberg (Harvard University). The Renilla Luciferase reporter
construct, TK-pRL (Renilla-luciferase), was from Dr. Richard Miksicek (Michigan

State University). Expression plasmids for dominant negative PKA (dnPKA, which

40



harbors mutations at the cAMP binding sites) (Impey et al., 1998), dominant
negative MEK (dnMEK, which harbors a S222A mutation) (Impey et al., 1998),
dominant negative PI3K (dnPI3K, p110AKIN) (Chen et al., 2005), dominant
negative CaMKI (dnCaMKI, which harbors multiple mutations in the catalytic
residues, CaMKK phosphorylation domain, and autoinhibitory domain), dominant
negative CaMKIV (dnCaMKIV, which harbors multiple mutations at ATP binding
sites, and autoinhibitory domain with a nuclear localization signal attached)
(Wayman et al., 2004) and CaMKIIN (which expresses a CaMKIl inhibitory protein)
(Chang et al., 2001) were described previously. Dominant negative calmodulin
(pJPA7/rCaM-DEF1234A) (Labasque et al., 2008) was from Dr. Philippe Marin
(University of Montpellier, Germany). Plasmid expressing a constitutive active
CREB (VP16-CREB, in which the first GIn-rich domain of CREB is replaced by the
transactivation domain of Herpes simplex virus VP16) (Barco et al., 2002) was
from Dr. Karl Obrietan (Ohio State University).

Primary culture of cortical neurons- As described previously (Zhou et al., 2009),
brain tissue was obtained from post-natal day 0 Sprague Dawley rats. Dorsal and
frontal cortical regions were dissected and incubated in digestion buffer containing
10 units/ml papain (Worthington), 100 units/ml DNase | (Roche), and 5 mg/ml
cystine (Sigma) in Hibernate A (BrainBits LLC). After 30 min digestion and
dispersion, neurons were then seeded on poly-D-lysine (50 pug/ml, Sigma, St.

Louis, MO)-coated plates at a density of 150k cells/cm?. The culturing medium
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was Neurobasal A with B27 supplement, penicillin/streptomycin and 0.5 mM
glutamate.

Neuronal stimulation- Ca2+ influx triggered by membrane depolarization was
achieved by KCI (at 50 mM) treatment. Neurons were first pre-treated with APV
(100 uM) and CNQX (40 uM) for 30 min before the addition of KCI. Ca2+ influx
triggered by NMDA receptor activation was achieved by NMDA (20 uM) and
glycine (2 uM) treatment. Neurons were first pre-treated with nifedipine (10 uM)
and CNQX (40 uM) for 30 min before NMDA. APV, nifedipine, and CNQX were
used to block NMDAR, L-type voltage-gated calcium channel, and non-NMDA
type glutamate receptors, respectively. To inhibit MEK, PI3K, and PKA, neurons
were pre-treated for 30 min before stimulation with PD98059 (50 uM), LY294002
(30 uM), and H89 (10 uM), respectively. To stop transcription, a transcription
inhibitor actinomycin D (ACD) was used at a concentration of 100 ng/ml.
Real-time PCR- Neurons were treated on 14 days in vitro (DIV). Control and
stimulated neurons were lysed, and total RNA was extracted with TRIzol
(Invitrogen). RNA concentration was measured by NanoDrop 1000 (Thermo,
Waltham, MA), and 0.5 ug RNA was reverse transcribed to cDNA with SuperScript
[Il kit (Invitrogen). Exon IV-containing BDNF (BDNF V) mRNA and GAPDH
mRNA were amplified by iQ SYBR Green real-time PCR system (Bio-Rad,

-AACt
Hercules, CA), and analyzed with the 2 method by normalizing BDNF IV

signal to GAPDH. The annealing temperature for both genes was 55°C. The
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primers were 5-CTCCGCCATGCAATTTCCAC- 3' and 5'-GCCTTCATGCAACCG
AAGTA-3' for BDNF exon IV. Primers 5-TCCATGACAACTTTGGCATTG TGG-3'
and 5-GTTGCTGTTGAAGTCGCAGGAGAC-3' were used to amplify GAPDH.
Transfection and luciferase assay- Cultured neurons were transfected on 9 DIV by
using Lipofectamine 2000 (Invitrogen). Following manufacturer’s instruction, 0.1
ug luciferase reporter plasmid (or 0.1 ug Gal4 and 0.1 ug UAS-Luc) and 0.4 ug
Renilla-luc plasmid were mixed with Lipofectamine 2000, and added to 0.3 million
cells. For some experiments, neurons were also co-transfected with constructs
that express regulatory proteins (such as dominant negative protein kinases).
Forty-eight hours after transfection, neurons were stimulated by KCI or NMDA for
6 hours. Cells were lysed and the Luciferase activity of the lysate was analyzed
with Dual-Glo Luciferase Assay System (Promega) according to the
manufacturer’s instruction. The luciferase activity was measured by a Veritas
Microplate Luminometer. Firefly luciferase activity was normalized to Renilla
luciferase activity. The activity of luciferase reporter plasmids (such as CaRE1,
CaREZ2, and CaRE3) was compared to that of pGL3-SV40-luciferase.

Western blotting- Neurons were pretreated with inhibitors for 30 minutes, followed
by a 20-minute KCI stimulation. Cells were then collected in SDS lysis buffer (10
mM Tris—HCI buffer, 10% glycerol, 2% SDS, 0.01% bromophenol blue, and 5%
B-mercaptoethanol, pH 6.8) and proteins were separated on SDS-PAGE

(Invitrogen). Separated proteins were transferred onto a nitrocellulose membrane,
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and incubated by specific primary antibodies (1:1000 dilution for anti-pERK1/2
and 1:5000 dilution for anti-p-actin, Cell Signaling, MA) and then horseradish
peroxidase (HRP)-labeled secondary antibodies (1: 5000 for both goat anti-rabbit
IgG and goat anti-mouse IgG, Thermo). The protein signal was detected by an
enhanced chemiluminescence system (Thermo). The signal intensity was
determined by the Scion Image software (Scion Corp. Frederick, Maryland). The
pERK1/2 level was normalized to B-actin.
Data analysis- All results were presented as average + SEM, and statistically
compared using one-way ANOVA and post hoc analysis (p<0.05 is considered to
be statistically significant).

RESULTS
Regulation of BDNF exon IV transcription through promoter IV. Previous studies
demonstrated that the route of Ca2+ influx matters for activity-dependent gene
transcription of BDNF exon |V. Because co-application of nifedipine and APV
ablates KCl-stimulated exon IV transcription, it was concluded that membrane
depolarization triggers transcription through L-VGCC and NMDAR. Here, we
examined L-VGCC-mediated transcription by co-application of KCI with NMDAR
antagonist APV. The NMDAR-mediated transcription was stimulated by
co-application of NMDA and L-VGCC antagonist nifedipine. In both cases, we
included CNQX to block non-NMDA type glutamate receptors.

As shown in Fig. 2.1A and 1B, robust up-regulation of exon IV-containing

44



BDNF mRNA was stimulated by the activation of either L-VGCC or NMDAR in DIV
14 cortical neurons. By using pharmacological inhibitors, we blocked several
Ca2+-stimulated protein kinases, which were implicated to regulate CREB activity.
We found that both L-VGCC- and NMDAR-mediated exon |V transcription were
effectively blocked by inhibiting MEK (by PD98059), PI3K (by LY294002), or PKA
(by HB89). Interestingly, acute inhibition of MEK with PD98059 suppressed the
basal mRNA level of BDNF IV (Supplemental Fig. 2.1A). This result suggests that
the MEK-ERK1/2 signaling may also be required for promoter IV-mediated
transcription driven by spontaneous activity in resting neurons. It appeared that
the effects of Ca2+ influx and the inhibitors on the mRNA level of exon IV were
mainly due to transcription rather than altering mRNA stability, because there was
no significant changes in neurons treated with transcription inhibitor actinomycin
D (ACD) (Supplemental Fig. 2.2A and 2B).

Cloning of the 911 bp of the 5’ flanking sequence of exon IV showed that
this region is responsible for the Ca2+-stimulated promoter activity. Here, we
sought for further evidence that this flanking sequence is a bona fide promoter for
exon |V. We found that the luciferase activity driven by promoter IV (PIV) was
stimulated by both L-VGCC and NMDAR. Further, pharmacological inhibition of
MEK, PI3K and PKA blocked PIV activity in both KCI- and NMDA-stimulated
neurons (Fig. 2.1C and D). Consistent with the function of MEK-ERK1/2 in

regulating basal exon IV mRNA level, acute treatment with PD98059 also
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Figure 2.1 Promoter IV activity correlates with the activation profile of exon IV-containing BDNF
mRNA. For A and B, DIV 14 (days in vitro 14) cortical neurons were stimulated by 50 mM KCI (A)
or 20 yM NMDA (B). To block the activity of MEK, PI3K and PKA, neurons were pre-treated with
their inhibitors (i.e. PD98059, LY294002, and H89, respectively) for 30 min before stimulation. One
hour after stimulation, total RNA was extracted. Extracted RNA was reverse transcribed to cDNA,
and then amplified and analyzed by real-time PCR. Another set of cells were treated with inhibitors
only to rule out the inhibitory effect on basal level. BDNF IV mRNA was normalized to GAPDH
mRNA and the stimulator+inhibitor level is normalized to inhibitor-only level.. (n=3 for each
treatment). From C to F, DIV 9 cortical neurons were transfected with promoter [V-luciferase
reporter plus TK-pRL (C and D) or co-transfected with promoter IV-luciferase/TK-pRL and
dominant negative construct of MEK, PI3K and PKA (E and F). Two days after transfection,
neurons at DIV 11 were treated with 50 mM KCI (C and E) or 20 uM NMDA (D and F). To
pharmacologically block MEK, PI3K and PKA, neurons were pre-treated with their inhibitors (i.e.
PD98059, LY294002, and H89, respectively) for 30 min before stimulation (C and D). Six hours
after stimulation, dual luciferase assay was performed. The firefly luciferase activity was
normalized to Renilla-luciferase. Another set of cells were treated with inhibitors/dn constructs only
to rule out the inhibitory effect on basal level. The effect of drugs/constructs is normalized to
drugs/construct-only groups. *: statistically different to that of the KCI- or NMDA-treated groups
(p<0.05, n=8 for all experiments in this figure).
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Figure 2.1
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Figure 2.2. Promoter IV activity is regulated by calmodulin (CaM)-dependent protein kinases |, Il
and IV (CaMKI, Il, and IV). DIV 14 neurons were treated with KN93 for 30 min before stimulation
(50mM KCI, A or 20 uM NMDA, B) to block the activity of CaMKI, Il, and IV. Real-time PCR was
performed to measure BDNF [V mRNA, which is normalized to GAPDH. DIV 9 cortical neurons
were transfected with promoter IV-luciferase reporter plus TK-pRL (C and D) or co-transfected with
promoter IV-luciferase/TK-pRL and dominant negative construct of CaM, CaMKI, CaMKIV, and
CaMKIIN (E and F). Two days after transfection on DIV 11, neurons were treated with 50 mM KCl
(C and E) or 20 uM NMDA (D and F). In C and D, KN93 was applied 30 min before stimulation. Six
hours after stimulation, dual luciferase assay was performed. The firefly luciferase activity was
normalized to Renilla-luciferase. Another set of cells were treated with inhibitors/dn constructs only
to rule out the inhibitory effect on basal level. All the stimulator+inhibitor/dn plasmid level was
shown after normalization to inhibitor/dn plasmid-only groups. *: statistically different to that of the
KCI- or NMDA-treated groups (p<0.05, n=8 for all experiments in this figure).
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Figure 2.2
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suppressed PIV-luciferase activity in non-stimulated neurons (Supplemental Fig.
2.1B). We next tested the function of these Ca2+-regulated protein kinases by
co-transfecting their dominant negative (dn) constructs with PIV-luciferase. We
found that dnMEK, dnPI3K and dnPKA blocked the up-regulation of PIV activity in
both KCI- and NMDA-stimulated neurons (Fig. 2.1E and F) without significantly
changing its basal level activity (Supplemental Fig. 2.1C). Because the MEK
activity was suppressed for about 48 hours in neurons transfected with dnMEK,
there might be some compensatory effects to counteract its regulation of basal
PIV activity.

We next examined the function of calmodulin (CaM)-dependent protein
kinases. CaMKI, II, and IV are abundant in neuronal system and implicated in
regulating synaptic plasticity and gene transcription (Wayman et al., 2008). Our
results showed that blocking these CaMKs by KN93 suppressed Ca2+-stimulated
exon |V transcription (Fig. 2.2A and B). We also found that KN93 effectively
blocked L-VGCC- and NMDAR-mediated up-regulation of PIV activity (Fig. 2.2C
and D). Blocking CaM activity by dnCaM also blocked PIV activity. Furthermore,
inhibition of these CaMKs by overexpressing dn constructs demonstrated that
Ca2+-stimulated PIV activity requires CaMKI, CaMKIl, and CaMKIV (Fig. 2.2E
and F). In addition to regulating the Ca2+-stimulated transcription, acute
treatment with KN93 also suppressed basal exon IV mRNA level (Supplemental

Fig. 2.1A). Long-term expression of dnCaM and dnCaMKI caused significantly
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reduction of basal PIV-Luc activity in non-stimulated neurons (Supplemental Fig.
2.1C). Further, we found that the CaMKs predominately regulated transcription
rather than affecting exon IV mRNA stability (Supplemental Figure 2.2).

Calcium influx through L-VGCC and NMDAR up-regulates CaRE1 and CaRE3
activity. Three calcium responsive elements (CaRE) were identified within the 170
bp 5’ flanking region of exon IV (see Fig. 2.3A). Previous studies demonstrated
that membrane depolarization stimulates CaRE1 and CaRE2 activity through
L-VGCC (Tao et al., 2002; Chen et al., 2003b). Mutation of CaRE3 in the context
of the 170 bp sequence suppressed KCl-induced transcription. The sequence of
CaRE3 is similar to the CRE consensus sequence (Fig. 2.3A), and a gel shift
assay demonstrated that CaRE3 sequence binds to endogenous CREB. However,
the activity of CaRE3 itself has not been examined. Surprisingly, we found that
CaRE1-mediated transcription was up-regulated by activation of both L-VGCC
and NMDAR (Fig. 2.3B). For CaRE2, we did not observe any significant
stimulation by either L-VGCC or NMDAR (Fig. 2.3C). Next, we found that Ca2+
influx through either L-VGCC or NMDAR stimulated CaRE3-mediated
transcription (Fig. 2.3D).

Regulation of CaRE1-mediated transcription by Ca2+-stimulated protein kinases.
Although Ca2+ influx stimulated significant CaRE1 activity, the regulatory
mechanism is unknown. As described earlier, we found that both exon IV

transcription and PIV activity were regulated by the major Ca2+-activated protein
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kinases, including MEK, PI3K, PKA and CaMKs. Here, we sought to determine
the regulatory property of the individual CaREs. We found that CaRE1 activity
induced by L-VGCC with membrane depolarization required MEK, PI3K, and PKA
activity (Fig. 2.4A). Dominant negative MEK and PI3K also blocked
NMDAR-activated CaRE1. Interestingly, blocking PKA by overexpressing dnPKA
had no effect on NMDAR-activated CaRE1 (Fig. 2.4B). Further, basal CaRE1-luc
level driven by spontaneous activity in non-stimulated neurons was suppressed
by dnMEK and dnPI3K but not dnPKA (Supplemental Fig. 2.3A).

It has been shown that CaM physically interacts with L-VGCC, and the
interaction may be functionally important for signal propagation. As for the
function of NMDAR-mediated intracellular signaling, physical interaction between
CaMKIl and NMDAR is also significant for signaling triggered by
NMDAR-mediated Ca2+ influx. Here, we show that inhibiting CaM by dnCaM
blocked L-VGCC- and NMDAR-mediated CaRE1 activation. Further,
overexpression of dnCaMKI, CaMKIIN, and dnCaMKIV blocked CaRE1 activation
in KCL- -stimulated neurons (Fig. 2.5A). However, in NMDA-treated cells,
CaRE1-mediated transcription was only blocked by CaMKIIN. Interestingly, all the
CaMKs are also required for maintaining the basal activity of CaRE1
(Supplemental Fig. 2.3A).

Regulation of CaRE3-mediated transcription by Ca2+-stimulated protein kinases.

As shown in Fig. 2.3D, we observed that CaRE3 activity is stimulated by both
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Figure 2.3
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Figure 2.3. CaRE1 and CaRES3, but not CaRE2 activities are stimulated by calcium influx in DIV 11
cortical neurons. A. Schematic illustration of the relative positions of CaRE1, 2, and 3 in the
promoter IV region of BDNF gene. These calcium responsive elements are binding sites for
transcription factors CaRF, USF, and CREB. The nucleotide sequences of CaRE1, 2, 3, and CRE
are also shown. From B to D, cortical neurons at DIV 9 were transfected with CaRE1, 2, or
3-luciferase reporter plus TK-pRL. As control, the backbone construct (SV40-luciferase) and
TK-pRL were co-transfected for normalization purposes. On DIV 11, neurons were treated with 50
mM KCI or 20 uM NMDA. Dual luciferase assay was performed 6 hours after stimulation. The
control groups for KCI treatment, neurons were pre-treated with APV and CNQX to block NMDAR
and non-NMRA type glutamate receptors. The control groups for NMDA treatment, neurons were
pre-treated with nifedipine and CNQX to block L-type calcium channels and non-NMRA type
glutamate receptors. Similarly, APV and CNQX were always included in KCL stimulation.
Nifedipine and CNQX were always co-applied with NMDA during stimulation. The firefly
luciferase activity was normalized to Renilla-luciferase. Then, CaRE-mediated activity was
normalized with SV40 activity. SV40 activity was obtained from neurons co-transfected with
SV40-luc and TK-pRL. *: statistically different to that of control (p<0.05). ns: not statistically
significant between stimulated and control neurons. n=16 for all experiments in this figure.
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Figure 2.4
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Figure 2.4 Regulation of Ca2+-stimulated CaRE1 and CaRE3 activity by MEK, PI3K, and PKA in
cortical neurons. DIV 9 cortical neurons were transfected with CaRE1-luciferase (A and B) or
CaRE3-luciferase (C and D) reporter plus TK-pRL and dominant negative MEK, PI3K and PKA as
indicated. For normalization purpose, SV40-luciferase plus TK-pRL and dominant negative MEK,
PI3K and PKA were transfected into different sets of neurons. On DIV 11, neurons were treated
with 50 mM KCI (A and C) or 20 uM NMDA (B and D). Dual luciferase assay was performed 6
hours after stimulation. After normalized to Renilla luciferase activity, CaRE1- or CaRE-3 activity
was further normalized to SV40 activity, and expressed as relative activities. Another set of cells
were co-transfected dn constructs without simulation to rule out the inhibitory effect on basal level.
All the stimulator+dn plasmid level was shown after normalization with dn plasmid-only groups. *:
statistically different to that of stimulated neurons (p<0.05). n=12 for all experiments in this figure.
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Figure 2.5
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Figure 2.5 Regulation of Ca2+-stimulated CaRE1 and CaRE3 activity by CaM-dependent kinase |,
Il and IV. DIV 9 cortical neurons were transfected with CaRE1-luciferase (A and B) or
CaRE3-luciferase (C and D) reporter plus TK-pRL and dominant negative CaM, CaMKI, CaMKIV,
and CaMKIIN. For normalization purpose, SV40-luciferase plus TK-pRL and dnCaM, dnCaMKI,
dnCaMKIV and CaMKIIN were transfected into another set of neurons. Two days after transfection,
neurons were treated with 50 mM KCI (A and C) or 20 uM NMDA (B and D), and analyzed by dual
luciferase assay 6 hours after stimulation. After normalized to Renilla luciferase activity, CaRE1 or
CaRE3 activity was further normalized to SV40 activity, and expressed as relative activities.
Another set of cells were co-transfected dn constructs without simulation to rule out the inhibitory
effect on basal level. All the stimulator+dn plasmid level was shown after normalization with dn
plasmid-only groups. *: statistically different to that of stimulated neurons (p<0.05). n=12 for all

experiments in this figure.
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L-VGCC- and NMDAR-mediated Ca2+ influx. We further examined how
Ca2+-activated protein kinases regulate its activation. It appeared that L-VGCC-
and NMDAR-mediated CaRE3 were similarly regulated by MEK, PI3K and PKA.
Dominant negative MEK, dnPI3K, and dnPKA blocked CaRE3 activation in
neurons stimulated by KCI and NMDA (Fig. 2.4C and D).

CaM activity was required for both L-VGCC- and NMDAR-mediated activation
of CaRE3, because neurons co-transfected with CaRE3-luciferase and dnCaM
did not show elevated luciferase activity in neurons stimulated with KCI or NMDA
(Fig. 2.5C and D). It appeared that L-VGCC- and NMDAR-mediated CaRE3
up-regulation was differentially regulated by CaMKs. In KCl-stimulated neurons,
dnCaMKIV, but not dnCaMKI and CaMKIIN blocked CaRE3 activity (Fig. 2.5C). In
NMDA-stimulated neurons, dnCaMKIV and dnCaMKI, but not CaMKIIN blocked
CaRE3 activity (Fig. 2.5D). In contrast to CaRE1, the basal level of CaRE3 in
non-stimulated neurons was not affected by any of the dn constructs used in this
study (Supplemental Fig. 2.3B).

CRE and CaRES3 activity are similarly regqulated by Ca2+-stimulated protein
kinases. Because the DNA sequence of CaRES3 is similar to that of CRE
consensus sequence (Fig. 2.3A), it was suggested that CaRE3 and CRE activity
should be regulated by the same mechanism. Here, we compared the activation
profile of CRE to that of CaRE3. We found that CRE activity was regulated by the

same set of Ca2+-activated protein kinases as those regulating CaRE3.
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Figure 2.6 Regulation of CRE by Ca2+-stimulated protein kinases is similar to that of CaRE3. The
CRE-luciferase reporter construct plus TK-pRL along with dominant negative form of
Ca2+-stimulated protein kinases (dnMEK, dnPI3K, and dnPKA for A and B; dnCaM, dnCaMKI,
CaMKIIN, and dnCaMKIV for C and D) into cortical neurons on 9 DIV. SV40-luciferase plus
TK-pRL along with different dominant negative construct were transfected into neurons for
normalization purposes. On 11 DIV, neurons were treated with 50 mM KCI (A and C) or 20 uM
NMDA (B and D). Dual luciferase assay was performed 6 hours after stimulation. After normalized
to Renilla luciferase activity, CRE activity was further normalized to SV40 activity, and expressed
as relative activities. Another set of cells were co-transfected dn constructs without simulation to
rule out the inhibitory effect on basal level. All the stimulator+dn plasmid level was shown after
normalization with dn plasmid-only groups. *: statistically different to that of stimulated neurons
(p<0.05). n=8 for all experiments in this figure.
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Figure 2.7
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Figure 2.7 Constitutive active CREB enhances CaRE3 but not CaRE1 activity. A. Promoter IV- or
CRE-luciferase reporter construct was co-transfected with TK-pRL and VP16-CREB expression
plasmid into DIV 9 neurons. B. CaRE1- or CaRE3-luciferase reporter construct was co-transfected
with TK-pRL and VP16-CREB expression plasmid into DIV 9 neurons. The activity of promoter 1V,
CRE, CaRE1 and CaRE3 was determined by dual luciferase assay on 11 DIV. After normalized to
Renilla luciferase activity, CRE, CaRE1 or CaRE3 activity was further normalized to SV40 activity
in neurons transfected with SV40-luciferase, TK-pRL and VP16-CREB. *: statistically different to
that of controls (p<0.05). ns: not statistically significant. n=5 for all experiments in this figure.
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Figure 2.8
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Figure 2.8 Regulation of CaRF transcriptional activity by calcium-mediated protein kinases.
Neurons on 9 DIV were transfected with Gal4 only, Gal4-CaRF or Gal4-CREB together with
Gal4-UAS-Luc and TK-pRL. After 48 hours, the neurons were treated with 50 mM KCI (A) or 20
uM NMDA (B) for 6 hours and submitted to luciferase assay. Dominant negative MEK, PI3K, PKA
(C), CaM, CaMKI, CaMKIV and CaMKIIN (D) were co-transfected with or without KCI treatment.
The data shown was normalized to TK-Renilla luciferase activity and then Gal4 only activity in
Gal4 transfectd neurons. All the stimulator+dn plasmid level was further normalized with dn
plasmid-only groups. *: statistically different (p<0.05) to that of controls (A and B) or stimulated
neurons (C and D). ns: not statistically significant. n=12 for all experiments in this figure.
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Specifically, both L-VGCC- and NMDAR-mediated CRE activation were blocked
by dnMEK, dnPI3K, and dnPKA (Fig. 2.6A and B). CaM-mediated signaling was
also required, because overexpression of dnCaM blocked L-VGCC- and
NMDAR-mediated CRE activation (Fig. 2.6C and D). In NMDA-stimulated
neurons, overexpression of dnCaMKIV, but not dnCaMKI or CaMIIN, blocked
CRE-mediated luciferase transcription (Fig. 2.6D). In KCI- stimulated neurons,
L-VGCC-mediated CRE activity was blocked by dnCaMKI and dnCaMKIV, but not
by CaMKIIN (Fig. 2.6C).

We further tested whether activation of CREB could stimulate PIV and its
calcium responsive elements. As shown in Fig. 2.7A, overexpression of a
constitutive active form of CREB (VP16-CREB, which confers transcriptional
factor activity in the absence of upstream CREB activators) significantly enhanced
PIV- and CRE-mediated transcription. Consistent with the hypothesis that CaRE3
is a potential CRE, overexpression of VP16-CREB also enhanced
CaRE3-mediated transcription (Fig. 2.7B). In contrast, activation of CREB was not
sufficient to stimulate CaRE1 activity (Fig. 2.7B).

Regulation of CaRF transcriptional activity by Ca2+-stimulated protein kinases.
Calcium responsive factor (CaRF) has been identified as a putative transcription
factor for CaRE1, because it directly binds CaRE1 in vitro (Tao et al., 2002). We
sought to understand how CaRF-mediated transcription is regulated. To measure

CaRF activity, we transfected neurons with a plasmid expressing a fusion protein
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consisting of the DNA binding domain of Gal4 and the transcriptional activation
domain of CaRF together with Gal4-UAS driven luciferase reporter construct.
Surprisingly, Gal4-CaRF activity was only induced by KCI but not NMDA (Fig.
2.8A). In contrast, Gal4-CREB activity was dramatically increased by both KCI
and NMDA (Fig. 2.8B). Further, the regulatory property of CaRF was different from
that of CaRE1. The L-VGCC-mediated activation of Gal4-CaRF activity was only
blocked by dnMEK, dnPI3K, dnCaM and CaMKIIN (Fig. 2.8C and D). Although
dnPKA did not affect KCl-induced activation (Fig. 2.8C), it caused significant
decrease in basal CaRF activity (Supplemental Fig. 2.4). These data suggest that
the regulation of CaRF is different from that of CaRE1. Other mechanisms, for
example, how binding of CaRF to CaRE1 is regulated, may be involved.

Cross-talk between CaZ2+-stimulated protein kinase pathways. It has been
suggested that calcium-activated kinases may regulate each other. We focused
on MAPK pathway, which is a critical pathway for exon IV transcription and has
been found to be regulated by other signal transduction pathways (Chen et al.,
2003b; Schmitt et al., 2005). Here, we showed that phospho-ERK1/2, which is
correlated with ERK1/2 activation, was up-regulated by activation of L-VGCC.
Both the basal level and the KCl-induced activation were suppressed by PI3K
inhibitor LY294002, PKA inhibitor H89, and CaMK inhibitor KN93 (Fig. 2.9A, B and
Supplemental Fig. 2.5). These data further confirmed that ERK1/2 activity might

be significantly disrupted through inhibition of other pathways.
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Figure 2.9
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Figure 2.9. Crosstalk among calcium stimulated protein kinases and simultaneous inhibition on
promoter IV mediated transcription. DIV 14 neurons were treated with KN93, LY294002 or H89 30
min before the KCI (50mM) stimulation. Protein level of phosphor-ERK1/2 and B-actin were
examined 20 min after stimulation by western blotting (A). The density of pERK was quantified and
normalized to B-actin level (B). DIV 9 neurons were transfected with PIV-Luc and TK-pRL for 2
days. Before the 6-hour KCI (50mM) treatment, the cells were treated with PD98059 (PD),
LY294002 (LY), H89 and KN93 individually or a combination of PD+LY, PD+H89, PD+LY+KN+H89
(Cocktail) for 30 minutes. Another set of neurons were only received the inhibitor treatment. The
luciferase activity was then measured (C). The stimulator+inhibitor level (B and C) was shown
after normalization to inhibitor-only groups. *: statistically different to that of stimulated neurons
(p<0.05); #: statistically different (p<0.05) to that of single inhibitors (C). n=4 for all experiments in
this figure.
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Because blocking a single pathway has shown partial inhibitory effects on
PIV-mediated transcription, we tested whether further inhibition could be achieved
by simultaneously blocking multiple pathways. Indeed, co-treatment with 2
inhibitors (as indicated in Fig. 2.9C) caused further more inhibition when
compared to a single inhibitor. Interestingly, the CaMKs may play a more
dominant role than other kinases. As shown in Fig. 2.2A and C, KN93 totally
abolished L-VGCC-stimulated BDNF IV mRNA up-regulation. KN93 also showed
more dramatic inhibition of KCl-induced PIV activity (Fig. 2.9C). Inclusion of more
inhibitors (i.e. H89, PD98059, and LY294002) to KN93 did not cause further
inhibition (Fig. 2.9C).
DISCUSSION

Many aspects of brain function depend on activity-dependent modifications of
neuronal structure and property. One major molecular trigger for activity-driven
signaling cascades is Ca2+ influx mediated by ligand- and voltage-gated Ca2+
channels. Crosstalk and coordination among Ca2+-stimulated protein kinases
regulate the activity of transcription factors via phosphorylation and lead to gene
transcription. Many lines of evidence have implicated that Ca2+-stimulated
activation of cAMP responsive element (CRE) binding protein (CREB) and
CRE-mediated transcription is functional relevant for neuronal survival (Riccio et
al., 1999; Lonze et al., 2002), development (Pham et al.,, 1999), long-term

synaptic potentiation (Impey et al., 1996), and memory formation (Athos et al.,
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2002). As a CREB-regulated gene, BDNF transcription has been studied as a
model to delineate how Ca2+-stimulated signaling cascade regulates the activity
of its promoter through the coordination of multiple cis-elements and trans-factors
(Tao et al., 1998; Tao et al., 2002; Chen et al., 2003b). In this study, we have
examined the function of the major plasticity-related Ca2+-stimulated protein

kinases in regulating promoter IV and CaREs.

It has been shown that Ca2+-activated BDNF exon IV transcription is mainly
mediated by L-VGCC but not NMDAR (Ghosh et al., 1994). We and others have
found that NMDA stimulation can stimulate robust CREB activation and exon IV
transcription in younger (e.g. from DIV 3 to 7) but not in well-developed neurons
(e.g. DIV 14) (Sala et al., 2000; Tabuchi et al., 2000; Zhou et al., 2009). Compared
to DIV 3-7 neurons, the total expression of NMDAR is higher at DIV 14. Therefore,
the same concentration of NMDA (e.g. 50 uM) may cause proper NMDAR
activation in DIV 3 neurons, but lead to pathological overactivation and shut off
the pro-survival CREB-BDNF signaling in DIV 14 neurons. It was further
suggested that deactivation of CREB and BDNF transcription may be mediated by
the activation of extrasynaptic NMDARSs, because activation of synaptic NMDARSs
alone always activate CREB and CRE-mediated transcription (Hardingham et al.,
2002). It appeared that lowering the concentration of NMDA significantly

stimulated CREB activity and BDNF transcription, and was neural protective
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(Soriano et al., 2006). Here, we show that NMDAR-mediated up-regulation of
exon |V transcription, as well as PIV, CaRE1 and CaRE3 activity, was significant
in DIV 11 and DIV 14 neurons stimulated with 20 uM NMDA. Consistent with the
previous results, we observed significant L-VGCC-mediated exon |V transcription
and PIV activity. Surprisingly, activation of NMDAR or L-VGCC only activated
CaRE1 and CaRE3 but not CaRE2. It was reported that CaRE2 activity was
triggered by membrane depolarization but not by glutamate stimulation (Chen et
al., 2003b). The different results may be due to different experiment setups. The
previous study stimulated DIV 5 neurons with KCI in the absence of CNQX and
APV, but we used more mature neurons at DIV 9 and 14. We also excluded the
involvement of glutamate receptors by co-treatment with CNQX and APV along
with KCI. It is possible that CaRE2-mediated transcription is developmentally
regulated. Indeed, we were able to detect KCl-mediated CaRE2 activation in DIV
5 neurons (data not shown). Future effort should be made to examine how

CaRE2-mediated transcription is regulated in developing neurons.

Studies on the somatostatin promoter identified a CRE sequence
5-TGACGTCA-3’, which is stimulated by elevation of cAMP and PKA activity
(Montminy and Bilezikjian, 1987). Mutational analysis with the BDNF promoter IV
identified a CRE-like sequence 5-TCACGTCA-3’ (termed as B-CRE or CaRE3)

(Shieh et al., 1998; Tao et al., 1998; Tao et al., 2002). Although it was shown that
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endogenous CREB binds CaRE3 sequence in vitro (Shieh et al., 1998; Tao et al.,
1998), it had not been clear whether the regulatory properties of CaRE3 are
similar to CRE. Here, we report that CRE and CaRE3 showed similar activation
profiles. Specifically, they were both stimulated by L-VGCC- and
NMDAR-mediated Ca2+ influx. They also showed same regulation by MEK, PI3K,
PKA, and CaMKs. Importantly, both CRE and CaRE3 activity were up-regulated
by VP16-CREB. These data implicate that CaRE3 may be a bona fide CREB

target.

CREB activity could be regulated by multiple Ca2+-stimulated protein kinases.
It has been demonstrated that phosphorylation of CREB at Ser-133 facilitates the
recruitment of coactivator CBP (CREB binding protein) (Chrivia et al., 1993),
which is critical for CREB-mediated transcription (Shaywitz et al., 2000). Because
CaMKIV is localized in the nucleus, it is considered as the maijor protein kinase to
regulate Ser-133 phosphorylation. Supportively, inhibition of CaMKIV activity by
antisense oligonucleotide or genetic deletion results in impaired Ca2+ stimulation
on Ser-133 phosphorylation. In addition, CaMKIV activity is also required to
phosphorylate CBP (Impey et al.,, 2002). Although CaMKIl can phosphorylate
Ser-133 in vitro (Sheng et al., 1991), it also phosphorylates Ser-142 (Sun et al.,
1994). Because phosphorylation at Ser-142 antagonizes CREB-mediated

transcription (Sun et al., 1994), the consequence of dual phosphorylation by
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CaMKIl is not clear. Intriguingly, membrane depolarization, which stimulates
CREB-mediated transcription, up-regulates phosphorylation of both Ser-133 and
142 (West et al., 2001). Therefore, the function of CaMKIV and CaMKIl in
CRE-mediated transcription is unclear. Here, we show that blocking CaMKIV
activity by dnCaMKIV suppressed both CRE and CaRE3. Inhibition of CaMKII by
overexpressing CaMKIIN had no effects on Ca2+-stimulated CRE and CaRE3

activity.

Overexpression of constitutive active CaMKI causes the activation of CREB
(Sun et al., 1996). Intriguingly, we found that dnCaMKI suppressed NMDAR- but
not L-VGCC-mediated CRE and CaRE3 activity. It was demonstrated that
NMDAR-mediated ERK1/2 activation requires the CaMKK-CaMKI cascade
(Schmitt et al., 2005). Because ERK1/2-mediated activation of RSK2 and MSK1
may lead to phosphorylation of CREB at Ser-133 (Impey et al., 1998; Arthur et
al., 2004; Vaidyanathan et al., 2007), dnCaMKI may suppress CREB activity and
CRE/CaRE3-mediated transcription through the ERK1/2-RSK2/MSK1 cascade in
NMDA-stimulated neurons. Although blocking CaMKs by KN93 inhibited
KCL-stimulated p-ERK1/2, blocking CaMKI alone by dnCaMKI did not suppress

L-VGCC-mediated CRE/CaRE3 activation.

The crosstalk among Ca2+-stimulated protein kinases expands beyond the

interaction between CaMKI and ERK1/2. For example, PKA activity may directly
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regulate Ser-133 phosphorylation of CREB, or indirectly through ERK1/2-RSK2
(Grewal et al., 2000). On one hand, cAMP elevation and PKA upregulate ERK1/2
through RAP (Vossler et al., 1997). On the other hand, PKA activity is required for
nuclear translocation of ERK1/2 (Impey et al., 1998). Further, calcium activation of
Ras-ERK1/2 cascade may directly regulate PI3K (Rodriguez-Viciana et al., 1994).
It also appears that PISK may be up-stream of ERK1/2 activation in the
hippocampus during memory retrieval (Chen et al., 2005). During the induction of
long-term  synaptic potentiation, PI3K also affects high frequency
stimulation-induced ERK1/2 activation (Opazo et al., 2003). Consistent with these
previous studies, our data also showed that PI3K, PKA and CaMKs activity
impinged on ERK1/2 activation. However, co-inhibition of multiple pathways
caused more dramatic suppression of PIV-mediated transcription, suggesting a
more elaborating regulation by these co-existing pathways. To add another layer
of complication, blocking CaMKs fully abolished L-VGCC-mediated PIV activation.
It is possible that CaMKs affect a broader spectrum of other signaling pathways
(in addition to ERK1/2). Alternatively, some of these pathways may work in
tandem rather than in parallel to control the sequential steps involved in

transcriptional up-regulation.

Because cAMP-stimulated exon IV transcription is not as robust as

Ca2+-stimulated transcription, it was hypothesized that additional cis-elements
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other than CRE may exist in PIV. Indeed, a neuro-specific protein CaRF was
identified to regulate L-VGCC-mediated CaRE1 activity (Tao et al., 2002).
Although sequence analysis of CaRF implicates potential phosphorylation sites
for ERK1/2 and CaMKIl (Tao et al., 2002), how these protein kinases regulate
CaRE1-mediated transcription is unknown. Here, we report that, similar to PIV,
CRE and CaRE3, activation of either L-VGCC or NMDAR could stimulate
CaRE1-mediated transcription. Interestingly, unlike CRE/CaRES3,
Ca2+-stimulated CaRE1 activity was blocked by inhibiting CaMKII, PI3K or MEK.
The requirement of PKA, CaMKI and CaMKIV, however, depended on the route of
Ca2+ influx (i.e. L-VGCC- vs. NMDAR-mediated increase of intracellular Ca2+).
Our data also showed that CaRE1 activity is independent of CREB, because
VP16-CREB failed to stimulate CaRE1-mediated transcription. Furthermore, we
found that the regulation of CaRF activity was quite different from
CaRE1-mediated transcription. Supportively, a previous study showed that loss of
CaRF did not fully phenocopy the mutation of CaRE1 [24, 61] (McDowell et al.,
2010; Pfenning et al., 2010), suggesting that additional CaRE1 binding protein
may exist. Further, it is possible that there are additional mechanisms to regulate

binding of CaRF to CaRE1

It has been postulated that the property of Ca2+-activated signaling cascades

depends on the route of Ca2+ entry. It was apparent that L-VGCC- and
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NMDAR-mediated CaRE activation is differentially regulated. As described earlier,
CaMKI activity is required for NMDAR- but not L-VGCC-mediated activation of
CRE/CaRE3. For CaRE1 activity, PKA is required for L-VGCC- but not
NMDAR-mediated transcription. Although it is not clear how Ca2+ entry through
different channels specifies PKA-mediated CaRE1 activation, it has been
demonstrated that L-VGCC and NMDAR interact with different intracellular
signaling molecules. For example, NMDAR is tethered to scaffold proteins PSD95
and SynGap through the interaction with the cytoplasmic tails of NR2A and NR2B,
respectively (Fagiolini et al., 2003; Kim et al., 2005). Functionally, disruption of
these physical associations results in defective ERK1/2 activation and BDNF
transcription (Kim et al., 2005; Chen et al.,, 2007). Other compartmentalized
signaling cascades are shown to physically interact with L-VGCC. Among them,
association of L-VGCC with PKA anchoring protein AKAP (AKAP15 and
AKAP79/150) (Gray et al., 1998; Oliveria et al., 2007) and CaM may provide a
tighter coupling between PKA and CaRE1-mediated transcription. Intriguingly,
neuronal activity triggers the proteolysis of L-VGCC, resulting in the C-terminal
tail's translocation to nucleus and direct activation of gene transcription in a
Ca2+-dependent manner (Gomez-Ospina et al., 2006). It remains unclear how
Ca2+-stimulated protein kinases regulates the nuclear translocation of the

C-terminal tail.
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How do CaRE1 and CaRE coordinate to regulate PIV activity? Mutation or
deletion of either CaRE1 or CaRE3 ablates Ca2+-stimulated up-regulation of PIV
activity (Tao et al., 1998; Tao et al., 2002). This indicates that activation of CaRE1
or CaRE3 alone in the context of flanking sequences of PIV is not sufficient to
drive exon IV transcription. Our data is consistent with this possibility, and
implicates that coordination and crosstalk between CaRE1 and CaRE3 may be
required for the full activity of PIV. For example, although CaRE3 showed full
activity, suppression of CaRE1 activity results in down regulation of PIV in
CaMKIIN-expressing neurons. Similarly, dnPKA inhibited NMDAR-mediated PIV

activation without affecting CaRE1.

In summary, we have found that the 5’ 911bp flanking sequence of BDNF
exon IV showed same regulatory properties the endogenous BDNF promoter V.
We systematically examined the function of the major Ca2+-stimulated
CREB/CaRF kinases, and found that CaRE1 and CaRE3 were differentially
regulated. Finally, based on our results and previous studies, we propose a
working model to show how crosstalk between different signaling cascades and
coordination of multiple CaREs regulate the activity-dependent transcription of
BDNF (Fig. 2.10). In addition to the un-identified links and molecules, we
suggest that necessary caution need to be taken. First, although the

pharmacological inhibitors and dominant negative constructs were previously
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characterized and the two approaches gave fairly consistent results in this study,
their non-specific effects cannot be totally ruled out. For example, KN93 (similar to
KN62) was previously used as a CaMKII antagonist, but it also has significant
effects on CaMKI and CaMKIV. In addition to PKA, H89 can also affect CaMKIl|I
and PKC activity, though the Ki is about 3 orders of magnitudes higher. However,
the use of acute pharmacological inhibition may be beneficial to avoid
compensation, which is normally associated with long-term inhibition by using

genetic knock down or knockout approaches.

ACKNOWLEDGMENTS
We thank Drs. Karl Obrietan, Daniel Storm, Michael Greenberg, and Philippe
Marin for providing the VP16-CREB, CRE-luciferase, and dnCaM constructs.

*This work was supported by National Institute of Health.

72



Figure 2.10

CakE1 CaRES/CEE

Figure 2.10 Regulation of BDNF promoter IV activity by Ca2+-stimulated signaling cascades.
Based on the results of this study and existing literature, we propose that CaRE1 and CaRE3 are
differentially regulated by protein kinase network that is stimulated by the calcium influx through
NMDAR and L-VGCC. The activity of promoter IV is dictated by the coordination between CaRE1
and CaRE3. Different microdomains at the C terminal of NMDA receptors (CaMKII) and L-VGCC
(AKAP15 and AKAP79/150) may result in different downstream pathways. Crosstalk among PKA,
PI3K, CaMKs and MAPK pathways is complicated and the pathways may contribute to the
transcription simultaneously.
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Supplementary Figure 2.1
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Supplementary Figure 2.1. Regulation of the basal level of BDNF IV mRNA and PIV-driven
luciferase activity. The neurons were treated with the MEK inhibitor PD98059, the PI3K inhibitor
LY294002, the PKA inhibitor H89 and the CaMKs inhibitor KN93 on 14 DIV, and the BDNF mRNA
level was measure using real-time PCR. The presented mRNA level was normalized to GAPDH
mRNA (A). DIV 9 neurons were transfected with PIV-Luc and TK-pRL (B) or cotransfected with dn
constructs including dnMEK, dnPI3K, dnPKA, dnCaM, dnCaMKI, dnCaMKIV and CaMKIIN (C).
The luciferase expression was assayed two days after transfection and for B, neurons were
treated with inhibitors for 6.5 hours. Firefly luciferase activity was normalized to Renilla luciferase.
*: statistically different to that of controls (p<0.05). n=8 for A and n=12 for B and C.
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Supplementary Figure 2.2
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Supplementary Figure. 2.2. BDNF IV mRNA stability is not affected by simulation or inhibition. DIV
14 neurons were pre-treated with transcription inhibitor 100ng/ml actinomycin D (ACD) before
either inhibited by PD98059, LY294002, H89 and KN93 or stimulated by 50mM KCI and 20 uyM
NMDA. Real-time PCR was performed to measure BDNF IV mRNA, which is then normalized to
GAPDH. No significance was detected compared to the controls. n=8 for all experiments in this
figure.
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Supplementary Figure 2.3
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Supplementary Figure. 2.3. Regulation of basal transcription driven by CaRE1 and CaRE3. SV40/
CaRE1/ CaRE3-Luc with TK-pRL and dn constructs (dnMEK, dnPI3K, dnPKA, dnCaM, dnCaMKI,
CaMKIIN and dnCaMKIV) were transfected into DIV 9 neurons. Dual-luciferase assay after two
days of transfection examined CaRE1/CaRE3-Luc activity, which was first normalized to Renilla
luciferase and then to SV40 activity. *: statistically different to that of controls (p<0.05). n=12 for all

experiments in this figure.
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Supplementary Figure 2.4
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Supplementary Figure 2.4 Regulation of CaRF basal transcriptional activity by calcium-stimulated
protein kinases. DIV 9 neurons were transfected with Gal4 only or Gal4-CaRF, Gal4-UAS-Luc,
TK-pRL along with dnMEK, dnPI3K, dnPKA, dnCaM, dnCaMKI, CaMKIIN and dnCaMKIV. The
luciferase assay was performed 48 hours after the transfection. Gal4-CaRF mediated luciferase
activity was normalized to Renilla luciferase and then to Gal4-only. *: statistically different to that of
controls (p<0.05). n=12 for all experiments in this figure.
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Supplementary Figure 2.5
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Supplementary Figure 2.5 ERK basal activity was suppressed by PI3K, PKA and CaMKs. Cultured
cells at DIV 14 were treated by inhibitors KN93, H89 and LY294002 for 50 min. Cells were
collected and pERKI/B-actin levels were probed in western blotting. As presented in Fig. 9, basal
pERK level change were quantified and normalized to B-actin. *: statistically different to that of
controls (p<0.05). n=4 for all experiments in this figure.
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CHAPTER 3

REGULATION OF SELF-INDUCED BRAIN-DERIVED NEUROTROPHIC

FACTOR EXON IV TRANSCRIPTION IN CORTICAL NEURONS: THE ROLE OF

MAPK, CALCIUM AND NMDA RECEPTOR

Part of this chapter has been published on Neurochemistry International. 2009

May-Jun;54(5-6):385-92.
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Neuronal activity-dependent transcription has been implicated in
neuroplasticity, learning and memory. As an activity-dependent immediate
early gene, brain-derived neurotrophic factor (BDNF) is involved in
development, survival and plasticity in central nervous system. Here, we
studied BDNF-induced transcription of exon IV-containing BDNF mRNA
(BDNF IV) in cortical neurons. We found MAPK activity is required for BDNF
self-induction, whereas PI3K or PLCy activity is not involved. Moreover,
extra- and intra-cellular calcium level and the activity of CaMKI, CaMKIl and
CaMKIV are necessary for self-induced BDNF IV. Moreover, MAPK activity is
not affected by the calcium level. Furthermore, we identified NMDA receptor
(NMDAR) as a mediator in BDNF self-induction. We found that both NR2A-
and NR2B-containing NMDAR mediate BDNF IV transcription. We also
showed that both synaptic and extrasynaptic NMDAR are required for BDNF
self-induction. These findings suggest a novel model of BDNF
self-induction parallel regulated by MAPK and calcium-CaMK, and identify

the involvement of NMDAR in the regulation.

Activity-dependent transcription of brain-derived neurotrophic factor (BDNF) is
involved in neural development, survival and neuroplasticity (Poo, 2001;
Reichardt, 2006; Lu et al., 2008). In the adult brain, BDNF transcription is rapidly

induced by neuronal stimulation, including high frequent stimulation (HFS)

88



(Patterson et al., 1992), seizure (Zafra et al., 1990), membrane depolarization
(Tao et al., 1998), and activation of NMDA receptor (Tabuchi et al., 2000). BDNF
mRNA is also elevated in vivo by experience from environmental enrichment
(Young et al., 1999), voluntary exercise (Neeper et al., 1995), and fear-associated
learning (Hall et al., 2000). The expression of BDNF is required for synaptic
plasticity, learning and memory. For example, application of BDNF antibodies or
BDNF antisense oligonucleotides impairs hippocampal long-term potentiation
(LTP, a cellular model for synaptic plasticity) and memory formation (Figurov et al.,
1996; Ma et al., 1998; Mu et al., 1999). Moreover, LTP is disrupted in homozygous
BDNF knockout mice and this deficit can be rescued by exogenous application of
recombinant BDNF (Patterson et al., 1996).

BDNF can further evoke the expression of several neuroplasticity-related
genes, including Arc, c-fos and BDNF itself (Finkbeiner et al., 1997; Yashiro and
Philpot, 2008; Zheng et al., 2009; Zheng and Wang, 2009). The self-induced
BDNF transcription may contribute to the maintenance of activity-enhanced BDNF
level, which is required in the late phase of synaptic plasticity (e.g. L-LTP or long
term memory) (Poo, 2001; Pang et al., 2004; Bekinschtein et al., 2007).

The BDNF gene consists of at least eight 5’ noncoding exons and one 3’
coding exon. Each 5’ exon is spliced to the 3' common exon to form a BDNF
mRNA form (Aid et al., 2007). Among these BDNF mRNAs, exon [V-containing

BDNF mRNA (BDNF 1V) is responsive to neuronal activity in cortex (Tao et al.,
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1998). Calcium-induced BDNF |V transcription is regulated by several protein
kinases, including MAPK/ERK (mitogen-activated protein kinase / extracellular
signal- regulated kinase), PI3K (phosphatidylinositol 3-kinase), PKA (protein
kinase A) and CaMKs (Ca2+/calmodulin- dependent kinase) (see Chapter 2).
However, the regulation of self-induced BDNF transcription is largely unknown.

In this study, we used primary cultured cortical neurons to investigate the
regulation on self-induced BDNF IV expression. When bound by BDNF, TrkB
(receptor tyrosine kinase B) is activated by self-dimerization and
transphosphorylation,  triggering  three  downstream  cascades: the
Ras-MAPK/ERK pathway, the PI3K-Akt pathway and the PLCy (phospholipase
Cy)-IP3 (inositol - 1,4,5 - trisphosphate)—calcium pathway (Reichardt, 2006;
Minichiello, 2009). Moreover, BDNF may regulate synaptic plasticity by
modulating glutamate receptors, including promoting glutamate release, and
regulating expression and trafficking of AMPA and NMDA receptors (Kafitz et al.,
1999; Poo, 2001; Blum et al., 2002; Tyler et al., 2002; Carvalho et al., 2008).
However, the regulation of self-induced BDNF |V transcription is still largely
unknown. We found that MAPK and calcium-CaMKs parallel regulate BDNF
self-induction. Furthermore, we identified the specific regulatory role of NMDA
receptor on self-induced BDNF IV. Both NR2A- and NR2B-containing NMDAR,
both synaptic and extra-synaptic NMDAR are required for BDNF self-induction in

mature neurons. We also found a synergistic effect on BDNF |V transcription by
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co-activation of TrkB and NMDAR.
EXPERIMENTAL PROCEDURES

Plasmids, reagents and antibodies- PIV-Luc were generated by inserting the 911
bp of 5’ flank region of BDNF exon IV and the whole exon IV into pGL3-Basic
Firefly luciferase vector (Promega). Plasmid expressing dominant negative
calmodulin (dnCaM) was a gift from Dr. Philippe Marin (University of Montpellier,
Germany). The dnCaMKI, CaMKIIN (a specific CaMKII inhibitory peptide) and
dnCaMKIV (nuclear localized form) expression constructs were generously
provided by Dr. Gary Wayman (Washington State University). The Renilla
Luciferase plasmid, TK-pRL, was from Dr. Richard Miksicek (Michigan State
University). The plasmids expressing shRNA for NR2A and NR2B were from Dr.
Oliver Schluter (European Neuroscience Institute, Germany). LY294002 (a PI3K
inhibitor), U0126 (a MEK inhibitor), U73122 (a PLC inhibitor) and recombinant
BDNF were purchased from Calbiochem (Gibbstown, NJ). All chemical reagents
(KN93, APV, BAPTA-AM, and W13) were purchased from Sigma (St. Louis, MO).
Oligonucleotides were synthesized by Integrated DNA Technologies (Coralville,
IA). The primary antibodies (pERK, 1:1000; total ERK 1:1000) were from Cell
Signaling and the secondary antibodies (HRP-labeled goat anti-rabbit IgG, goat
anti-mouse IgG, and 1:5000) were bought from Thermo Scientific.

Primary cell culture- As described previously (Zheng et al., 2008), post natal day 0

rats were sacrificed and the frontal part of the cortex were dissected. The tissue
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was digested in digestion buffer [10 units/ml papain (Worthington), 5 mg/ml
cystine (Sigma), and 100 units/ml DNase | (Roche) in Hibernate A (BrainBits LLC)]
and planted into 12-well or 24-well plates which were pre-coated by poly-D-lysine
(50 pg/ml, Sigma) at a concentration of 0.6-0.8million/ml. The cells were
maintained in Neurobasal A medium supplemented by B27 supplement, 0.5 mM
glutamine and penicillin/ streptomycin (Invitrogen).

Semi-quantitative PCR and real-time PCR- Cells were treated on 7 or 14 days in
vitro (DIV) as indicated. Total RNA was extracted using Trizol protocol (Invitrogen)
following manufacturer’s instruction. One ug RNA was then reverse-transcribed
(RT) into cDNA using SuperScript Il RT kit (Invitrogen). Semi-quantitative PCR
was performed with Go-Taq system (Promega) on an Eppendorf thermocycler.
The PCR products were separated on 1.2% agarose gels and their density was
quantified by the Scion Image software (Scion Corp. Frederick, Maryland). BDNF
IV was amplified by a forward primer 5-CTCCGCCATGCAATTTCCAC-3 and a
reverse primer 5-GCCTTCATGCA ACCGAAGTA-3. GAPDH was used as a
reference gene, whose PCR primers are:
5-TCCATGACAACTTTGGCATTGTGG-3'  (forward)  and 5-GTTGCTG
TTGAAGTCGCAGGAGAC-3’ (reverse). The amplification cycles are 26 for BDNF
IV and 20 for GAPDH, while the annealing temperature is 55°C for all the genes.
Real-time PCR for the genes used the same annealing temperature and was

performed using iQ SYBR Green system (Bio-rad). The result of real-time PCR
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was analyzed with the Z'MCt method. All the genes were normalized to GAPDH

in either semi-quantitative or real-time PCR.
Western blotting- The cultured neurons were collected and lysed in SDS buffer
(10 mM Tris—HCI buffer, 10% glycerol, 2% SDS, 0.01% bromophenol blue, and
5% B-mercaptoethanol, pH 6.8) on 7 or 14 DIV as mentioned. Proteins were
separated on SDS-PAGE (Invitrogen) and transferred onto nitrocellulose
membranes. The membrane was incubated with primary antibody overnight at 4
C and then probed with the HRP-labeled secondary antibody. The ECL
(chemiluminescence) kit (Thermo) is utilized to analyze the density of the protein.
Luciferase assay- The cultured neurons were tranfected with luciferase reporter
plasmids and, if indicated, plasmids expressing shRNA of NR2A or NR2B. After
48 hours, the cells were pretreated with inhibitors or vehicles for 30 min,
incubated with 5ng/ml BDNF for 6 hours and submitted to Duo-Glo Luciferase
assay (Promega) according to the manufacturer’s instruction. The luciferase
activity was measured by a Microplate Luminometer (Veritas) and analyzed after
normalizing firefly luciferase to Renilla luciferase.
Statistics- All results were shown as average + SEM. Comparison among groups
was statistically analyzed by one-way ANOVA and post hoc analysis (p<0.05 is
considered to be significant).

RESULTS

Self-induced BDNF |V transcription requires MAPK activity. Because
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BDNF-activated TrkB receptors may induce transcription through three pathways,
including Ras-MAPK pathway, PI3K-Akt pathway and PLCy pathway, we sought
to investigate which pathway is involved in BDNF-induced BDNF IV transcription.
Cortical neurons were pre-treated with MEK inhibitor U0126, PI3K inhibitor
LY294002 or PLC inhibitor U73122 for 30 minutes followed by a one-hour
treatment of 5ng/ml BDNF. The exon IV-containing BDNF mRNA (BDNF 1V) and
c-fos (another CRE-mediated gene) was examined. We found that the expression
BDNF IV and c-fos were both upregulated, which is consistent with previous
studies, and only U0126 blocked this induction. This indicates that BDNF-induced
BDNFIV expression requires activation of MAPK but not PI3K or PLCy (Fig. 3.1A).
To further examine the function of ERK1/2 in BDNF transcription, we
co-transfected PIV-reporter construct with dominant negative MEK (dnMEK).
Consistent with the effect of pharmacological inhibition of ERK1/2, dnMEK also
blocked BDNF-induced PIV activation (Fig. 3.1B).

Self-induced BDNF v transcription requires calcium and
Ca/Calmodulin-dependent kinases. Because the calcium signal is important for
BDNF-induced CREB activation and CRE-mediated transcription (Finkbeiner et
al., 1997; West et al., 2001), we next investigated the role of calcium in the BDNF
self-induction. Before the BDNF simulation, neurons were pretreated with EGTA,
which chelates the extracellular calcium, or BAPTA-AM, which is an intracellular

Ca2+ chelator. It is shown that both extra- and intracellular calcium chelators
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Figure 3.1
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Figure 3.1 BDNF induced transcription requires MAPK activity. (A)Neurons on 14 DIV were
pretreated with MEK inhibitor U0126, PI3K inhibitor LY294002 and PLC inhibitor U73122 for 30
min and followed by a one-hour BDNF (5 ng/ml) treatment. RT-PCR was performed with specific
primers for BDNF IV, c-fos and GAPDH. The representative image is shown at the upper panel
and the quantification after normalized to GAPDH is at bottom panel. (B) Neurons were
transfected on 9 DIV with PIV-Luc, TK-pRL and dnMEK. Two days after transfection, neurons were
treated with 5ng/ml BDNF for 6 hours. Firefly Luciferase activity was normalized to Renilla
Luciferase activity and the effect of dnMEK was further normalized to vehicle-treated and
dnMEK-transfected group. *: p<0.05 compared with the induction. n=3 for RT-PCR and n=4 for
luciferase assay.

95



blocked self-induced BDNF IV transcription (Fig 3.2A). Moreover, the intracellular
calcium is also necessary for BDNF-induced c-fos. However, extracellular
chelator EGTA failed to block the induction of c-fos (Fig. 3.2A). These results
indicate that calcium signal regulates BDNF-induced transcription in a
gene-selective manner and extracellular calcium is specifically required for
self-induced BDNF IV expression.

Furthermore, it has been demonstrated that calcium binds to calmodulin and
activates Ca/calmodulin dependent kinases (CaMKs). Thus we asked whether
calcium regulates the transcription via CaMK pathway. We blocked calmodulin
with W13 and CaMKs with KN93 and KN62, which all reduced the BDNFIV
transcription. Interestingly, c-fos expression was not affected by W13, KN93 or
KN62 (Fig 3.2B), suggesting that calcium-calmodulin-CaMKs pathway regulates
BDNF-induced BDNF IV specifically. Furthermore, dominant-negative (dn)
calmodulin (dnCaM), dnCaMKI, dnCaMKIV and CaMKIIN (a plasmid that
expresses a CaMKIl inhibitory peptide) were co-transfected with PIV-Luc. As
shown in Figure 3.2C, all the constructs suppressed the BDNF-induced PIV
luciferase activity, which further confirmed that BDNFIV transcription requires
calcium and CaMKs.

Activation of ERK1/2 does not depend on extra- or intracellular calcium. Because
ERK belongs to Ca2+-stimulated protein kinases (Improta-Brears et al., 1999), we

reasoned that EGTA or BAPTA-AM might suppress BDNF transcription through
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inhibiting ERK1/2 activation. However, neither BAPTA-AM nor EGTA inhibited
BDNF-induced ERK phosphorylation (Fig. 3.3A). Furthermore, although the
Ca2+-mediated ERK phosphorylation (in KCl-stimulated neurons) was abolished
by EGTA, BAPTA-AM did not inhibit KCI induced ERK phosphorylation, indicating
that a transient influx of extracellular calcium is sufficient to activate ERK (Fig.
3.3B). Taken together, our data suggest that the calcium and ERK signaling
pathways in BDNF stimulated neurons are parallel. Calcium regulation on BDNF
IV and c-fos transcription is not mediated through ERK, and the activation of ERK
alone is not sufficient for this BDNF-stimulated transcription.

NRZ2A and NR2B regulate BDNF |V transcription. 1t has been demonstrated that
BDNF stimulation results in neurotransmitter release and phosphorylation of
NMDA receptors, we sought to understand whether NMDA receptor functions in
BDNF induced gene expression. We used two different mechanism-based NMDA
receptor blockers APV and MK801. Both inhibitors blocked self-induced BDNF |V
MRNA expression, without affecting BDNF-induced c-fos (Fig. 3.4A and B). APV
also blocked PIV-mediated luciferase activity, indicating NMDA receptor is
specifically required for BDNF self-induction.

Furthermore, NMDA receptor consists of two NR1 and two NR2 (2A-2D) subunits.
It has been demonstrated that NR2A- and NR2B-containing NMDA receptors (the
predominant NMDA receptor subtypes) develop and function distinctly in neurons.

In order to dissect the roles of NR2A and NR2B in BDNF |V transcription, we used
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Figure 3.2 BDNF self-induction requires calcium and CaMK activity. DIV14 neurons were
pretreated with extra-cellular Ca2+ chelator EGTA or intracellular Ca2+ chelator BAPTA-AM (A),
calmodulin inhibitor W13, and CaMK antagonists KN62 and KN93 (B) for 30 min and then exposed
to 5ng/ml BDNF for one hour. RT-PCR was used to examine the mRNA level of BDNF |V, c-fos
and GAPDH. The relative level of BDNF IV and c-fos were normalized to GAPDH level. The
representative images are at left, whereas the quantifications are shown in the right panels. DIV 9
neurons were transfected with PIV-Luc, TK-pRL and plasmids expressing dnCaM, dnCaMKI,
CaMKIl and dnCaMKIV. On 11 DIV, the neurons were treated with 5ng/ml BDNF for 6 hours before
submitted to a luciferase assay. The relative luciferase activity was shown after normalizing to
Renilla Luciferase activity. The group which was transfected with dn plasmid but not treated with
BDNF was used to normalize the effect of dn constructs on BDNF induction. *: p<0.05 compared
with the induction. n=3 for RT-PCR and n=4 for luciferase assay.
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Figure 3.2
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Figure 3.3
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Figure 3.3 Activity-dependent ERK phosphorylation does not depend on intracellular calcium.
Cortical neurons were stimulated by 50 mM KCI (B) or 5ng/ml BDNF (A). Pretreatments with EGTA
(2.5 mM) or BAPTA-AM (30 pM) were applied 30 min before stimulation. Samples were collected
15 min after stimulation. The ERK phosphorylation was analyzed by Western blot. For
quantification, the relative intensity of p-ERK was normalized to total ERK. Representative
Western blots are shown at left and quantification at right (n=3 for each treatment group).
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Figure 3.4 Both NR2A- and NR2B-containing NMDA receptor regulate BDNF self-induction.
Neurons at DIV7 when only NR2B is expressed (A) or DIV14 when both NR2A and NR2B are
expressed (B) were pretreated with NMDA antagonists APV or MK801, dose-dependent NR2A
antagonist NVP-AAMO77 (NVP) (100nM or 400nM), NR2B-preferable antagonist Ro25-6981 or
Ifenprodil. Then the neurons were exposed to 5ng/ml BDNF for 1 hour. Real-time PCR was
performed to examine the mRNA level of BDNF 1V, c-fos and GAPDH. The relative level of BDNF
IV and c-fos were analyzed with normalizing to GAPDH level. DIV 3 (C) or 9 (D) neurons were
transfected with PIV-Luc, TK-pRL and plasmids expressing scrambled shRNA or shRNA
specifically silencing NR2A or NR2B (shNR2A, shNR2B). On 7 (C) or 14 (D) DIV, the neurons
were treated with 5ng/ml BDNF for 6 hours after pretreated with APV or vehicle. The relative
luciferase activity was shown after normalizing to Renilla Luciferase activity. The group which was
transfected with shRNA but not treated with BDNF was used for normalization. *: p<0.05
compared with the induction. n=3 for RT-PCR and n=4 for luciferase assay.
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Figure 3.4
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specific inhibitors for the two NMDA subunits. NVP-AAMQ77 selectively blocks
NR2A at a dose of 100nM and blocks both NR2A and NR2B at a higher dose of
400nM. R025-6981 and Ifenprodil have been proved to block NR2B preferably
without affecting NR2A activity. In DIV 7 neurons, NR2B is the predominant
subunit for NMDA receptors and, as shown in Fig. 3.4A, 100nM NVP-AAMQ77
failed to block this BDNF self-induction. However, 400nM NVP-AAMO077, NR2B
blockers R025-6981 and Ifenprodil all suppressed the BDNF |V expression. On
the other hand, both NR2A and NR2B are expressed in DIV 14 neurons. When
pretreated with the inhibitors, BDNFIV transcription in DIV 14 neurons was
significantly suppressed by NR2A inhibitor (100nM NVP-AAMO077), NR2B
inhibitors (R025-6981 and Ifenprodil), as well as antagonist for both NR2A and
NR2B (400nM NVP-AAMO077, APV and MK801) (Fig. 3.4B).

Moreover, we co-transfected specific ShRNA to silence NR2A and NR2B with
PIV-Luc in DIV 7 and 14 neurons. Similar to the effect of inhibitors, silencing
NR2B suppressed PIV-driven luciferase expression on both 7 and 14 DIV,
whereas shRNA for NR2A only reduced PIV-Luc on 14 DIV (Fig. 3.4C and D). The
data indicate that when NR2A starts to be expressed during development, both
NMDA subunits become essential for BDNF self-induction.

Synaptic NMDA receptors are necessary for BDNFIV expression. In addition to
the diversity of subtypes, the distinct locations of the NMDA receptor also

contributes to diverse function. For example, synaptic NMDA receptor is reported
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to promote neuron survival, while extrasynaptic NMDA receptors may result in cell
death. We sought to understand whether synaptic and/or extrasynaptic NMDA
receptors are required for BDNF self-induction. As described previously
(Hardingham et al., 2002), DIV 14 neurons, which have developed mature
synapses, were treated with GABA(A) receptor antagonist bicuculline and
competitive NMDA receptor antagonist MK801. During the 30-minute treatment,
bicuculline-induced synaptic glutamate release region-specifically activates
synaptic NMDA receptors, which were immediately blocked by MK801. After the
treatment, medium containing the drugs were replaced with new medium, and
these synaptic-NMDA-receptor-blocked neurons were treated with BDNF.
Bicuculline/MK801-treated cells showed significantly lower induction fold of BDNF
IV compared with control neurons (Fig. 3.5). However, this induction was further
suppressed by application of APV, suggesting that both synaptic and
extrasynaptic NMDA receptors contribute to the self-induced BDNF |V.

NMDA and BDNF synergistically stimulate BDNF |V transcription. Our data
showed NMDA receptors are required for BDNF induction. On the other hand, we
sought to know whether the activation of NMDA receptors and TrkB receptors
have synergistic effect. We used 0.1, 0.5, 1, 5ng/ml BDNF and 5, 10, 20uM NMDA
to stimulate the neurons transfected with PIV-Luc on 14 DIV. The luciferase assay
showed a dose-dependent increase for PIV-mediated transcription (Fig. 3.6A and

B). We selected the sub-peak doses, 2ng/ml BDNF and 10uM NMDA, to treat the
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Figure 3.5
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Figure 3.5 Synaptic NMDA receptor regulates BDNF self-induction. DIV 14 neurons were treated
with vehicle or a mixture of GABA(A) antagonist bicuculline and competitive NMDA receptor
blocker MK801 for 30 min. Then the medium containing drugs was removed and the neurons were
washed and incubated in new medium for 15-min recovery. Then 5ng/ml BDNF was added to the
cells and the neurons were lysed after one hour. The BDNF IV and c-fos mRNA level was
measured by real-time PCR after normalizing to GAPDH level. The fold change of BDNF IV for
vehicle group is significantly higher than that for Bicuculline/MK801 treated group (1.93 vs. 1.42,
p<0.05, n=12). However, the Bicuculline/MK801-treated group still showed significantly increase
after BDNF stimulation (p<0.05). There is no significant difference between the vehicle- and
Bicuculline/MK801-treated groups for the fold change of BDNF-induced c-fos (38.47 vs. 40.12,
p<0.05). *: p<0.05 compared to control groups.
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Figure 3.6
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Figure 3.6 Synergistic effect of TrkB and NMDA receptor. DIV 9 neurons were transfected with
PIV-Luc and pTK-RL and treated with NMDA (A, C) or BDNF (B, C) at doses as indicated 48 hours
later. The PIV-luciferase activity is normalized to Renilla luciferase. The induction fold by a mixture
of 1ng/ml BDNF and 10uM NMDA is significantly higher than the sum effect by adding the
individual BDNF and NMDA induction amount (indicated by the dot line). *: p<0.05 compared to
sum effect.
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cells separately or together. We found a significant higher induction level of
PIV-Luc by the BDNF/NMDA cocktail than the estimate sum effect (Fig. 3.6C),
which indicates BDNF and NMDA synergistically increase BDNFIV transcription.
DISCUSSION

The BDNF transcription plays an important role in neuroplasticity and memory
formation (Lu, 2003; Greer and Greenberg, 2008; Greenberg et al., 2009).
Self-induced BDNF transcription has emerged as a mechanism to maintain BDNF
concentration for the long-lasting changes at synapses. In this study, using
cultured cortical neurons, we studied the regulation of the self-induced BDNF |V
transcription, which is regulated by MAPK activity and calcium-CaMKs in parallel.
BDNF self-induction is also mediated by NMDAR activity. To be specific, both
NR2A and NR2B, both synaptic and extrasynaptic NMDAR are required for BDNF
self-induction.

The Ras-MAPK pathway has been indicated to regulate CRE-mediated
transcription by phosphorylating Ser133 at CREB, and the phosphorylation of
CREB is critical for activity-dependent BDNF transcription (Finkbeiner et al., 1997;
Impey et al., 1998; Tao et al., 1998; Wu et al., 2001; Hong et al., 2008). Similarly,
we found that MAPK activity is required for BDNF self-induction. Although some
reports showed that PI3K activity is required for MAPK activation in memory
retrieval and LTP induction (Opazo et al., 2003; Chen et al.,, 2005) and the

disrupted binding of PLCy to TrkB attenuates CREB activation and LTP induction
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(Minichiello et al., 2002), under our conditions, the PI3K and PLC activity is not
required for BDNF self-induction. The cross-talk between the PI3K, PLCy and
MAPK pathway is stimulation-dependent.

Calcium signal and CaMK activity play important roles in BDNF transcription.
For example, CaMKIV is another CREB activator, regulating CRE-mediated
transcription (Ho et al., 2000; Impey et al., 2002). Moreover, CaMKI activity is
required for MAPK activation in NMDA/KCI stimulated cells (Wayman et al., 2004;
Schmitt et al.,, 2005). CaMKIl is also capable of phosphorylating CREB
(Finkbeiner et al., 1997; Wayman et al., 2008). In this study, we confirmed the
function of calcium and CaMK activity in BDNF self-induction. However, we found
that the CaMKs inhibitors failed to block CRE-mediated c-fos transcription, which
seems to indicate that CaMKs regulate BDNF self-induction through a
CREB-independent manner. However, it is notable that the sequence of CRE in
promoter |V is slightly different from that in c-fos promoter (TCACGTCA vs.
TGACGTTT) (Sheng et al., 1990; Tao et al., 1998). There is possibility that the
binding affinity of CREB to CRE in promoter IV is different from that in c-fos
promoter.

NMDAR, as an important glutamate-gated ion channel, is also implicated in
BDNF-mediated plasticity. On one hand, BDNF modulates NMDAR directly or
indirectly. For example, BDNF enhances glutamate release (Sala et al., 1998),

elevates expression of NR1, NR2A and NR2B (Caldeira et al., 2007), and
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phosphorylates NMDAR to increase the its open possibility (Levine et al., 1998).
On the other hand, NR2B is required for BDNF-enhanced neurotransmission
(Crozier et al., 1999). As well, the NMDAR activity regulates BDNF-induced Arc
transcription and dendritic development (Rao et al., 2006; Finsterwald et al.,
2010). Here we showed that NMDA also regulates BDNF self-induction, which
suggests a regulation layer of BDNF signal by extracellular glutamate and
calcium.

Self-induced BDNF transcription forms a positive feedback loop to
continuously produce BDNF. Thus, a shut-off mechanism must exist to prevent
the endogenous BDNF level from unstoppable increase. Indeed, after 24-hour
incubation of BDNF, the mRNA level of BDNF |V returns to the basal level
(Yasuda et al., 2007). Interestingly, 24-hour treatment of BDNF also results in the
reduced size of dendritic spines in cultured hippocampal neurons (Zheng et al.,
unpublished data), which may suggest that long-time treatment by BDNF leads to
smaller size of synapses, lower NMDA receptor expression and attenuated NMDA
signals. Thus, the lack of NMDA activity terminates the self-inducted continuous
BDNF expression and resets the balance of BDNF synthesis.

NMDA subunits have a variety of gating properties and physiological functions.
For instance, NR2A promotes but NR2B inhibits GIuR1 membrane insertion
because NR2B associated with syn-GAP (synaptic Ras GTPase activating

protein) blocks the GluR1 insertion-required Ras-ERK pathway (Kim et al., 2005).
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Moreover, in hippocamal neurons, NR2A accounts for activity-induced BDNF
transcription whereas NR2B is required for elevation of pERK (Chen et al., 2007).
Our study showed that both NR2A and NR2B contribute in BDNF-induced
transcription. Additionally, location of NMDA receptor is also important for its
function. Synaptic NMDA receptor-mediated signal transduction activates CREB,
whereas extrasynaptic NMDA receptor may oppose this function by triggering
CREB shut-off (Hardingham et al., 2002). After blocking of synaptic NMDA
receptors, we indeed detected a significantly suppression on BDNF self-induction.
However, this induction can be further suppressed by APV. Thus, we believe that
both synaptic and extra-synaptic are involved in this regulation. The discrepancy
of our results with previous studies may be attributed to the different stimulations
(NMDA vs. BDNF).

How does the NMDA receptor specifically regulate BDNF self-induction?
Because we cannot detect any calcium influx in BDNF-treated neurons, it is highly
possible that the clustering of NMDAR to TrkB receptor may affect its intracellular
signal transduction. It has been shown that TrkB receptor is physically interacted
with NMDA C-terminal through PSD95 (Ji et al., 2005). Activated TrkB receptor
also phosphorylates NR1 and NR2B subunits (Lin et al., 1998). Consistent with
this view, BDNF and NMDA synergistically increase BDNF IV transcription in our
study. However, the downstream regulator of NMDAR needs to be determined.

Besides CRE, several other cis-elements have been found in promoter 1V,
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including PasRE (Npas4 binding element), CaRE (calcium responsive element),
USFBE (upstream stimulatory factor binding element), EBox, NFKB-RE (Nuclear
factor kappa B binding element) and NFAT-RE (nuclear factor of activated T-cells
binding element) (Lipsky et al., 2001; Tao et al., 2002; Chen et al., 2003; Jiang et
al., 2008; Lin et al., 2008; Vashishta et al., 2009). Truncation and mutagenesis
studies on BDNF promoter IV have indicated that PasRE, USFBE, EBox, and
NFkB-RE are required for NMDA-induced promoter IV activity, and the activity of
CaRE and NFAT-RE is increased by activation of NMDAR. It would be interesting
to identify which element in promoter IV is regulated by NMDAR in BDNF
self-induction.

In summary, we reported the novel regulatory features of BDNF self-induction
and highlighted the role of calcium, MAPK and NMDA receptor. We also
investigated the subtypes and locations of NMDA receptor in the regulation, which
provides new insights on coordination of NMDA receptors and TrkB receptors in
gene transcription.
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CONCLUSIONS AND PROSPECTIVE
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BDNF REGULATION: GENETIC AND EPIGENETIC MECHANISMS
In this dissertation, | showed how calcium-mediated BDNF |V transcription is
regulated by several protein kinases, including MAPK, PI3K, PKA and CaMKs,
and how self-induced BDNF is mediated by MAPK, calcium and NMDA receptors.
Notably, this study not only showed a positive feedback centered by BDNF
transcription, but also characterized the signaling pathways and elements in
promoter IV involved in the transcription (Fig. 5.1).

Which signaling pathway is involved in BDNF transcription and is there any
cross talk? This seems to be determined by the stimulation. For example, PI3K
pathway is required for L-VGCC- and NMDAR-mediated BDNF IV transcription,
but it has no effect on BDNF self-induction. Furthermore, although calcium influx
and TrkB activation both elevates ERK phosphorylation, this phosphorylation
depends on PI3K activity only in calcium-stimulated neurons but not in cells
stimulated by BDNF.

In addition, several cis-elements have been identified in promoter IV. BDNF IV
transcription is tightly regulated by the transcriptional factors via these elements.
For example, CRE-mediated BDNF |V transcription depends on CREB function,
including phosphorylation at Ser-133 of CREB, CREB binding to DNA, and
recruitment of its coactivator (CBP/p300). Each step is regulated by different
signals. First, CREB is phosphorylated by either MAPK or CaMKIV in vitro.

However, their regulation on CREB activation in vivo is controversial. It is also
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Figure 4.1
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Figure 4.1 Activity-dependent BDNF generates a positive feedback. Calcium influx through
L-VGCC or NMDAR mediates CRE/CaRE on promoter IV and evokes BDNF IV mRNA. This
induction is regulated by ERK, PI3K, PKA and CaMKs. BDNF mRNA is translated to BDNF protein
and activates TrkB signals, which also enhance BDNF [V transcription through ERK/CaMKs.
NMDA receptor also functions in this TrkB signal.
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unknown whether their activation on CREB is redundant or it depends on different
time course(lmpey and Goodman, 2001; Wu et al., 2001; Greer and Greenberg,
2008; Sakamoto et al., 2011). Second, although it was thought the binding of
CREB to CRE was constitutive, a recent study identified nitric oxide as a regulator
to control BDNF-enhanced CREB binding. This study suggests another layer of
regulation for CRE-mediated transcription (Riccio et al., 2006). Third, the
recruitment of CBP/p300 by CREB is a crucial step of CRE-mediate transcription.
CBP/p300, with their intrinsic histone acetyltransferase (HAT) activity, can modify
histone and chromatin structure, recruit RNA polymerase Il complex and act as an
adaptor for other transcriptional factor (e.g. calcium-responsive transactivator or
CREST). CBP is also regulated by calcium signals. For instance, CaMKIV
phosphorylates CBP at Ser-301 and enhances CBP function, whereas
calcineurin-dependent CREST-CBP interaction also facilitates CRE-mediate
transcription(Impey and Goodman, 2001; Qiu and Ghosh, 2008; Bedford et al.,
2010).

Beside the regulation by transcriptional factors, accumulated evidence
indicates that several epigenetic mechanisms are also involved in BDNF
transcription, including both chromatin remodeling and DNA methylation.

Chromatin structure change results from the modification on histone residues,
including acetylation, methylation and phosphorylation, by specific enzymes, such

as histone acetyltransferases and histone deacetylase (HAT/HDAC) (Bird, 2007).
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Interestingly, a recent paper first demonstrates the role of HDAC2 in synaptic
plasticity and memory formation. HDAC2 knockout mice show facilitated memory
formation, whereas HDAC2 transgenic animals expressing extra HDAC2 show a
learning deficit (Guan et al., 2009). In addition, a decrease of lysine 9
dimethylation at Histone 3 is an essential step for NMDA-induced BDNF |
transcription in hippocampal neurons(Tian et al., 2009).

DNA methylation is another important epigenetic mechanism for BDNF
transcription and synaptic plasticity. For example, contextual learning can
decrease methylation on the CpG islands (where the cytosine residues are
followed by guanine residues and the methylation occurs on these cytosine
residues) in promoter IV, which at least partially contribute to activity-dependent
BDNF IV upregulation (Lubin et al., 2008). Cortical DNA hypermethylation,
surprisingly, persists for as long as one month after learning to store remote
memory (Miller et al., 2010). Additionallyy, DNA methyltransferase (DNMT)
regulates synaptic plasticity both in vitro and in vivo (Levenson et al., 2006; Feng
et al., 2010). The methylated CpGs on promoter IV selectively bind to a repressor
named methyl-CpG binding protein 2 (MeCP2). Activity-dependent
phosphorylation of MeCP2 results its release from promoter |V to facilitate BDNF
IV expression(Chen et al., 2003). A novel identified molecule, Gadd45b, has also
been implicated in regulating DNA methylation on promoter IX of BDNF gene (Ma

et al., 2009).
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All in all, the regulation on activity-dependent BDNF transcription is still
elusive. The role of protein kinases in BDNF transcriptions shown in the
dissertation may be expanded by further studies on these genetic or epigenetic
modulations on BDNF expression.

BDNF TRANSCRIPTION IN LEARNING AND MEMORY: ROLES OF
CALCIUM-STIMULATED ADENYLYL CYCLASES AND CAMKIV
In this dissertation, | reported the regulation of calcium-mediated and self-induced
BDNF IV transcription. The experiments were performed in isolated cortical
neurons. Thus, does the same regulation occur in live animals? To answer this
question, we used contextual fear conditioning (CFC) system, a fear-associated
learning and memory paradigm, which elevates BDNF transcription in animal
brains. We examined BDNF mRNA in hippocampus, which is a critical region in
brain for learning and memory, after an electric shock-conditioned training.
Interestingly, we found that exon I|-containing BDNF mRNA is the major form
induced in hippocampus (Fig. 5.2), which is consistent with a previous study on
NMDA-stimulated hippocampal cultures (Tian et al., 2009). In light of these results,
| chose to study the role of calcium-stimulated adenylyl cylcases (AC) on BDNF
transcription in vivo. It is because calcium-stimulated adenylyl cyclases couple
two essential second messengers, calcium and PKA and play important roles in
late phase LTP maintenance, memory formation, addiction and depression (Wong

et al., 1999; Wang and Storm, 2003; Sindreu et al., 2007; DiRocco et al., 2009). In
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the adenylyl cyclase family, only AC1 and AC8 are known as calcium-stimulated
ACs. AC1 and AC8 double knockout mice (DKO) showed impaired ERK activation
and failed to form long-term memory after CFC training (Wong et al., 1999;
Sindreu et al., 2007). Since BDNF promoter contains CRE, which is regulated by
ERK and PKA in vitro, BDNF expression may be regulated by AC1 and AC8 and
the failure of BDNF induction may account for the impaired memory in DKO mice.
Indeed, we found that BDNF | induction in hippocampus after contextual training
was abolished in DKO mice, indicating AC1 and AC8 are required for
learning-induced BDNF expression (Fig. 5.2). Following experiments should be
performed to examine whether the failure of learning-induced BDNF is causal for
the impaired memory in DKO mice. For example, can application of exogenous
BDNF directly into hippocampi rescue the memory deficit in DKO mice?

Another interesting molecule in regulating BDNF 1V transcription is CaMKIV.
As introduced above and in Chapter 1, CaMKIV has been implicated in
CRE-mediated transcription because it is a potential activator of CREB and its
coactivator CBP. Several papers reported that calcium-mediated CREB
phosphorylation is disrupted in CaMKIV knockout mice. The knockout mice also
showed impaired LTP and fear memory (Ho et al., 2000; Wei et al., 2002;
Wayman et al., 2008). | have shown that CaMKIV activity is required for both
calcium- and BDNF-induced BDNF expression. Thus, CaMKIV may be another

important BDNF regulator in learning process. We are going to use CaMKIV
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Figure 4.2
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Figure 4.2 AC1 and AC8 are required for learning-induced BDNF | transcription. Wild type (WT) or
DKO mice were trained by contextual fear conditioning. One hour after the training, the mice were
anesthetized and both hippocampi were dissected and homogenized. BDNF | (A) and BDNF IV (B)
mRNA were measured by real-time PCR and normalized to GAPDH. (A) Significant elevation of
BDNF | was detected in WT group (*, p<0.05) but not in DKO group. (B) There is no increase of
BDNF IV at both groups.
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knockout mice to study CaMKIV-BDNF role in both cultured neurons and live
animals.
BDNF IN DENDRITIC SPINE MODULATION: A ROLE OF NMDA RECEPTOR
BDNF regulation on synaptic plasticity is also reflected by its ability to
alternate neuron synaptic structures, including axonal branching (Cohen-Cory
and Fraser, 1995; Jeanneteau et al., 2010), dendritic growth (McAllister et al.,
1999), synapse refinement (Cabelli et al., 1995) and dendritic spine formation (Ji
et al., 2005; Ji et al., 2010). BDNF-induced gene expression may contribute to the
morphological changes at synapses. However, the detailed regulation is still
largely unknown. In Chapter 3, NMDA receptor was identified as an unexpected
regulator for self-induced BDNF V. Thus, it is interesting to know whether this
specific regulation affects BDNF-mediated dendritic spine growth. Here, | showed
that 24-hour exposure to 5ng/ml BDNF changed the dendritic spines from short,
mushroom-shaped types to filopodia (long, thin, uniform-cabliber, headless
protrusions from dendrites). Surprisingly, this change was blocked by NMDA
antagonists APV and MK801 (Fig. 5.3). Although BDNF |V transcription may be a
potential mechanism, it is unlikely to manipulate the dendritic spine structure by
suppressing transcription of one single gene. Thus, future studies should be
performed to understand more downstream targets of NMDA receptor in
BDNF-stimulated neurons. For example, a gnome-wide screen may provide

several valuable targets. Furthermore, more experiments are needed to solve the
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problem: which pathway is involved in NMDA receptor-regulated dendritic spine

formation?
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Figure 4.3
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Figure 4.3 NMDA receptor is required for BDNF-induced dendritic spine change. DIV 14 neurons
were transfected with pcDNA-EGFP and on 17-18 DIV neurons were confocal imaged. Then
10ng/ml BDNF were used to treat the neurons with or without APV/MK801 pretreatment. The
same neurons were imaged after 24 hours. BDNF promoted dendritic spine changing was
abolished by APV or MK801.
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