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Abstract

Dendritic spines are the actin-enriched protrusions on dendritic shafts that encase the
postsynaptic machinery. The basis for morphological plasticity of dendritic spines is
formed by changes in the actin cytoskeleton, which in turn, is orchestrated by actin
binding proteins. A dynamic actin cytoskeleton allows the dendritic spines to rapidly and
accordingly respond to various stimuli by changing their morphology, and this
morphological plasticity ultimately leads to synaptic plasticity. In neurodegenerative
diseases such as Alzheimer’s disease (AD), this dynamicity inside dendritic spines is
disrupted. Consequently, the dendritic spines are lost, which causes the loss of synapses.
These findings highlight the importance of understanding the regulators of actin
dynamics and the mechanisms leading to loss of dendritic spines. Drebrin is a F-actin
binding protein that localizes to dendritic spines in the brain. Drebrin is required for
synapse formation and structural plasticity during development as well as the process of
learning and memory formation. Precipitous loss of drebrin has been observed in AD and
other neurodegenerative diseases with synaptic pathology. However, the regulatory factor
causing loss of drebrin in AD-related synaptic pathology remains elusive. Early growth
response-1 (Egr-1) is an inducible zinc-finger transcription factor expressed in the brain
that binds to the GC-rich consensus sequences on target promoters to regulate expression.
Upregulation of Egr-1 has been found in AD brain. Herein, we hypothesized that Egr-1
downregulates drebrin expression and leads to synaptic dysfunction. We demonstrate that
Egr-1 transcription factor binds to drebrin promoter. /n silico analysis was performed to
identify putative Egr-1 response elements (EREs) on drebrin promoter. To substantiate

this, luciferase promoter assay and chromatin immunoprecipitation assay was used and
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confirmed Egr-1 binding to drebrin promoter both in vitro and in vivo. Further, we
demonstrate that Egr-1 negatively regulates drebrin mRNA and protein level. In primary
hippocampal neurons and an inducible mouse model of Egr-1 overexpression, drebrin
was downregulated upon Egr-1 upregulation. Conversely, an increase in drebrin mRNA
and protein level was observed in Egr-1 -/- mouse. Furthermore, it was shown that Egr-1-
mediated loss of drebrin parallels decrease in dendritic spine density.
Immunocytochemical analysis revealed reduction in the density of dendritic protrusions
upon Egr-1 upregulation. Reduction in spine density was observed in the CA1 region of
the hippocampus in Egr-1 Tg mouse while an increase was observed in samples from
Egr-1 -/- mouse. Immunocytochemical colocalization study also showed concurrent loss
of vGLUT1 and PSD-95, suggesting a loss of putative functional synapses. We also
demonstrate that Egr-1 upregulation mediates changes in other synaptic proteins in
primary hippocampal neurons. In summary our data show that 1) Egr-1 downregulates
drebrin by binding to drebrin promoter, 2) Egr-1 is inversely correlated with dendritic
spine density and 3) Egr-1 mediates decrease in postsynaptic proteins and putative
synaptic contacts. Therefore, we conclude that Egr-1 is a key regulator of drebrin and
consequently, chronic upregulation of Egr-1 may exacerbate synaptic pathology in AD

and AD-related disorders.
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A. Abrégé

Les épines dendritiques protubérantes sont enrichies d’actines sur les arbres dendritiques
qui encadrent la machinerie post-synaptique. La base de la plasticité morphologique est
formée par la dynamique des épines dendritiques qui a leur tour sont dirigé par les
protéines qui s’attachent aux actines. La dynamité de [’actine permet aux épines
dendritiques de répondre rapidement et adéquatement a différent stimuli en changeant
leur morphologies. De plus, cette plasticité morphologique guide la plasticité synaptique.
Dans le cas de la maladie neurodégénératif telle que la maladie d’Alzheimer (MA), la
dynamité des actines dans les épines dendritiques ont été perturbés. Conséquemment, les
épines dendritiques perdues causent les pertes des synapses. Ces observations surlignent
I’importance de comprendre les régulateurs de la dynamité de 1’actine et les mécanismes
guidant la perte des épines dendritiques. Drebrin est une protéine qui s’attache a 1’actine
F qui est localisée dans les épines dendritiques, dans le cerveau. Drebrin est nécessaire
pour la formation de la synapse et pour la plasticité structurale durant le développement
et aussi durant 1’apprentissage ou la formation de la mémoire. La perte brutale du drebrin
¢tait observée chez MA et dans divers maladies neurodégénératives qui montrent une
pathologie synaptique. Cependant, le facteur régulateur causant la perte du drebrin chez
la pathologie synaptique liée a MA reste obscur. Le géne de réponse de croissance
précoce (Egr-1) est un facteur de transcription exprimé dans le cerveau qui s’attache aux
séquences consensus riche de GC sur le promoteur de la cible pour réguler son expression.
Une surexpression de Egr-1 a été trouvé dans le cerveau de MA. Ci-inclus, nous émettons
I’hypotheése que Egr-1 sous-régule I’expression du drebrin et induit la dysfonction de la

synapse. Nous démontrons que la transcription du facteur Egr-1 attache au promoteur du
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drebrin. L’analyse in silico est effectuée 1a ou les éléments répondant a I’Egr-1 (EREs)
sont trouvés sur le promoteur du drebrin. Pour soutenir cette découverte, I’évaluation du
promoteur luciférase et I’immunoprécipitation de la chromatine sont utilisées pour
confirmer 1’attachement d’Egr-1 au promoteur drebrin a la fois in vitro et in vivo. Nous
démontrons aussi que I’Egr-1 régule négativement le niveau de drebrin au niveau de
I’ARNm et de la protéine. Dans les neurones primaires d’hippocampe et le model de
souris inductible d’Egr-1, le souris Egr-1 Tg, le drebrin est sous-exprimé tandis que
I’Egr-1 est surexprimé. Par ailleurs, I’augmentation du niveau de drebrin est observée
dans le souris Egr-1 -/-. De plus, il est montré que la perte de drebrin médié par Egr-1 est
en corrélation avec la diminution de la densité des épines dendritiques. L’analyse
d’immunocytochimie montre une réduction de la densité de la protubérance dendritique
quand I’Egr-1 est sur-régulée. Une réduction similaire dans la densité des €pines est
observée dans la région CA1l de I’hippocampe chez la souris Egr-1 Tg tandis qu’une
augmentation est observée dans le cas de la souris Egr-1 -/-. Une étude
d’immunocytochimie de la co-localisation montre des pertes simultanées de vGLUT]1 et
PSD-95, suggérant une potentielle perte fonctionnelle des synapses. Nous démontrons
aussi que la surexpression d’Egr-1 a un réle médiateur des changements des autres
protéines synaptiques des neurones primaires d’hippocampique. En conclusion nos
données montrent que 1) Egr-1 sous-exprime le drebrin en s’attachant au promoteur du
drebrin, 2) Egr-1 est inversement en corrélation avec la densité de 1’épine dendritique et 3)
Egr-1 a un réle médiateur de la diminution des protéines post-synaptique et des contacts

synaptique putative. Donc nous concluons que I’Egr-1 est la clé régulatrice de drebrin et
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conséquemment, la surexpression chronique d’Egr-1 peut exacerber la pathologie

synaptique dans la MA et les maladies liées a la MA.
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Preface & Author Contributions

The present thesis is organized in the traditional monograph format in compliance
with the guidelines of McGill University for thesis preparation. This thesis presents
original findings by Chulmin Cho in Chapter IV that are distinct contributions to
knowledge.

Chapter 1 comprises the introduction, which presents the rationale and objectives
of the research organized and written by C. Cho. Chapter 2 presents literature reviews
that are relevant to the presented research and C. Cho organized and wrote the chapter.
Current knowledge regarding dendritic spines, synaptic pathology, drebrin and Egr-1 are
described in this chapter. Chapter 3 describes the materials and methods used in this
research and was organized and written by C. Cho. Jijun Shang (Lady Davis Institute) is
credited with generation of Egr-1 lentivirus and Egr-1 Tg mice.

Chapter 4 presents the original findings from this research. This chapter is divided
into three sections. For all three sections, C. Cho designed and executed the experiments
in their entirety, analyzed and interpreted the data, generated the figures and wrote the
section. The first section is entitled “Egr-1 binds to Egr-1 response elements on drebrin
promoter” where for the first time, Egr-1 is demonstrated to interact with drebrin
promoter both in vitro and in vivo. This section was supervised by Dr. H. Paudel. The
second section is entitled “Egr-1 negatively regulates drebrin in vitro and in vivo” where
for the first time, Egr-1 is demonstrated to be negatively regulate drebrin mRNA and
protein level in vitro and in vivo. This section was also supervised by Dr. H. Paudel. The
third section is entitled “Loss of drebrin in response to Egr-1 upregulation results in loss

of dendritic spines” where for the first time, Egr-1-mediated loss of dendritic spines as

16



well as putative synaptic contacts are demonstrated in vitro and in vivo. This section was
supervised by Dr. H. Paudel, Dr. L. Chalifour, Dr. K. Murai, Dr. A. McKinney and Dr. J.
Nalbantoglu.

Chapter 5 comprises the discussion section where the results are interpreted and
explained by C. Cho. Lastly, Chapter 6 presents the final conclusion and summary

organized and written by C. Cho.
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Chapter 1. Introduction

1.1Research rationale and hypothesis

The brain is at the heart of the nervous system. It receives and processes information
from within and outside the body. The brain is a complex biological structure. It
embodies all aspects of cognition ranging from the ones that occurs unconsciously to the
decisions we make consciously. Despite the vastness in cognitive processes, each and
every aspect of cognition is carried out by communication between 100 billion neurons in
the brain. The communication between neurons occurs at specialized junctions known as
synapses between the presynaptic axon and the postsynaptic dendrites that are formed
and arranged in a precise manner for accurate neuronal activity and brain function.
Furthermore, information is stored and changed by altering postsynaptic structure in
addition to synapse formation and elimination '.

Dendritic spines are protrusive boutons on dendrites that encase the postsynaptic
elements of the mammalian forebrain. These spines form synapses by individually
pairing up with a corresponding axon. In response to synaptic activity, dendritic spines
change their structure due to the dynamics of actin cytoskeleton. The dynamics of actin
cytoskeleton, in turn, are regulated by actin binding proteins (ABPs), which orchestrate
the polymerization and depolymerization of actin filaments. This phenomenon gives rise

>3 that is closely correlated with synaptic function. The

to the structural plasticity
structural plasticity of dendritic spines forms the basis of learning and memory.
Neurological and psychiatric diseases including AD *, Schizophrenia ° and mental

retardation ® display structural alterations of dendritic spines that leads to loss of the

spines. As current treatment options for AD and AD-related disorders are limited and
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often ineffective, preventing loss of synaptic homeostasis or its re-establishment offers a
potential therapeutic target. In order to develop effective treatment, it is important to
understand the underlying regulator and mechanisms of dendritic spine loss, which
remains largely elusive. More fundamentally, identification of ABPs and their regulators
that underlies dendritic spine loss is imperative.

Drebrin, an ABP expressed highly in neurons, specifically localizes to dendritic
spines. Drebrin binds to actin, provides stability, and also regulates the interaction
between F-actin and other ABPs in response to synaptic activity '. Drebrin is necessary
for spine morphogenesis and maturation as it is required for recruitment of Post Synaptic
Density-95 (PSD-95) and N-methyl-D-aspartate (NMDA) receptors (NMDARS) that are
crucial components of a functional dendritic spine *°. The interaction between F-actin
and ABPs in conjunction with signaling receptors is important for maintenance of long-
term potentiation (LTP) and morphological plasticity '°. Furthermore, downregulation of
drebrin expression suppresses F-actin accumulation within dendritic spines and prevents
formation of the spines ', highlighting the structural importance of drebrin in dendritic
spines.

In AD and related disorders where dendritic spine loss occurs, drebrin is precipitously

101213 "Dy rebrin is also lost in

and greatly lost when compared with the loss of other ABPs
animal models of AD "', Therefore, loss of drebrin may disrupt the actin dynamics and

structural balance leading to loss of synaptic plasticity and cognitive function. However,

the regulatory factor causing the loss of drebrin remains elusive.
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Early Growth Response-1 (Egr-1), is a zinc finger transcription factor, is rapidly
induced by a broad spectrum of stimuli such as shear stress '°, oxygen deprivation ***'
and (brain) injury ***°. Egr-1 activates the expression of genes including those involved

in cell death and injury *.

In AD, Egr-1 mRNA was found to be upregulated
approximately 4-fold in degenerating hippocampal pyramidal neurons *’. Also, a
microarray analysis of hippocampal gene expression from AD patients revealed
significant upregulation of Egr-1 correlating with progression of AD **. Additionally,
high density microarrays using Egr-1 transfected rat pheochromocytoma neuronal cell
line (PC12) showed altered expression of many genes, including 23% reduction in
drebrin %. These data suggests that Egr-1 may regulate drebrin loss observed in AD.
Herein, we sought to investigate the relationship between Egr-1 and drebrin.
Based on the described data, we hypothesized that Egr-1 binds to drebrin promoter to
negatively regulate drebrin expression and that Egr-1 upregulation results in loss of

drebrin level. We further conjectured that Egr-1-mediated loss in drebrin would correlate

with loss of dendritic spine density such as was observed during synaptic pathology.
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Chapter 2. Literature Review

2.1 Dendritic spine: the thorns covering dendrites

Dendritic spines are micro-protuberances (0.5 to 2um in length) emerging from
dendrites *° (Figure 1). They are the postsynaptic structure that receives the majority of
excitatory glutamatergic axonal input in the mature mammalian brain to form the
synapses °'. Dendritic spines were first discovered in the vertebrate nervous system by
Ramon y Cajal ***°. At the time of his discovery, dendritic spines were described as
“thorns” or “short spines”, but soon Cajal recognized them as possible axon targets ** and
used the term “synapse” to describe this connection *°. However, it would not be until the
advent of electron microscopy that dendritic spines were confirmed to be postsynaptic

structure %7
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Figure 1. A micrograph showing dendritic spines on a segment of dendrite. Golgi
staining was performed to visualize dendritic spines (examples indicated by arrows)

present on hippocampal neurons. Scale bar, Sum.
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2.1.1 Microanatomy of dendritic spine

Glutamatergic synapses are defined by the presence of a presynaptic terminal and
postsynaptic density (PSD) located on the head of a dendritic spine **~* (Figure 2A). PSD
is a scaffold for glutamate receptors and associated signaling molecules. PSD is present
as an electron-dense thickened postsynaptic membrane. Another essential component of
dendritic spine is the actin cytoskeleton ',

Actin, as the major cytoskeletal component, provides structural support to
dendritic spines. A typical dendritic spine has a bulbous head connected to the parent
dendrite by a thin neck (Figure 2A). The actin cytoskeleton is organized in network of
branches while the neck is composed of short branched and longitudinal actin filaments *°.

Within a spine head, actin is organized into stable and dynamic pool ***'

. The stable pool
is located throughout the head and provides structural support. The dynamic pool is
located below the surface and allows rapid morphological changes in response to synaptic
stimulus.

These spines undergo dynamic morphological changes and are classified into: 1)
thin spine with a small bulbous head and slender neck (<0.6um in diameter); 2) stubby
spine with no neck (head and neck widths are similar); and 3) mushroom spine with a
short neck and a larger bulbous head (>0.6um in diameter) ** (Figure 2B). Despite the
classification, these spine shapes reflect a continuum rather than separate classes as the
shapes are interchangeable **. Many studies suggest the morphology of spines correlates

with developmental stages and strength of synapses '***

. Specifically, imaging
experiments indicated that spine head size correlates with synaptic strength as large heads

are more stable and strengthens synaptic activity by expressing larger numbers of AMPA
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(a-amino-3-hydroxy-5-methy-4-isoxazolepropionic acid) receptor (AMPARs) ***.

Based on these data, the mushroom spine is functionally classified as a mature spine
while thin and stubby spines are classified as an immature spine *'.

Overall, dendritic spines possess the ability to change their shape and number
accordingly and rapidly to stimulus, which makes them morphologically plastic. The
morphological plasticity of dendritic spines is functionally important as it strongly

correlates with learning and memory **.
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Figure 2. Schematic of a dendritic spine and its various morphologies. A, PSD and actin
cytoskeleton constitutes major components of a dendritic spine. B, Dendritic spines are

broadly categorized into thin, stubby or mushroom spines based on their morphology.
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2.1.2 Morphogenesis of dendritic spine

So how does a dendritic spine emerge from the parent dendrite? The rules
governing the development of dendritic spines remain unresolved and there are two main
hypotheses (Figure 3). The first hypothesis posits that many headless thin projections
called filopodia on dendrites are the precursors to dendritic spines (Figure 3A). These
filopodia actively search for presynaptic terminals. Once synaptic contacts are made, the
actin clusters within filopodia undergo structural changes to convert thin filopodia into
mature dendritic spines ''. In support of this, young brains display few spines and
numerous filopodia that disappear once maturity is reached ***°. Furthermore, filopodia
increase in number when synaptic activity or action potentials are blocked using
tetradotoxin (TTX), suggesting a role in the formation of synaptic contacts °'. Evidences
against the filopodia being the precursor also exist. For example, most synapses in the
young brain are formed on dendritic shaft **. Also, filopodia is rare in mature neurons and
cannot explain the continuous emergence and disappearance of spines in adult brains 7.
Therefore, the second hypothesis postulates that filopodia are not precursors, but sensors
to detect glutamate release from an axon *® (Figure 3B). Once detected, shaft synapse
forms and the dendritic spine emerges from it. Despite the controversy, both hypotheses
converge on acknowledging the importance of filopodia in the formation of dendritic

spines.
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Figure 3. Two models of spine formation. A, Filopodia is thought to precede spine

formation or B, act as a sensor for finding presynaptic terminals.
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2.1.3 Maturation of dendritic spine

Maturation of a dendritic spine is marked by increases in head size and the
number of AMPARSs in conjunction with the formation of PSD at the distal tip of the
spine head . Dynamic reorganization of actin cytoskeleton increases the head size. Head
size is proportional to the number of AMPARs recruited to the postsynaptic membrane
%59 AMPARs allow influx of Na"ions and propagate depolarizations of the postsynaptic
neuron. Therefore, the number of AMPARS contributes directly to synaptic strength °*°.

The AMPARs are a component of the PSD, which is a disk-shaped protein
complex comprised of membrane-associated proteins involved in synaptic signaling and
plasticity ****%*. Other constituents of the PSD include receptor tyrosine kinases, ion
channels, G-protein-coupled receptors, cell adhesion molecules, scaffold proteins, such as
PSD-95 (please refer to Figure 5), signaling enzymes and cytoskeletal elements ®%.

Therefore a mature dendritic spine contains the PSD that allows the postsynaptic neuron

to receive, process and transmit the information received from the presynaptic neuron.

2.1.4 Plasticity of dendritic spine

Dendritic spines undergo structural remodeling throughout life * due to the
underlying actin dynamics. The ability to change their size, number and shape in
response to developmental 7, environmental 7'""* and behavioural cues makes the
spines highly plastic *>®"7>7¢ The plasticity of dendritic spines, consequently, allows
synapses to be formed and eliminated within minutes to hours thereby facilitating various

66,77,78

cognitive processes including memory and learning . This responsiveness of

synapses to input is called synaptic plasticity.
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Two well-characterized forms of synaptic plasticity that bring about enduring
changes in synaptic strength are long-term potentiation (LTP) and long-term depression
(LTD). LTP and LTD are complementary processes that are thought to be basis of
encoding information for memory . LTP represents a long term strengthening in
synaptic transmission between two neurons resulting from strong and/or synchronous
stimulation. Experimentally, LTP can be induced by brief (<2s) and high frequency
stimulus (50 to 200Hz and 100Hz for tetanic stimulation) ***'. LTD, on the other hand,
represents a long term reduction in synaptic transmission that can be induced

experimentally by lasting (>30s) low-frequency stimulation (<10Hz) %

. Synaptic
strengthening by LTP is linked with spine enlargement and increase in spine density
42848588 1n contrast, synaptic weakening by LTD is linked with spine shrinkage and
decrease in spine density. As LTP and LTD both derive from morphological changes of

dendritic spines, it is important to understand the actin dynamics that enables these

Processces.

2.1.5 Actin cytoskeleton in dendritic spine

Dendritic spines are enriched with actin cytoskeleton proteins ***°. Inside a
dendritic spine, actin can quickly polymerize from monomeric G-actin to filamentous F-
actin and vice versa. The non-covalent interactions of G-actin monomers allow rapid
assembly and disassembly of F-actin. Thus, the degree of actin polymerization, G-
actin/F-actin ratio, determines the dendritic spine morphology *'.

Actin cytoskeleton proteins control the formation and dissociation of dendritic

spines, and thus, the postsynaptic machinery °>. In a mature spine, actin assembles and
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positions the PSD; anchors and stabilizes postsynaptic receptors; and positions the
translational machinery **. Also, synaptic plasticity is coupled with actin dynamics inside
dendritic spines that respond to presynaptic input by modulating head morphology ***°.
In relation, LTP induces spine enlargement accompanied by an increase in F-actin level
while LTD is accompanied by depolymerization of F-actin *° (Figure 4).

The importance of actin cytoskeleton proteins in spine formation, morphology
and synaptic function raises the question about the regulatory factors responsible for the
reorganization of actin. The actin dynamics, in turn, are regulated by actin binding
proteins (ABPs). It is believed that disruption of actin dynamics lead to alterations in
spine morphology, maturation and density which correlate with neurological disorders *°.

This points to the central role ABPs play in synaptic function, and the importance of

understanding their function inside the spines.
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Figure 4. Schematic model of dendritic spine plasticity (Illustrations adapted from

Cingolani and Goda. 2008 °’). Synaptic activity-dependent change in spine morphology

depends on actin dynamics.
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2.1.6 Dendritic spine loss in synaptic pathology

As spine morphology and density are closely linked with synaptic function, even
subtle changes in dendritic spines have the potential to significantly affect synaptic
function and connectivity in the brain. In healthy individuals, dendritic spine density is
decreased during normal aging in correlation with cognitive decline **. As disruption in
spine morphology and density leads to aberrant changes in synapse function, dendritic

spine loss is common in many neurological disorders. Neurological disorders such as

10,99 100-102

mental retardation ", schizophrenia and AD are characterized by loss of dendritic

spines and synaptic plasticity, which are reflected in corresponding deterioration of
cognition and information processing '°*'*"+1%%104,

AD is the most prevalent neurodegenerative disease, which in majority of cases,
affect elderly individuals over 65 years of age *'. AD is pathologically characterized by
the presence of senile plaques, neurofibrillary tangles and neuronal loss '®’. In AD,
synaptic dysfunction caused by dendritic spine loss precedes neuronal death *. Indeed,
human studies have shown that the loss of dendritic spine and synapse occurs early and
correlate robustly with cognitive decline whereas other pathological hallmarks including
senile plaques and neurofibrillary tangles do not '°*'”’. Supporting the idea that loss of
dendritic spine is an early event, loss of dendritic spines was also evident early in animal
models of AD before the onset of AB plaque formation '**'%°. Therefore, it would be of
benefit to understand the underlying mechanism that mediates the spine loss in order to

develop both the diagnostic markers of synapse loss and therapeutics against cognitive

decline.
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2.1.7 Actin binding proteins in dendritic spine

Actin is highly enriched in a dendritic spine compared with the parent dendrite.
Although the role of actin cytoskeleton with regards to dendritic spine structure and
function is well recognized, our understanding of the ABPs that regulate actin
reorganization is limited. ABPs cooperatively orchestrate the actin dynamics as each
ABP serves a specific role in polymerizing/depolymerizing, cross-linking, or side-
binding F-actin. Each ABP serves its role via inducing changes in helical structure of
actin filaments and affect binding of other ABPs to the actin ''°.

The function of ABP is closely related to activities of small Rho GTPases such as
Racl, RhoA and Cdc42. Rho GTPases were found to participate in formation, branching
and elimination of dendritic spines ''''". Furthermore, RhoA was found to be required
for LTP-mediated changes in spine morphology whose downstream effector proteins
include LIM-kinase (LIM-K) that directly regulates cofilin ABP by phosphorylation
14115

ABPs such as profilin and gelsolin polymerize and depolymerize actin
respectively. Profilin binds to G-actin and accelerates the exchange of ADP to ATP on
actin, which leads to F-actin polymerization ''*'"”. Gelsolin, on the other hand, is the
most potent actin severing ABP whose role in dendritic spines remains yet to be clarified
%1t is thought that gelsolin increases the amount of G-actin that becomes available for
additional actin polymerization during LTD °*. Cofilin, similar to gelsolin, enhances actin
depolymerization and is regulated during synaptic plasticity to modulate spine

enlargement and shrinkage during LTP and LTD respectively ***!'¥,
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Actin-related proteins 2 and 3 (Arp2/3) is an ABP that leads to actin cross-linking.
Arp2/3 nucleates actin to form actin filaments at fixed angles allowing branched actin
networks to form within dendritic spine ''*'*. Knockdown of Arp2/3 results in loss of
dendritic spines without affecting the density of dendritic filopodia, suggesting the
importance of Arp2/3 for enlargement and maturation of the spines *'*'.

Drebrin is an actin side-binding protein that stabilizes actin filaments and

92,122

promotes actin polymerization . Unlike other ABPs, drebrin is markedly reduced in

the brains of patients with AD and animal models of AD '

as well as people with
Down’s syndrome '°. Therefore drebrin may be the target in AD and AD-related

disorders whose disruption causes disorganization of actin filaments and leads to loss of

dendritic spines.
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Spine head
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Dendritic shaft

Figure 5. Schematic illustration of ABPs and other components of the PSD (not drawn to
scale). Some examples of ABPs that regulate actin dynamics by promoting
polymerization (blue box), depolymerization (green box), cross-linking (Arp2/3) or side-
binding (black box). Other component of the PSD that is noteworthy for the purposes of

this study is PSD-95, a scaffolding protein on which AMPARs and NMDARs dock.
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2.2 Drebrin: More than just a developmentally regulated brain protein
Drebrin, developmentally regulated brain protein, was first discovered in the
optic tectum of chick embryos while studying changes in composition of 54 proteins
using two-dimensional electrophoresis '*. Initially marked as spots 5 (S5), 6 (S6) and 54
(S54), the name drebrin was given due to the changes in the expression pattern during the
course of development from the fourth day of incubation to hatching. Later studies would
identify S5, S6 and S54 as corresponding to different isoforms of drebrin; E1, E2 and A
isoform respectively '**. It would soon be revealed that drebrin is a major ABP involved

in regulating dendritic spine morphology and synaptic pathology.

2.2.1 Isoforms of drebrin and its phylogenetic conservation

Drebrin consists of two major isoforms: embryonic (E) and adult (A) forms
(Figure 6). Each isoform is a product of alternative mRNA splicing from a single gene '*°.
In the chicken, Drebrin E isoform is further classified into E1 and E2 forms. In other

. . . 126,12
species including human, rat and cat 2%’

, a single isoform of E that lacks Ins2, and an A
isoform exist. In chicken, cloning of drebrin cDNA showed amino acid sequence for El
and E2 were identical except for that the El isoform has a 43 amino acid (129-bp)
insertion (Ins 1) in the middle '**. Drebrin A contains an additional 46 amino acid (138-
bp) insertion (Ins 2) upstream of the Ins 1 '*. The Insl and In2 are found on separate
exons '*°. Although Ins 1 and Ins 2 define drebrin E and A isoforms, their function
remains elusive. Both drebrin E and A isoforms do not have membrane spanning domains,
according to hydrophobicity analysis '*°.

Immunohistochemistry and immunoblotting studies found wvariability in the

molecular weights of drebrin between different isoforms and species while their

36



isoelectric points were comparable at 4.5. The apparent molecular weight of drebrin E
and A are considerably greater than the deduced molecular weight due to the acidic
nature of drebrin. For example, the deduced molecular weights of chick drebrin E1, E2
and A are 62.2kDa, 66.6kDa and 71.5kDa respectively. However, the apparent molecular
weight of chicken drebrin E1, E2 and A are 95kDa, 100kDa and 110kDa respectively '*°.
For rat drebrin A, the deduced molecular weight is 77.5kDa while the apparent molecular
weight is 140kDa .

Drebrin E and A isoforms share high homology and are conserved across species
128.129.131-133.126  Nfouse dbnl is located in chromosome 13 "** and rat dbnl is on
chromosome 17. In human, DBNI has been mapped to chromosome 5 '**. The deduced
amino acid sequence of the human drebrin cDNA is 92% identical to the rat and mouse
133 A conservation of 80% was observed for the rat and chicken as well as human in the
amino-terminal half (domain C1, residues 1-361 in rat) that includes the actin binding
domain and two short regions in the carboxyl-terminal region (domain C2, residues 521-
539, and C3, residues 596-653). The phylogenetic conservation for Ins2 is especially high
with 100% among mammals '**. While mouse and rat contains a single transcriptional
start site (TSS), human drebrin gene contains two TSSs separated by approximately 1 kbs
(Figure 12A). The upstream TSS is the predominant TSS that expresses the E and A

. . . .. 132
isoforms via alternative splicing "

. The downstream TSS transcribes the minor transcript
variant with a different 5° untranslated region (UTR) and 5’ coding sequence when

compared with the predominant transcript variant. Specifically, the first 31 amino acids

of the minor transcript variant differ from the first 29 amino acids of the predominant
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transcript variant. However, the functional difference between the two TSSs as well as

the determining factor leading to transcription from either TSSs remains elusive.
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Figure 6. Schematic representation of drebrin isoforms in chicken. Unlike other

mammals, chicken expresses an additional drebrin E isoform, El, without Insl. The

physiological role of Ins1 and Ins2 remains to be elucidated.
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2.2.2 Domain structure of drebrin

Four binding domains exist on drebrin (Figure 7): an N-terminal actin-
depolymerizing factor (ADF) homology domain (amino acid residue 8-134 of rat drebrin
E)"*’, an actin binding domain (amino acid residue 135-355), a proline-rich domain
(amino acid residue 410-419) and C-terminal Homer binding domain '*°. The ADF
homology domain is able to interact with actin, but is not required for the F-actin binding
activity as the N-terminal high-affinity actin binding domains (amino acid residue 233-
355) alone is sufficient to bind and remodel F-actin '**"*”. Most likely, ADF homology
domain acts as a functional building block, which is found in other ABPs including

cofilin '**

. A 43 amino acid sequence (residue 173-227) is responsible for the
submembranous localization of drebrin '**. The proline-rich domain on drebrin is used to
bind profilin, which leads to actin polymerization '*°. Drebrin is also able to interact with
Homer, a postsynaptic scaffold protein that anchors signaling proteins including

glutamate receptor subunits, via its homer binding domain '*°.
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Figure 7. Schematic illustration of drebrin domain structure. ADFH: ADF homology
domain; ABS: Actin binding sequence; PD: Proline-rich domain; Homer: Homer binding

domain
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2.2.3 Temporal regulation of drebrin expression

Expression of drebrin E and A isoforms are spatiotemporally regulated in the
brain which includes the optic tectum of chicken and the occipital cortex of rat '**'%.
Temporally, drebrin E expression predominates during embryonic stages while drebrin A
expression is dominant in the adulthood '*. Immunoblotting and Northern blot analysis
of chick optic tectum revealed that drebrin E expression is increased beginning from
neuroblast migration and final mitosis of neuronal cells. Elevated expression of drebrin E
persists until neurite formation and synaptogenesis. As neurons mature, drebrin A
expression begins to increase while drebrin E expression declines by 80% and remains
low into the adulthood "'. Drebrin A isoform is predominant expressed in mature
neurons for the remainder of life '*. Similar temporal expression of drebrin E and A

126

isoforms was observed in rats . Based on these observations, similar temporal

expression pattern is expected in mouse and human where in adults, drebrin A expression

is high while drebrin E expression remains low '*'.

2.2.4 Spatial regulation of drebrin

Drebrin expression is regulated spatially at cellular and subcellular level.
Immunohistochemical analysis of rat brains showed drebrin immunoreactivity in the gray
matter °>. Approximately 75% of the cerebral cortex in rat is immunolabelled for drebrin
E and A '*. Drebrin E is expressed throughout the adult brain at low levels, with the
exception of olfactory bulb where it is abundantly expressed '*°. Drebrin A is highly
expressed when compared with drebrin E in the forebrain where spine plasticity is high,

but it is expressed at lower levels in other regions that have less plasticity °>. Strong
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drebrin A expression was observed in the cerebral cortex and hippocampus, but minimal
expression was observed in cerebellar cortex, pons, medulla and spinal cord.
During development, drebrin E is observed in neuronal cell bodies as well as

developing axons and dendrites '**

. However, in adulthood, drebrin E is localized mainly
to neuronal cell bodies. Drebrin A, on the other hand, specifically localizes to the
postsynaptic dendritic spines. In support, transfection of mature cultured neurons with

drebrin A showed spontaneous accumulation of drebrin A in dendritic spines '*>. These

data indicate both cellular and subcellular specificity of drebrin E and A.

2.2.5 Drebrin-actin interaction

Drebrin is an actin side-binding protein that provides F-actin stability and
promote polymerization by interacting with profilin and o-actinin. The precise
mechanism by which drebrin interact with actin is unknown. However, the association
between drebrin and actin has been found in vitro in neuroblastoma and primary neurons
'3 Furthermore, drebrin and actin were found to be bound in vivo in dendritic spines
using immunoelectron microscopy *°

Drebrin does not bind G-actin. Drebrin binds F-actin at the molar ratio of 5 actin:
1 drebrin with a dissociation constant (Kg) of 1.2x10"M, thus making drebrin a strong

144
. In

competitors to other ABPs that share the actin binding site such as tropomyosin
order to bind to actin, drebrin utilizes its ABS in the N-terminal half of the protein, which

contains a coiled-coil domain and a helical domain that can independently bind F-actin

137
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Drebrin binds and stabilizes F-actin by interacting with myosin and prevents
actomyosin from interacting with F-actin, which results in inhibition of spine retraction
122 Furthermore, drebrin stabilizes F-actin by inhibiting cofilin, an actin severing protein,
from binding to F-actin '**. Drebrin-bound actin is resistant to the actin depolymerizing
agent Cytochalasin D that blocks actin filament elongation '**'*". However, drebrin-

bound actin becomes vulnerable to another actin-destabilizing ABP, gelsolin '**. I

n
addition to providing stability, drebrin can bind to actin to change kinky F-actin
configuration to straight filaments '**'*®. Drebrin was also shown to have actin bundling

activity *’. These data indicate the various roles drebrin plays in actin reorganization and

stability within dendritic spines.

2.2.6 Drebrin in dendritic spines

Drebrin plays a pivotal role in dendritic spine formation, maturation and
morphology. Drebrin expression is increased in parallel with neurite outgrowth and is
found in the basal region of growth cones of differentiating human neuroblastoma cells
(SH-SY5Y) and rat pheochromocytoma (PC12) cells "**'*°. In developing hippocampal
neurons, drebrin localizes to filopodia that becomes the spines ''. Drebrin was shown to
be required for clustering of F-actin to these filopodia as antisense oligonucleotides
against drebrin led to decrease in the density of the filopodia. Filopodia containing
drebrin co-localized with the presynaptic vesicle protein, synapsin I, whereas filopodia
devoid of drebrin did not. Thus, drebrin appears to be precursor of postsynaptic structure

that leads to synapse formation.
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Drebrin is also required for recruitment of PSD constituents during spine
maturation. Drebrin recruits PSD-95, the major glutamate receptor scaffolding
component of the PSD, to the spines (refer to Figure 5) ''. Drebrin also is required for
glutamate receptor function as drebrin co-localizes with AMPAR GluR1 and GluR2
SLI92 - Furthermore, homeostatic accumulation of a glutamate receptor, NMDARSs, at
synapse requires drebrin A where NR2A subunit of NMDARSs is prominent in drebrin-
immunopositive spines *. Downregulation of drebrin led to decreases in glutamatergic
synaptic activity '>°.

As an ABP, drebrin provides stability to dendritic spines. Drebrin is required to
maintain the width of dendritic spines where the inhibition of drebrin led to decrease in
spine width. When drebrin is overexpressed, it led to spine elongation and enlarged
megapodia formation in mature neurons '** and immature neurons ° respectively. Thus,
drebrin stabilizes F-actin by facilitating actin polymerization. In addition, drebrin
increases the spine density via its interaction with a transcriptional co-activator spikar
that directly mediates the increase in spine density '>*. Consequently, inhibition of drebrin
by antisense oligonucleotide leads to a decrease in the spine density, which is also
evident in a drebrin knockout model ®'**. Drebrin also utilizes its proline-rich c-terminus
to bind to Homer, which is a postsynaptic scaffold protein used to link signaling proteins
such as Shank and Cdc42, and facilitate the growth of dendritic spines '**'°*'%°_ Overall,

drebrin is an essential ABP for dendritic spine function whose absence would lead to

disruption of spine formation, maturation and morphology.

45



2.2.7 Drebrin in synaptic plasticity and brain function
Drebrin expression correlates with synaptic plasticity. Increases in drebrin
expression correlates with the sensitive period of the visual cortex where cortical

161,162
h6,6

plasticity is hig . Furthermore, drebrin expression remains elevated in brain regions

*!. Drebrin was shown to regulate dendritic

that undergo life-long synaptic plasticity '
spine plasticity and synapse function by increasing the spine density '>>. This, in turn,
increases glutamatergic transmission in the form of increased frequency and amplitude of
miniature excitatory postsynaptic currents (mEPSCs) in hippocampal neurons. Therefore,
drebrin is able to modulate synaptic plasticity by regulating the actin dynamics inside
dendritic spines.

Drebrin is functionally implicated in memory, learning and cognition.
Knockdown of drebrin A in whole rat brain causes deficits in memory formation,

1 .. .
63 Similar memory deficits are observed

sensorimotor gating and cognitive function
when drebrin is depleted, which is thought to occur partly due to reduced levels of
dopamine receptor D1 and D2 that is known to facilitate the formation of dendritic spines

155,164-167

and is a regulator of memory formation and maintenance Furthermore,

electrophysiological study demonstrated hippocampal slices from drebrin KO mouse
having inhibited memory-related high-frequency-induced synaptic strengthening '>°.

These data indicate the necessity of drebrin in higher brain function and propose a

possible mechanism by which drebrin loss leads to cognitive deficits in brain disorders.

2.2.8 Loss of drebrin during synaptic pathology
Gradual decline of drebrin E and A in concordance with the decrease in spine

density occurs during normal aging'’. Even greater and marked loss of drebrin is
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observed in AD and AD-related disorders where dendritic spines are lost with disease
. 10,12-14,168-170 . . . .
progression . In humans, drebrin was found to be significantly decreased in
the frontal cortex and temporal cortex upon the analysis of postmortem human frontal
cortex, temporal cortex and cerebellum of patients with AD and Down syndrome '°.
When quantified, greater than 80% of drebrin protein was found to be lost in the
hippocampus and cerebral cortex of AD patients °. In AD, postsynaptic sites degenerate
more extensively than presynaptic ones where greater loss of drebrin occurs compared to

12

the presynaptic synaptophysin ~. Furthermore, loss of drebrin occurs early in the

pathogenesis of AD that the loss is observed in mild cognitive impairment (MCI), which

precedes AD !

. According to ante mortem analysis using the Mini-Mental State
Examination in combination with postmortem brain analysis, drebrin loss also correlates
with progression of cognitive impairment '*.

Loss of drebrin is also observed in the animal models of AD where drebrin is
linked to AD pathogenesis '>'*. In old 16-18-mo Tg2576 transgenic mouse, 50% drebrin
loss is observed in parallel with AR accumulation while the presynaptic synaptophysin
remains stable '°. Thus, the postsynaptic protein drebrin may be a more sensitive marker
of synapse loss than the presynaptic protein synaptophysin. Similarly, APPN""N'/pg.
1P264LP26AL - double-knockin (2xKI) mouse shows loss of drebrin-containing spines and

16172 " Also, 2-mo

AMPAR activity in the CA1 region of hippocampus at 6 months of age
presenilin conditional double knockout (PScDKO) mouse show loss of both synaptic and

nonsynaptic drebrin A '”. Therefore, drebrin appears to be a pathological target that is

affected early and progressively in the pathogenesis of AD. Additionally, these data
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suggest drebrin loss results in loss of functional dendritic spines that may be implicated in

cognitive decline.

2.2.9 Regulation of drebrin

Despite the significance of drebrin loss in neurological disorders, the regulatory
factors controlling drebrin expression and information regarding drebrin promoter are
unexplored. Thus, the mechanism of drebrin loss in AD and related disorders also
remains to be found. There are two transcription factors (TFs) known to bind to drebrin
promoter to regulate its expression, NXF and Sim2. NXF and Sim2 belong to the basic
helix-loop-helix-Per-Arnt-Sim (bHLH-PAS) protein family that is known to be related to
Down’s syndrome pathology '"*. Sim2, especially, is expressed abundantly in Down’s
syndrome due to the Sim?2 locus trisomic state ' "°. NXF and Sim2 both form heterodimers
with the Arnt subclass of bHLH-PAS factors and compete with each other to bind to
multiple binding sites on drebrin promoter and regulate drebrin gene expression as NXF-
Arnt2 and Sim2-Arnt2. NXF activates drebrin promoter according to reporter gene assays
with luciferase reporter construct, DNA array technology and ChiP assay. Sim2, on the
other hand, represses drebrin transcription according to reporter gene assays. Excessive
Sim2 in Down’s syndrome is thought to downregulate drebrin, although functional

176

studies are required to assess whether this is the case In AD, however, linear

regression analysis demonstrated weak positive correlation between Sim2 and drebrin '**.

Also no significant change in Sim2 was found between AD and control patients '’
Therefore Sim2-mediated regulation of drebrin appears specific to Down’s syndrome.

These data suggest that the regulatory factor responsible for drebrin loss in AD and

related disorders remains to be determined.
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At the posttranslational level, drebrin was found to be regulated in several ways.
First, drebrin is a substrate of proteases such as caspase-6 induced during AD '7*'”. In
support, close association of caspase-6 accumulation and loss of drebrin was found in
animal models of AD '>'®. Furthermore, drebrin is also degraded by calpain, a protrease
which is activated in response to glutamatergic NMDAR activation '*'. Excitotoxicity
due to the overactivation of NMDARs was found to induce neuronal death in

182-184

neurodegeneration . The NMDA-induced excitotoxicity induces calpain activity and

lead to degradation of drebrin in primary neurons and an in vivo experimental model of

181

cerebral ischemia Additionally, decreases in drebrin clusters in response to

application of amyloid beta (AP) oligomers, which is the protein thought to be
responsible for AD pathology, was found to be mediated by histone deacetylase '*’.
However, since loss of drebrin mRNA and protein is observed in AD, translation alone
does not sufficiently explain the loss of drebrin. Therefore, the severity of drebrin loss

and its detrimental effect on dendritic spines prompted us to study drebrin regulation in

relation to AD.
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2.3 Early growth response-1

Synaptic rearrangements induced by all cellular events including growth, memory
formation and consolidation, learning, stress as well as pathological stimuli including
neurodegeneration and cell death require changes in gene expression and de novo protein
synthesis '*'*°. Egr-1 is induced rapidly in response to synaptic activity. By doing so,
Egr-1 connects the cell surface events to the orchestrated and persistent changes in gene
expression, thereby altering neuronal function '*'"'**. Egr-1 regulates genes involved in

2194195 - Therefore,

cellular events including brain injury, ischemia and AD
understanding the underlying molecular and biochemical mechanisms of Egr-1-mediated

regulation in brain is a crucial in order to comprehend the synaptic modification that

occurs during normal cellular process and pathology.

2.3.1 Egr-1: A gene with many names

Egr-1 constitutes a member of immediate early genes (IEGs)-encoded
transcription factor. Egr-1 belongs to the Egr family of proteins that comprise of five
members: Egr-1, Egr-2, Egr-3, Egr-4 and WT-1 (the product of the Wilms’ tumour gene)
» Egr-1 was first discovered as a nerve growth factor (NGF)-induced factor in NGF-
treated PC12 cells '*°. The term Egr-1 is synonymous with Krox-24, NGF1-A, TIS8 and
Zenk due to its discovery in five independent discoveries.

Egr-1 protein is comprised of functionally independent domains (Figure 8) """
The N-terminal region contains a strong activation domain with serine and threonine
motif and corresponds to the activator domain, while the C-terminal region contains weak

activation domain with proline, serine and threonine motif. Egr-1 activator domain is

required for Egr-1 to regulate target gene expression -*’. Additionally, Egr-1 has a
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repressor domain where Egr-1-mediated actions can be regulated. For repression, nuclear
co-repressors called NGFI-A binding proteins (NABs) bind to the repressor domain and

suppress transcriptional activity of Egr-1 2!

. The DNA binding domain consists of three
Cys2His2 zinc finger protein motifs, which are structured as antiparallel beta-pleated
sheets followed by alpha helix *°**®. Egr-1 also has a bipartite nuclear localization
sequence (NLS) located near and within the DNA binding domain ****%°. Thus, Egr-1 is

able to translocate from the cytoplasm into the nucleus to function as a TF by binding to

its target DNA sequences.
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Figure 8. Schematic illustration of Egr-1 domain structure
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2.3.2 Egr-1 expression in the brain

Egr-1 is present as a single-copy gene and it is conserved between species *°°.
Depending on the initiation sequence, either a 82 or 88kDa protein is produced *°’. Egr-1
is highly expressed in the brain and shows regional differences *****. The basal
expression of Egr-1 is high in the cerebral cortex, primary olfactory structures,
hippocampus, amygdala and striatum. In the hippocampus it is most highly expressed in
CA1 and followed by CA2 to CA4 with negligible level in the dentate gyrus *. Egr-1
protein is not detected in white matter *'°. Therefore, Egr-1 is expressed highly in regions
that display continuous and high levels of synaptic plasticity similar to drebrin.

Initially, Egr-1 expression is absent in the embryo, but begins to increase post-
natally and into adulthood. Egr-1 expression reflects neuronal activity. Egr-1 expression
was found to correlate with c-Fos induction, which is expressed in parallel with neuronal

211,212

firing of action potentials . The induced expression of Egr-1 mRNA and protein are

tightly linked with dopamine D1 receptor and glutamatergic AMPA and NMDA

213,214

receptors , suggesting Egr-1’s involvement in synaptic activity.

2.3.3 Egr-1 as a transcription factor

Egr-1, as a member of IEG, is thought to constitute the initial step in
transcriptional regulation by binding to its target promoters *'>. Egr-1 uses its three zinc
finger protein motifs that recognize and bind to a GC-rich 9 base pair EREs
(GCG(G/T)GGGCG) on the promoters of its target genes ***”. However, non-consensus
EREs also exist in CpG islands, which are regions of DNA that have cytosine nucleotide

and guanine nucleotide in linear sequence near the transcription start site (TSS) .
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Therefore, Egr-1 is able to regulate the transcription of a wide range of genes by binding
to a 9 base pair GC-rich sequences.

In the brain, Egr-1 is induced during normal physiological process such as
synaptic plasticity as well as during pathological process such as AD. Egr-1 can either
induce or repress expression of its target genes >°. Interestingly, Egr-1 was found to

downregulate the majority of its target genes in the brain .

Despite a large number of
genes already being identified as the targets of Egr-1 in various cells and tissues, only a
few genes are known to be targets of Egr-1 in neurons. Specifically, Egr-1 was found to

6

regulate the expression of synapsin I *'°, acetylcholinesterase *'/, Arc/ARg3.1 *'* and

GABA, receptor subunits 02, o4 and 6 *"

using either in vitro assays or in vivo ChIP
and Egr-1 overexpression experiments. According to high-density microarrays using
PC12 neuronal cell line, Egr-1 overexpression alters the expression of signaling
molecules, synaptic proteins, proteasome-related proteins, metabolic proteins,
transcription factors and vesicle trafficking protein . When NMDARs were stimulated
in rat hippocampal neurons to create a model of synaptic plasticity, Egr-1 was further
found to downregulate genes that are involved in synaptic plasticity including the
amyloid pathology-related protein cystatin C and the vesicular Ca®" sensor protein
synaptotagmin *°. In response to Egr-1 overexpression, one of the Egr-1 target genes

identified was drebrin where 23% downward change was observed ». Therefore, Egr-1

may downregulate drebrin under pathological conditions.

2.3.4 Induction of Egr-1 expression
Egr-1 expression is regulated and maintained by synaptic plasticity as it can be

induced via NMDARs, AMPARs and dopamine D; receptors. The expression of Egr-1

54



mRNA and protein correlate closely with activation of NMDARS. /n vivo administration
of NMDA was shown to elevate Egr-1 level dose-dependently in the rat brain including
cerebral cortex and hippocampus **. Inhibition of NMDAR by antagonists abolished
basal and visual input-induced mRNA and protein expression of Egr-1 *"°. Similar effects

221 Furthermore, activity of

were also observed in the cortex, hippocampus and striatum
AMPARs was shown to be implicated in regulation of Egr-1 in the sensorimotor cortex

14 Other studies additionally linked Egr-1 expression with L-type voltage-sensitive

222 223,224

calcium channels ~“ and dopamine D; receptor activation in response to dopamine
Furthermore, inhibition of y-amino butyric acid (GABA) receptor, a major inhibitory
receptor, induced Egr-1 expression in the hippocampus and cerebral cortex **°. Therefore,

Egr-1 is induced in response to activation of glutamatergic receptors that are involved in

synaptic plasticity.

2.3.5 Egr-1 in synaptic plasticity and higher brain function

Under physiological conditions, Egr-1 is required for maintenance of
hippocampal LTP and the consolidation of several forms of memories *****’.
Hippocampal LTP is temporally comprised of: induction phase that requires elevation in
postsynaptic Ca>"; early maintenance phase that requires protein kinases; late phase that

228232 Eor-1 mRNA is transiently

requires gene transcription and protein synthesis
upregulated in response to LTP-inducing stimulation after ten minutes to two hours in the
dentate gyrus of hippocampus *****°. Therefore Egr-1 is not involved in the immediate
phase following LTP induction, but is involved in the transition from LTP induction to

protein synthesis-dependent late phase **°. Furthermore, targeted inactivation of Egr-1 in

mice led to the absence of late phase LTP in the dentate gyrus, a brain region where basal
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expression of Egr-1 remains low but is induced in response to LTP, suggesting Egr-1-
mediated synthesis of downstream effector proteins is necessary **°. Consistent with this
idea, Egr-1 gain-of-function in mice enhanced LTP in the dentate gyrus and increased the
expression of downstream effector genes synapsin Il and the proteasome 20S [-subunit
PSMB9 **'.

Synaptic plasticity including LTP and LTD is presumed to form the neural basis
for learning and memory formation. Consequently, Egr-1 expression has been implicated
in learning and memory formation. In support, Egr-1 induction was observed following
exposure to a learning paradigm in the hippocampus and the inferior gyrus of rats and
monkeys, respectively >*">**. In Egr-1 deficient mice, deficits in hippocampal-dependent
spatial learning and long-term memory was observed when the mice were tested using
the open-field water maze, conditioned taste aversion and novel object recognition **°.
Egr-1 inactivation did not affect short-term memory, as expected. Furthermore, Egr-1
deficient mice showed impairment in forming stable hippocampal place cell
representations when exposed to novel environment **. On the other hand, Egr-1 gain-of-
function in mice increased the resistance to extinction of conditioned taste aversion
suggesting a stronger memory formation >*’. In line with this, Egr-1 gain-of-function also
led to increased capacity to form a long-term spatial memory, which was assessed by the
novel object recognition test *’. These data indicate the importance of Egr-1 in learning
and memory formation under physiological conditions. However, the role of Egr-1 in

brain pathologies remains to be determined.
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2.3.6 Egr-1 in pathology
Egr-1 is involved in various pathologies of the brain although its role remains
largely elusive. Egr-1 is increased in response to focal brain injury induced by

241

intracerebral saline injection ~. Also, Egr-1 mRNA is observed in the cerebral cortex

. . . . . 242
upon induction of transient focal ischemia

. The degree of Egr-1 induction correlates
with the severity of unilateral hypoxia-ischemia, which produces seizures and infarctions
in severe cases **.

Interestingly, studies indicate an involvement for Egr-1 in neurodegenerative

i o . . 27,281
diseases, such as AD, where loss of dendritic spines is prevalent "%,

Egr-1 was
identified as significantly upregulated, and correlated with the progression of the disease,
in a microarray analysis of hippocampal genes from AD patients **. Furthermore, Egr-1
mRNA was elevated by 4-fold in degenerating hippocampal pyramidal neurons of AD
brain »’. Significantly, increased Egr-1 protein level was found in both temporal cortex
and hippocampus of AD brain'®’. Therefore, Egr-1 appears to be chronically upregulated
as AD progresses in brain regions that normally display high synaptic plasticity. This

raises the need to examine the role chronically upregulated Egr-1 plays in AD and related

pathologies.
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2.4 Specific Aims and Goals
Based on these data, we hypothesized the following:
1) Egr-1 binds to drebrin promoter to regulate drebrin expression
2) Egr-1 negatively regulate drebrin expression
3) Egr-1 upregulation leads to decrease in drebrin mRNA and protein levels
4) Egr-1-mediated loss of drebrin correlates with decrease in dendritic spine density

Based on our hypotheses, the objectives of the thesis were:

Aim L. Identify Egr-1 response elements on drebrin promoter.
Egr-1 transcription factor regulates target gene expression by binding to GC-rich
Egr-1 response elements (EREs) on the target’s promoter. We hypothesize Egr-1

regulates drebrin transcriptionally by binding to EREs present on drebrin promoter.

Aim II. Examine Egr-1-mediated regulation of drebrin in vitro and in vivo.

Drebrin is lost in brain disorders with synaptic pathology including AD '°. On the
contrary, Egr-1 was found to be upregulated in AD **®. We hypothesize Egr-1
upregulation leads to loss of drebrin. Consistent with this hypothesis, Egr-1 deficit may

results in increased drebrin expression.

Aim III. Examine Egr-1-mediated changes in dendritic spines in vitro and in vivo.

We hypothesize Egr-1-mediated loss of drebrin leads to loss of dendritic spine

density. The Egr-1-mediated loss of spine density may result in loss of putative synaptic
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contacts. Consistent with this hypothesis, Egr-1 deficit would lead to increased drebrin

expression, which would be reflected in increased spine density.
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Chapter 3. Materials and Methods

3.1 Antibodies

The following antibodies were used as primary antibodies: mouse monoclonal
anti-drebrin  (1:1,000 — 1,500 for both immunoblotting and immunofluorescence)
(Abcam), rabbit polyclonal anti-drebrin (1:1,000 — 1,500 for both immunoblotting and
immunofluorescence) (Abcam), rabbit monoclonal anti-PSD-95 (1:1,000 for
immunoblotting and 1:250 for immunofluorescence) (Cell Signaling Inc.), mouse
monoclonal anti-GAPDH (1:30,000) (Milipore), rabbit polyclonal anti-Egr-1 (1:1,000 for
immunoblotting and 1:250 for immunofluorescence) (Santa Cruz), mouse monoclonal
anti-vGluT1 (1:1,000 for immunoblotting and 1:150 for immunofluorescence)
(NeuroMab), mouse monoclonal anti-Myc tag (1:1,000 for immunoblotting) (Cell
Signaling Inc.), rabbit polyclonal anti-tubulin (1:1,000 — 3,000) (Sigma-Aldrich), mouse
monoclonal anti-B-actin  (1:2,500) (Sigma-Aldrich), mouse monoclonal anti-
synaptophysin (1:1,000) (Sigma-Aldrich), rabbit polyclonal anti-cofilin (1:1,000)
(Abcam), rabbit polyclonal anti-GluA1 (1:2,000) (Millipore), and rabbit polyclonal anti-
profilin 1 (1:1,000) (Abcam) antibodies. For immunoblotting, horseradish peroxidase-
conjugated goat anti-mouse IgG (Promega) and anti-rabbit IgG antibodies were used
(1:2,500). For immunocytochemistry, the following goat anti-mouse or anti-rabbit IgG
(H+L) secondary antibodies with following flurophores were used: Alexa Fluor® 488,
555, 594 and 647 (1:250) (ThermoFisher Scientific). Acti-stain 488 phalloidin (1:300)

(Cytoskeleton) was used to stain F-actin.
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3.2 Mouse strains

All procedures were approved by the Lady Davis Institute/Jewish General
Hospital Animal Care Committee and were performed according to the guidelines of the
Canadian Council on Animal Care. All mice were kept under a normal 12h light/dark
cycle, and had access to food and water ad libitum. For experiments, mice were

anesthetized using isofluorane before euthanasia with CO,.

3.2.1 Triple transgenic model of AD (3xTg-AD)

3xTg-AD mice (obtained from Jackson laboratory #004807) that were 3-, 9- and
15-mo were used for the study. Generation of 3xTg-AD mouse was described previously
** Briefly, these mice express the Thyl.2 expression cassette containing human APP
(695 isoform) with Swedish double mutation (KM670/671NL) and human four-repeat tau
with P301L mutation was co-microinjected into the pronuclei of single-cell embryos
harvested from homozygous PSlmisev knockin mouse. 3xTg-AD mouse develop both
neurofibrillary tangles and amyloid plaques with age similar to AD in correlation with

.. . 24 . . . .
cognitive and behavioural changes ***. Nontransgenic control mice with same genetic

background (a hybrid 129/C57BL6) were used.

3.2.2 Egr-1 knockout (-/-) mouse

For the study, 12-mo Egr-1 -/-, +/- and +/+ mouse with C57BL6 background were
used **°. The originating parental Egr-1 -/- mice were a gift from Dr.Jeffrey Milbrandt
(University of St.Louis). In brief, LacZ-neomycin cassette was integrated into Ndel
restriction site upstream of the first zinc finger of Egr-1 under the control the murine

phosphoglycerate kinase-1 (Figure 9A). As a result, Egr-1 gene was rendered non-
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functional. The Egr-1 -/- females are infertile due to the loss of Egr-1-mediated
expression of luteinizing hormone (LH) in the gonadotropin-releasing hormone (GnRH)-
LH axis **’. Therefore, Egr-1 -/- mice were generated by mating Egr-1 -/- males with
Egr-1 +/- females. Egr-1 -/- mice were genotyped by PCR using the following gene-
specific primers ***: ne0-929 (5’-CTCGTGCTTTACGGTATCGC-3"), Egr-1 - 1263 (5°-
AACCGGCCCAGCAAGACACC-3) and Egr-1 - 1677 (5°-
GGGCACAGGGGATGGGAATG-3’). Egr-1 -/- yielded a 520bp DNA fragment from
neo-929 + Egr-1 — 1677 primers while no DNA fragment was amplified using the Egr-1 —
1263 + Egr-1 — 1677 primers (Figure 9B). Conversely, the Egr-1 +/+ mouse yielded a
414bp DNA fragment from Egr-1 — 1263 + Egr-1 — 1677 primers while no DNA
fragment was amplified from neo-929 + Egr-1 — 1677. For Egr-1 +/-, both 520bp and
414bp DNA fragments were amplified. Cyclophilin, a housekeeping gene, was used as a

PCR control.
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Figure 9. Egr-1 -/- mouse. A, Neomycin cassette (neo) was inserted upstream of the first

zinc finger. B, Egr-1 -/- mouse was identified by the presence of cyclophilin band (Lane
1) and neomycin band (Lane 2) but not Egr-1 band (Lane 3). Egr-1 +/- mouse expressed

all three bands while Egr-1 +/+ mouse did not have the neomycin band.
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3.2.3 Egr-1 transgenic (Tg) mouse

Egr-1 overexpressing transgenic (Tg) mice were generated. Here, Egr-1 Tg mice
were created using the tetracycline (tet)-off system to complement the Egr-1 -/- mouse
model. The tet-off system allows control of target gene expression spatiotemporally
(Figure 16A).

Human Egr-1 ¢cDNA was cloned and inserted into the vector pBI (Clontech
Laboratories). The transgene construct was microinjected into fertilized eggs of C57BL6
and surgically transferred to recipients by IRIC Transgenic Core Facility (University of
Montreal, Montreal, QC). By screening genomic DNA from tail biopsies for the presence
of the transgene using PCR, potential six founder (Fy) mice were identified. Fy mice were
crossbred with transgenic mice expressing the tetracycline-controlled transactivator
protein (tTA) that are under the control of the forebrain specific calcium/calmodulin-
depdent protein kinase Iloo (CamKlIla) promoter (Jackson Laboratory). The camKIlo
promoter specifies Egr-1 upregulation to be localized to the forebrain including
hippocampus, prefrontal cortex and striatum. As a result, offspring containing both the
CamKlIlo-driven Egr-1 and tTA, here called Egr-1 Tg mice, was generated. F; offspring
were genotyped by PCR and analyzed with immunoblotting. Egr-1 Tg mice showed
normal fertility.

The Egr-1 upregulation in Egr-1 Tg mice can also be temporally controlled by
oral administration of doxycycline (Dox), a tetracycline derivative. Therefore, dox
suppresses Egr-1 expression and prevents the binding of tTA, a fusion protein composed
of the Tet repressor and the activation domain of herpes simplex virus protein VP16, to

the Tet operator. Only the Egr-1 Tg mice expressed both Egr-1 and tTA, allowing
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spatiotemporal expression of Egr-1 in the forebrain. Taken together, the CamKIla-driven
and tTA-regulated expression of Egr-1 was induced in the forebrain upon removal of dox
from their diet. For our experiments, Egr-1 upregulation was induced by withdrawing dox
from the diet at 2-mo and 15-mo. Egr-1 Tg mice were analyzed after 3 months of Egr-1
upregulation. Littermates that were single positive for either Egr-1 or tTA were used as

the control.

3.3 Cell culture

All cells were maintained at 37°C in a 95% humidified incubator with 5% CO,.
The human neuroblastoma cell line clone from the SK-N-Be(2) neuroblastoma cell line
known as M17 cells (Sigma-Aldrich) were maintained in a 1:1 mixture of Minimum
Essential Medium (MEM) and F12 medium containing 10% fetal bovine serum (Life
Technologies) and 1% (v/v) penicillin/streptomycin (Life Technologies). Human
Embryonic kidney 293 (HEK293) cells as well as the monkey kidney tissue-derived cos-
7 (CV-1 in Origin with SV40 genes) cell line were maintained in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and 1% (v/v)
penicillin/streptomycin (Life Technologies). To passage the cells, the cells were rinsed
with warm phosphate buffered saline (PBS) (Life Technologies) and incubated with
0.05% trypsin-EDTA for 3-5 min. The cell suspension was then centrifuged at 1000 to

1500rpm for 5 min, and re-suspended in appropriate media and seeded accordingly.

3.4 Primary hippocampal neuron culture
Primary hippocampal cultures were prepared according to previously described

methods with minor modifications ***. Briefly, hippocampi were dissected from postnatal
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day 0 Spraque Dawley rats, dissocated by 1% papain treatment and sequentially titurated
using Pasteur pipettes. The neurons were plated on either poly-L-lysine-coated coverslips
or 6-well plates in Neurobasal-A medium (Life Technologies) supplemented with 2% B-
27, 0.2% GlutaMAX-1 and 1% penicillin-streptomycin (Life Technologies). 3-4x10°
cells were plated per well of a 24-well plate for immunocytochemistry and 5-6x10° cells
were plated per well of a 6-well plate for immunoblot and qRT-PCR. After neurons
attached onto the coverslips, the coverslips were transferred into a plate containing a
hippocampal astrocyte feeder layer maintained in the same media as described above.
3uM Cytosine B-D-arabinofuranoside (Sigma-Aldrich) was added to the cultures 4 days

after plating to inhibit glial proliferation.

3.5 Lentiviral vector production and administration
Lentiviral transduction was used to upregulate Egr-1 in hippocampal neurons as
lentiviral vectors can transduce non-dividing neurons, express transgene for long-term

. s 2 251
studies and have low toxicity ****°

. Here, human Egr-1 cDNA (Origene) with a myc tag
added to the C-terminus was subcloned into the bicistronic lentiviral expression vector
pLVX-IRES-ZsGreenl using Lenti-X'™ HTX Packaging system (Clontech Laboratories
Inc.) (Figure 10). A lentivirus expressing ZsGreenl (Ln-vector) was created as a control.
To calculate the titer, HEK293 cells were transduced with different dilutions of either
Egr-1 lentivirus (Ln-Egr-1) or Ln-vector with 8ug/ml polybrene (Sigma-Aldrich). 72hr
post transduction, HEK293 cells were collected and fixed with 2% paraformaldehyde
(PFA) (Bioshop). The titre was calculated by quantitating the percentage of GFP-positive

population identified using flow cytometry. Titers for Ln-Egr-1 and Ln-vector ranged

from 1x10 to 3x10® TU/ml and 1x10 to 2x10° TU/ml, respectively. Primary neurons were
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infected on the day of plating with multiplicity of infection (MOI) ranging from 5 to 25.
Purified lentivirus was added directly into the wells and medium was replaced with

conditioned medium after 12 to 24hr of incubation.
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Figure 10. (adapted from Clontech) pLVX-IRES-ZsGreenl vector map with multiple

cloning site (MCS). Myc-tagged Egr-1 was inserted using EcoR1 and Xbal restriction

enzymes into the MCS.
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3.6 Luciferase promoter assay
3.6.1 Drebrin-luciferase constructs

The human drebrin promoter region from -624bp to +1386bp relative to the
predominant transcriptional start site was synthesized (GenScript) and subcloned into the
pGL4.23[luc2/minP] vector (Promega) using Kpnl and Sacl restriction sites in MCS
(Figure 11,12A) using the following primers: forward, 5’-
ATAGGTACCAGCAACTGGGGTGGATTTGAG-3’, reverse; 5’-
TATCTCGAGAGCTTGTCTCTCGCGTCC-3". The various 5° deletion constructs were
created as Kpnl-Sacl fragments (Figure 11) using the following forward primers: -347
construct; 5’-ATAGGTACCCGGACGGGGCAGGTGAGGGTT-3’, -2 construct; 5°-
ATAGGTACCGCATGGCCGGCGTCAGCTTCA-3’, +454 construct; 5°-
ATAGGTACCCGCCACCTTCGAGCGGGCGAG-3’, +1052 construct; 5’-
ATAGGTACCGGAAACCGAGGGGTTCCTCAC-3’. The same reverse primer used for

the full length construct was used for the deletion constructs.
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Figure 11. (adapted from Promega) pGL4.23 [luc2/minP] vector map. A fragment of

drebrin promoter was inserted into pGL4.23 luciferase vector using Kpnl and Sacl

restriction enzyme sites into the MCS.
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3.6.2 Transient transfection and luciferase assays

Cos-7, HEK293 and primary hippocampal neurons were transfected using
Lipofectamine 2000 (Life Technologies) at 70% confluency in 12-well plates. Cells were
transfected with 200ng of pCMV6-XL5-Egr-1 (Egr-1 plasmid), 100ng of either pGL4.23-
Dbn (or deletion constructs) or pGL4.23-vector, and 5Sng of Renilla control plasmid pRL-
CMV  (Promega). 24hr after transfection, luciferase and Renilla expression was
measured using Dual-Luciferase® Reporter Assay System (Promega) according to a

manufacturer’s instructions using GloMax® 20/20 luminometer (Promega).

3.7 Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed using EZ-Magna ChIP™
(Millipore), according to the manufacturer’s instructions. Briefly, M17 cells were
transfected with pCMV6-XL5-Egr-1 for 48hr prior to cross-linking with 1%
formaldehyde. Cells were washed twice with phosphate-buffered saline, incubated in cell
lysis buffer for 15min, and sonicated in nuclear lysis buffer to an average chromatin
length of 500bp. Sheared cross-linked chromatin was then subjected to
immunoprecipitation for 16hr at 4°C using anti-Egr-1 antibody (Santa Cruz
Biotechnology). Normal rabbit IgG was added as a negative control for the
immunoprecipitation. Immunoprecipitated DNA fragments were amplified and
quantitated by real-time PCR with PCR primers specific to the human drebrin promoter
or a distant region on chromosome 5. Primer optimization was performed using standard
curves and the following primer sets with a slope between -3.1 and -3.4 were used: 5’-
AAGGGGCAATCTGTGTGTGTGCT-3" and 5’-GGTTTTAGGGCTGAGGGGAGGC-

3’ for the region -2851 ~ -2736 from the transcription start site on drebrin promoter, 5’-
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TCCCTCCATGGCTCTCCCCA-3’ and 5’-GCACCCAGGCAGGGACACAG-3’ (-1586

l

-1450), 5’-GGGTGGGGTGTTGTGTGAGCTG-3’ and 5’-
TGGTGCGTCCCACCTCATGTT-3’ (-529 ~ -465), 5’-
CTGGAGCTGCTGGCGGCTTA-3’ and 5’-CCAGTCGGCCGCGCTCT-3’ (+27 ~ +84),
and 5’-AGGGTGACCATCGGGATGAGGAG-3’ and 5’-
TGGGCCAGGCAAGCTGAGATAG-3’ for 123bp region on chromosome 5 where no

known ERE was found in the proximity of 500bp.

3.8 Immunoblotting

Primary neurons or brain tissue were lysed in RIPA buffer composed of 10mM
Tris at pH7.2, 150mM NaCl, SmM EDTA, 0.1% Triton X-100, 0.1% SDS, 1%
deoxycholate, protease inhibitor cocktail and PhosSTOP (Roche) and solubilized in
sample buffer composed of 2% SDS, 0.1M dithiothreitol, 10% glycerol, ImM EDTA,
62.5mM Tris at pH6.8, and 0.01% bromophenol blue. Five to 80ug of protein was loaded
and electrophoresed through SDS-PAGE gel (10% acrylamide) and transferred onto
Immobilon-P transfer membrane (Millipore). The membranes were blocked in either 5%
nonfat milk or BSA in TBST, immunostained overnight at 4°C with appropriate primary
antibodies, incubated with secondary antibodies for an hour at room temperature, and
visualized with Pierce ECL Western Blotting Substrate (Thermo Scientific). The
chemiluminescent signals were collected on x-ray film, digitally scanned and quantitated

using Imagel.
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3.9 Quantitative real-time PCR

Total RNA was prepared from cells and brain tissues using RNeasy* Mini Kit and
RNeasy- Lipid Tissue Kit (Qiagen) according to the manufacturer’s instructions. One ug
of total RNA was converted into cDNA using qScript'™™ ¢cDNA SuperMix (Quanta
Biosciences) according to manufacturer’s instructions. cDNA was then used as a template
for real-time PCR using ABI 7500 (Applied Biosystems). Quantitect SYBR* Green PCR
Mastermix (Qiagen) was used according to the manufacturer’s instructions. The
sequences  of  primers are as  follows: for mouse drebrin, 5’-
ATAACCCACGGGAGTTCTTC-3’ (Forward) and 5-
TGGCAGGTGATATAGGGAAA-3’ (Reverse) or 5’-CTGACCAATGGAGAGACCAC-
3’ (Forward) and 5’-GGTGATGTCGATTTCTGGAG-3" (Reverse); for rat drebrin, 5°-
ATAACCCACGGGAGTTCTTC-3’ (Forward) and 5-
TGGCAGGTGATATAGGGAAA-3’ (Reverse) or 5’-CCTCCAGAAATCGACATCAC-
3’ (Forward) and 5’-TGGGTAGAGAAGCAGACAGG-3’ (Reverse); for mouse Egr-1,
5’AGCGAACAACCCTATGAGCACC-3’ (Forward) and 5’-
ATGGGAGGCAACCGAGTCGTTT-3>  (Reverse); for human  Egr-1, 5’-
AGCAGCACCTTCAACCCTCAGG-3’ (Forward) and 5’-
GAGTGGTTTGGCTGGGGTAACT-3> (Reverse); for mouse GAPDH, 5’-
CATCACTGCCACCCAGAAGACTG-3’ (Forward) and 5’-
ATGCCAGTGAGCTTCCCGTTCAG-3’ (Reverse); for rat GAPDH, 5’-
AGACAGCCGCATCTTCTTGT-3’ (Forward) and 5’-CTTGCCGTGGGTAGAGTCAT-
3’ (Reverse). The mRNA levels were normalized to GAPDH mRNA levels as an internal

control.
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3.10 Immunocytochemistry

Hippocampal neurons transduced with either Ln-Egr-1 or Ln-vector were fixed
with 4% paraformaldehyde and 4% sucrose in 0.1M PBS for 10min at 4°C. After rinsing
with PBS, cells were permeabilized with 0.25% Triton X-100 for 5 min. Subsequently,
cells were washed with PBS and incubated for 45 min with 2% BSA and goat serum in
PBS to reduce non-specific staining. The cells were then incubated overnight at 4°C in
primary antibodies or Acti-stain 488 followed by 1hr incubation with corresponding
Alexa Fluor® 488-, 555- and 647-labelled secondary antibodies (Life Technologies). The
coverslips were washed and mounted with ProLong® Gold antifade reagent (Life
Technologies).
3.10.1 image acquisition and analysis

Z-stack confocal images (optical section thickness = lum) of immunolabelled
primary hippocampal neurons were collected using Zeiss LSMS5 Pascal microscope and a
Zeiss 63x oil-immersion objective lens. Ten to 15 GFP-positive neurons were chosen at
random from two to five coverslips from two to three independent experiments for each
treatment. ImageJ was used for image processing and Reconstrct software was used for
analysis. Only dendritic segments that were clearly visible were measured. All clear
protrusions, regardless of their shape, that emanated laterally from the dendrite were
quantified while those projecting above and below were not quantified. Dendritic
protrusions were counted manually by scrolling through the Z-stacks at the same
position. Dendritic protrusions next to each other were considered separate if they were
>0.5um apart. The widths and lengths of protrusions were measured and used for

morphological classification (Table 1).
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Table 1. Morphological classification of dendritic protrusions

Spine Type Length (wm) Width (um)
Filopodium Greater than 2 -
Mushroom Shorter than 2 Greater than 0.6
Thin Between 0.5 and 2 Less than 0.6
Stubby Shorter than 0.5 Less than 0.6

3.11 Golgi staining

Golgi staining performed on sections prepared from 12-mo Egr-1 -/- and +/+ mice
(n=3 mice/genotype) as well as 18-mo Egr-1 Tg and littermate control mice (n=3
mice/genotype), used the FD Rapid GolgiStain Kit (FD NeuroTechnologies) according to
the manufacturer’s instructions. Briefly, brains were isolated and cut into 2mm coronal
sections using brain matrix (Ted Pella, Inc.). Brain sections were then impregnated with
1:1 mixture of FD Solution A:B for 2 weeks in the dark at room temperature. The
sections were then immersed in FD Solution C for 48hr at 4°C in the dark. Tissue
sections of 100um were cut at -23°C using the cryostat Leica CM3050 S and mounted on
2% gelatin-coated glass slides. The mounted sections were allowed to dry at room
temperature. Subsequently, the sections were stained in 1:1:2 mixture of FD Solution
D:E:distilled water, dehydrated, cleared in xylene, and coverslipped using Permount

mounting solution (Fisher) and allowed to dry before quantitative analysis.

3.11.1 Quantification of golgi staining

Z-stack confocal images (optical section thickness = 0.5um) of pyramidal neurons
in the CA1 of hippocampus were taken using Zeiss LSMS5 Pascal microscope with a Zeiss
63x oil-immersion objective lens. Quantification was carried out using the rapid Golgi

spine analysis method previously described 2. Here, 10-15 neurons per animal were
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used for quantification. Neurons obscured by neighbouring neurons or glia were excluded
from analysis. For each neuron, straight branches longer than 10um were used for
analysis, and proximal (30~120um from soma) and distal (220-340um from soma)
segments of dendrites were quantified using Reconstruct software. Spine densities were
calculated as number of spines per 10 micrometer in individual mice group. Also, the
width and length of spines were measured to categorize the dendritic spines according to
their morphology (Table 2). The same criterion was used as in Table 1 with an additional
morphological classification, branched. If more than one spine head was observed on a

single neck, the dendritic spine was classified as branched.

Table 2. Morphological classification of dendritic spines

Spine Type Length (wum) Width (um)
Filopodium Greater than 2 -
Mushroom Shorter than 2 Greater than 0.6
Thin Between 0.5 and 2 Less than 0.6
Stubby Shorter than 0.5 Less than 0.6
Branched More than 1 spine head on a single neck

3.12 Statistics

All data were averaged across animals and cell lines within each experimental
group. The data were presented as means = SEM. Statistical comparisons were conducted
by Student’s t test (paired, 2-tailed) and one-way ANOVA with post-hoc comparisons.

Statistical significance was accepted at P<0.05.
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Chapter 4. Results

4.1 Egr-1 binds to Egr-1 response elements on drebrin promoter
4.1.1 Egr-1 induces activity of drebrin promoter construct

Egr-1 binds to specific GC-rich target sequences, known as EREs, in genomic
DNA to regulate transcriptional activity of target genes '*°. To test the hypothesis that
Egr-1 binds to drebrin promoter to regulate drebrin expression, putative EREs on human
drebrin promoter were identified using the Champion ChIP Transcription Factor Search
Portal derived from Decipherment of DNA Elements (DECODE) database from
SABiosciences (Figure 12). Human drebrin gene contains two transcriptional start site
(TSS) separated by 1 308bps (Figure 12A). Transcription from the upstream TSS
accounts for the predominant isoform of drebrin while the downstream TSS accounts for
the minor transcript variant. In silico analysis identified two putative EREs on drebrin
promoter within 3kb proximity of either TSS. One was 85bps upstream of the
predominant TSS and a second was 735bps upstream of the minor TSS (574bps
downstream of the predominant TSS).

Based on the location of putative binding sites, a 2,013bp fragment encompassing
the region from -624 to +1,386bp relative to the predominant TSS was synthesized and
cloned into the pGL4.23-luciferase reporter vector (Figure 12A). The promoter constructs
pGL4.23-dbn was subsequently anlayzed for promoter activity by co-transfection with
human Egr-1 cDNA (Figure 12B) into three different cell lines to test for variability
among cell lines as well as species. The cell lines used were: cos-7 fibroblast-like cell
line derived from monkey kidney, HEK293 human embryonic kidney cells and 7 DIV rat

primary hippocampal neurons. Luciferase promoter assays yielded similar results in all
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three cell lines. Activation in promoter activity was observed in response to the addition
of Egr-1 (Figure 12C-E). In cos-7 cells, the increase in promoter activity was 28-fold
compared to Egr-1+pGL4.23-vector control (Figure 12C). In HEK293 and primary
hippocampal neurons, 80- and 6-fold increase in promoter activity were observed,
respectively (Figure 12D,E). Comparatively, notable activation was not observed in the
absence of Egr-1 for both pGL4.23-dbn and —vector. Therefore, an interaction between
Egr-1 and drebrin promoter was recapitulated in different cell lines derived from human,
monkey and rat, which suggests Egr-1-drebrin interaction may be conserved among

species. Based on these results, Egr-1 evidently associates with drebrin promoter.
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Figure 12. In vitro promoter assay to study the interaction between Egr-1 and drebrin
promoter. pPCMV6-XL5-Egr-1 and pGL4.23-drebrin or -vector were co-transfected with
Renilla control vector into cos-7, HEK293 and primary hippocampal neurons to study
Egr-1 interaction with drebrin promoter. A, Schematic illustration of the human Egr-1
plasmid and B, 2,013bp fragment of drebrin promoter that was subcloned into pGL4.23
luciferase vector with. Two putative EREs (red box) were identified on drebrin promoter.
Luciferase assay shows significant increased activity when Egr-1 was co-transfected with
drebrin promoter when compared with the empty luciferase vector in C, cos-7, D,
HEK293, and E, primary hippocampal neurons. The luciferase activity of pGL4-vector
alone was arbitrarily designated as 1 and was used to calculate relative luciferase

activities of other treatments. *p<0.0001. Error bars indicate mean = SEM.
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4.1.2 Egr-1-induced activity of drebrin promoter is lost in the absence of EREs

The promoter assay revealed increased Egr-1 expression led to increased
signaling from the drebrin promoter. To identify where Egr-1 binds on drebrin promoter,
we prepared a series of 5’-deletion constructs (Figure 13A) of the full-length drebrin
promoter and tested for promoter-derived luciferase activity in cos-7 cells and rat primary
hippocampal neurons in the context of Egr-1 overexpression.

When the deletion construct -347bp (from the predominant TSS) that had both
putative EREs intact was co-transfected with Egr-1, no significant difference was
observed in luciferase activity when compared with the full length promoter although an
increasing trend by 1.25- and 1.10-fold was observed for cos-7 and primary neurons,
respectively (Figure 13B,C). However, a deletion of the upstream putative ERE (-2bp
construct), significantly reduced luciferase activity by 47% and 57% compared with the
full-length and -347bp deletion constructs, respectively. Further deletion of the promoter
sequences in between two EREs to position +454bp with the downstream putative ERE
preserved led to decrease in promoter activity by 31% and 30% compared with the
deletion to -2bp for cos-7 and primary neurons, respectively. This suggests the
possibility of non-consensus EREs being present other than the identified putative EREs.
In terms of magnitude of change in promoter activity, a greater difference in luciferase
activity was observed when a putative ERE was deleted compared with the deletion of
promoter region without identified EREs. In fact, when compared to the full-length
construct, the +454bp construct showed 16% and 15% from the -2bp deletion for cos-7
and primary neurons respectively. In comparison with pGL4-vector control in both cell

lines, a reduction in promoter activity was seen upon removal of both putative EREs by
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deleting position +1052bp. In cos-7 cells, promoter activity was reduced by 90% and 96%
when compared with +454bp construct and full-length respectively. Similarly, in primary
neurons, promoter activity was reduced by 54% and 87% when compared with +454bp
and full-length respectively. Therefore an additional 49% and 42% decrease in promoter
activity from +454bp compared to full-length was observed for cos-7 and primary
neurons respectively.

In cell lines derived from monkey and rat, the luciferase activity displayed similar
trends further supporting the hypothesis that the interaction between Egr-1 and drebrin
promoter is conserved among different species. In conclusion, loss of putative EREs lead
to significant decrease in promoter activity of drebrin. Therefore Egr-1 binds to the two
identified EREs located at -85bp and +570bp as well as possibly other non-consensus

EREs on drebrin promoter to regulate drebrin expression.
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Figure 13. Luciferase promoter assay with deletion constructs of human drebrin
promoter. A, Schematic illustration shows full-length (FL) drebrin promoter from which
four deletion constructs were generated. Luciferase promoter assay of deletion constructs
was performed in B, cos-7 cells and C, primary hippocampal neurons. Luciferase activity
of pGL4-vector was arbitrarily designated as 1 and was used to calculate relative
luciferase activity of the drebrin constructs. *p<0.01; **p<0.05; ***p<0.0005;

*#%*%p<0.0001. Error bars indicate mean + SEM.
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4.1.3 Egr-1 binds to EREs on drebrin promoter in vivo

Luciferase promoter assays have identified multiple EREs on drebrin promoter. In
order to verify that the EREs identified in vitro using luciferase promoter assay are in fact
in vivo EREs, we employed chromatin immunoprecipitation (ChIP) assay. Here, we
focused on the upstream predominant TSS that expresses the E and A isoforms via
alternative splicing. First, the in silico analysis performed using the Champion ChIP
Transcription Factor Search Portal for the promoter assay (Figure 12A) was substantiated
by Whole Genome RVista analysis (Figure 14A). Here, two additional putative EREs
were located at -2,430bp and -245bp from TSS in addition to the putative ERE at -85bp.
ChIP-seq data available on UCSC Genome Browser identified predicted EREs at regions
-2,675bp to -2,740bp and -72bp to -347bp upstream of TSS using K562 leukemia cells,
GM12878 B-lymphocytes and HI-hESC human embryonic stem cells (Figure 14C).

For ChIP assay, four sets of primers were designed along drebrin promoter to
validate putative EREs (Figure 14B). Three of the four primer sets were designed
upstream of TSS at -2,800bp, -1,500bp and -500bp. The remaining primer set was
designed for +50bp downstream of TSS. GC-rich drebrin promoter proved difficult in
designing precise primer sets at the proposed putative EREs. However, this discrepancy
was accounted for the size of sheared DNA being between 500bps to 1,000bps in length.
In addition to the four primer sets, a false positive primer set with a 123bp product was
designed on same chromosome 5 as an off-target control where no known EREs are
found within 500bp proximity.

To define EREs in vivo in a cell from neuronal origin, a human neuronal cell line

— M-17 neuroblastoma — was used. M-17 cells were prepared for ChIP assay by being
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cross-linked and immunoprecipitated with either rabbit anti-Egr-1 antibody or normal
rabbit IgG for ChIP assay. qRT-PCR of the DNA immunoprecipitated with Egr-1 showed
two regions with greater than 4-fold enrichment of Egr-1 compared with the off-target
control: -2,800bp (4.2-fold) and -500bp (4.9-fold) (Figure 14D). Therefore Egr-1 most
likely binds to the predicted EREs as these two regions are within 500bp proximity of the
predicted EREs. Amongst two putative EREs close to the TSS (Figure 14A) at -245bps
and -85bps, the ERE at -245bps is more likely to be the dominant in vivo ERE, because
of the fold enrichment detected by the two primer sets designed around these two binding
sites (Figure 14B). Greater enrichment was observed for the -500bp primer set than the
+50bp, which supports the -245bp ERE as the Egr-1 binding site. However, this does not
exclude the ERE at -85bps as Egr-1 was shown to interact with the ERE at -85bps using
luciferase promoter assay (Figure 13). The other two primer sets also had significant
enrichment of Egr-1 where 1.8- and 2.3-fold increase was observed for position -1,500bp
and +50bp respectively. These results suggest that Egr-1 has multiple binding sites on
drebrin promoter in the brain, predominantly at — 2,430bp and -245bp, where Egr-1 bind

and may regulate transcription of drebrin.
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Figure 14. Identification of EREs on drebrin promoter in vivo. A, In silico analysis of
EREs on drebrin promoter was performed using Whole Genome RVista. Three putative
EREs were found within 3kb from the predominant TSS. Consensus Egr-1 binding
sequences that are conserved are denoted in capital letters. B, ChIP-Seq data available on
UCSC genome browser identified two EREs on drebrin promoter using non-neuronal cell
lines K562 (leukemia cells), GM12878 (B-lymphocytes) and HI1-hESC (human
embryonic stem cells. C, Primer sets were designed along the 3kb span of drebrin
promoter in close proximity to the putative EREs. D, qRT-PCR result following ChIP
assay identified two regions, -2,851 to -2,736 and -529 to -465, where the mRNA fold
enrichment exceeded 4-fold compared to the off-target control confirming the putative
EREs as well as those provided by UCSC genome browser. *p<0.0001. Error bars

indicate mean + SEM.
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4.2 Egr-1 negatively regulates drebrin in vitro and in vivo
4.2.1 Drebrin is lost in response to Egr-1 upregulation in primary hippocampal
neurons

The luciferase promoter and ChIP data strongly suggest that Egr-1 binds to EREs
on drebrin promoter leading to regulation of drebrin expression. To test whether Egr-1
alters drebrin expression in neurons, we used lentiviral transduction of the virus encoding
Egr-1 in vitro in P-0 rat primary hippocampal neurons (Figure 15). The lentivirus allows
long-term transgene expression in non-dividing cells such as neurons with minimal
toxicity. Here, the human Egr-1 cDNA sequence was cloned with a myc peptide at the C-
terminus. This construct was inserted into a lentiviral vector that simultaneously also
expressed ZsGreenl as the indicator of transduction efficiency (refer to Figure 10).

Primary hippocampal neurons were prepared and transduced with either Ln-Egr-1
or Ln-Vector on the day of plating and were allowed to upregulate Egr-1. After 9 DIV,
total RNA and protein lysates were collected in triplicate from primary neurons for qRT-
PCR and immunoblotting, respectively. Significant upregulation of Egr-1 was confirmed
at both mRNA and protein level (Figure 15A-C). For immunoblotting, a 19.6-fold
increase in Egr-1 protein was confirmed by probing for either the myc-tag or Egr-1 where
the inserted human Egr-1 protein migrated at approximately 87kDa (Figure 15B,C).
Long-term expression of ZsGreenl was visually confirmed in hippocampal neurons at 18
days post transduction where the transduction efficiency remained at 40 to 50% (Figure
15D). The expression of ZsGreenl in lentiviral vectors allowed visual confirmation of

primary neurons transduced to upregulate Egr-1 by green fluorescence under a confocal
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microscope (Figure 15E). Therefore, hippocampal neurons are successfully transduced
with Ln-Egr-1 to upregulate Egr-1 expression.

We found downregulation of drebrin mRNA and protein level in response to Egr-
1 upregulation in hippocampal neurons (Figure 15F-H). Drebrin mRNA, according qRT-
PCR, was significantly reduced by 77% while immunoblotting showed significant 48%
reduction in protein level. These data indicate that Egr-1 transcriptionally downregulate

drebrin expression in vitro.

90



[ ] = =% =]
1 1 1 1

Relative Egr-1 mRNA expression

=
1

B

Ln-Vector Ln-Egr-1
kb
100 —
75 — e —— — Ty
100 —
Ln-hEgr-1 —> - — —
75 — Egr-1

37 — ----.. GAPDH

A

o ik [ ]
. T

Relative Egr-1 expression
th

>
[

91



=

Ln-Vector

Ln-Vector

10pm

ZsGreen

92

Drebrin




— —
N
Ln-Egr-1

Ln-Vector
“-ﬁ S8 Dycbrin

1 | | | | | |
i < " ]
— — [—] <
=O_mwo.:uxv VYNHUW ULIGRIP dADE[DY

o

1 1 |

o = \n

— — >
uo1ssa.1dXd ULIGAIP dANERY

T

0.0-

e @ o e e AP0

37

93



Figure 15. Egr-1 upregulation and changes in drebrin level in vitro. Egr-1 was
upregulated in primary hippocampal neurons at with Ln-Egr-1 and Ln-Vector. The
primary neurons were transduced on the day of plating and Egr-1 upregulation was
observed from 24hr after transduction to the end of the culture. For comparison between
Ln-Egr-1 and Ln-Vector, the values for Ln-Vector were arbitrarily designed as 1. A,
qRT-PCR analysis of Egr-1 mRNA level in transduced neurons. B, Immunoblotting for
Egr-1 and myc proteins in transduced neurons. C, Densitometry analysis of the
immunoblot for Egr-1 protein level. D, Transduction efficiency of 40-50% was
determined under 10x objective. E, Transduced neurons expressed ZsGreen (green) and
were immunolabelled for drebrin (red) at 18 DIV. F, qRT-PCR analysis of drebrin
mRNA level in transduced neurons. G, Immunoblotting for drebrin protein in transduced
neurons. H, Densitometry analysis of the immunoblot for drebrin protein level.

*p<0.0001. Error bars indicate mean = SEM.
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4.2.2 Drebrin is lost in response to Egr-1 upregulation in Egr-1 Tg mouse

To further test the hypothesis that Egr-1 upregulation leads to loss of drebrin, an
in vivo inducible model of Egr-1 was generated using the tet-off system (Figure 16A). In
this model, here called Egr-1 Tg mice, the expression of Egr-1 is controlled
spatiotemporally. Here, the use of Ca’*'/calmodulin-dependent protein kinase Ilo
(CamKIIa) promoter >>**** directs Egr-1 expression to the excitatory glutamatergic
neurons in the forebrain that includes hippocampus, prefrontal cortex and striatum
allowing spatial control. Furthermore, Egr-1 expression can be temporally controlled by
withdrawing/adding doxycycline (dox) from/to the diet.

To test whether Egr-1 upregulation was specific to the forebrain of Egr-1 Tg mice
and could be controlled with doxycycline, 2-mo Egr-1 Tg mice were divided into two
groups (n=3/genotype): dox-free diet group and dox diet group. Dox was removed from
the diet of 2-mo mice for two weeks allowing Egr-1 upregulation. Age-matched
littermate controls that carried either the tTA transgene or the Egr-1 transgene, but not
both, were given dox-free diet for the same duration. At the end of two weeks, the mice
were euthanized and Egr-1 protein level was measured (Figure 16B). We found that Egr-
1 upregulation was specific to Egr-1 Tg mouse that received dox-free diet and was
localized to hippocampus and prefrontal cortex that are part of the forebrain and not in
cerebellum that is a part of the hindbrain. These data, therefore, confirmed the validity of
our model.

To test our hypothesis that upregulation of Egr-1 leads to reduction in drebrin
expression, we induced Egr-1 expression in 16-mo aged Egr-1 Tg mice (n=3) for 3

months by removing dox from their diet (Figure 17). Upregulation of Egr-1 in AD is
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observed in aged individuals and corresponds with the progression of AD **. Therefore,
we allowed Egr-1 Tg mice to develop normally until they reached an age comparable to
the elderly in human counterpart. Furthermore, Egr-1 induction was directed to the
forebrain, which includes hippocampus and prefrontal cortex that are severely affected in
AD "% Hence, after 3 months, brain lysates from hippocampus, prefrontal cortex
and cerebellum were prepared and changes in Egr-1 and drebrin level were quantified.
Cerebellum represented a control brain region where Egr-1 upregulation was not
observed. Significant upregulation of Egr-1 mRNA and protein was confirmed in
hippocampus and prefrontal cortex of the aged Egr-1 Tg mouse (Figure 17A-D). We
verified significant 36- and 22-fold increase of Egr-1 mRNA in the hippocampus and
prefrontal cortex respectively but not in cerebellum. This increase in Egr-1 mRNA
translated into significant increase in protein level in hippocampus and prefrontal cortex
using immunoblotting by probing for the human Egr-1 or the myc tag attached to the C-
terminus (Figure 17B,C).

We found Egr-1 induction in aged Egr-1 Tg mouse led to significant reductions in
drebrin mRNA and protein level in the forebrain, but not in cerebellum (Figure 17B-F).
Drebrin mRNA was reduced by 52% and 25% in the hippocampus and prefrontal cortex
respectively, but only the reduction in the hippocampus was statistically significant
(Figure 17E). We also found drebrin protein was significantly reduced by 16% and 25%
in the hippocampus and prefrontal cortex respectively (Figure 17F). Therefore, these

results support the hypothesis that Egr-1 upregulation leads to loss of drebrin in vivo.
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Figure 16. Generation of Egr-1 Tg mouse. A, Schematic diagram of tet-off system shows
how spatiotemporal regulation of drebrin is achieved. Egr-1 Tg mouse express both the
tTA and Egr-1 transgenes. CamKIlo-driven expression of tTA localizes to the forebrain
where in the absence of dox, binds and drives the upregulation of Egr-1. B, Egr-1
upregulation was specific to the hippocampus and prefrontal cortex of Egr-1 Tg mice that
were fed dox-free diet. Egr-1 upregulation was not observed in Egr-1 Tg mouse fed with

dox-free diet and in littermate controls.
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Figure 17. Changes in drebrin level in Egr-1 Tg mouse upon Egr-1 upregulation. In order
to study the effect of Egr-1 upregulation on drebrin, 16-mo Egr-1 Tg mouse was allowed
to upregulate Egr-1 in the forebrain for 3 months (n=3/genotype). For comparison, the
control mRNA and protein levels were arbitrarily set as 1. Egr-1 upregulation was
confirmed by measuring A, Egr-1 mRNA level. Immunoblotting was used to confirm
Egr-1 induction by probing for the myc-tag and Egr-1 protein, and also was used to
quantify drebrin protein levels in the B, hippocampus, C, prefrontal cortex, and D,
cerebellum. E, mRNA levels of drebrin in Egr-1 Tg mice compared with the control, F,
densitometry analysis of the immunoblots for drebrin. *p<0.0001, **p<0.0005. Error bars

indicate mean + SEM.

99



4.2.3 Drebrin level is increased in the absence of Egr-1 in vivo

Our data consistently show that Egr-1 upregulation leads to downregulation of
drebrin in vitro and in vivo. To corroborate this inverse relationship between Egr-1 and
drebrin, changes in drebrin level were examined in response to Egr-1 loss-of-function
using 12-mo Egr-1 -/- mouse. Here, 12-mo Egr-1 -/-, Egr-1 +/- and Egr-1 +/+ control
mouse were euthanized and whole brain homogenate was prepared. Immunoblot analysis
for drebrin showed increase in drebrin protein level for Egr-1 -/- mouse compared to Egr-
1 +/- and +/+ mouse (Figure 18A). Densitometry analysis revealed an incremental dose-
dependent increase in drebrin where Egr-1 -/- and Egr-1 +/- expressed 1.9- and 1.4-fold
greater levels of drebrin protein when compared with the Egr-1 +/+ mouse (Figure 18B).
These data suggests Egr-1 loss-of-function leads to dose-dependent increase in drebrin
protein level.

Next, we examined brain-specific regional changes in drebrin expression in 12-
mo Egr-1 -/- and +/+ mice. Similar to Egr-1 Tg mice, drebrin expression was quantified
in two regions, hippocampus and prefrontal cortex, that is known to be severely affected
in AD. Hippocampus and prefrontal cortex are predominant regions affected by AD

101,255-2 1
01233257 " Here, cerebellum was used as a negative control because

pathology
physiological level of Egr-1 remains low in the cerebellum *''**®. qRT-PCR and
immunoblotting revealed significant increase in drebrin mRNA and protein level in Egr-1
-/- mouse compared with Egr-1 +/+ mouse in the hippocampus and prefrontal cortex, but
not in cerebellum (Figure 18C). At the mRNA level, Egr-1 -/- mouse had significant 2.2-

and 3.7-fold increased level of drebrin compared with Egr-1 +/+ mouse in the

hippocampus and prefrontal cortex, respectively. Similarly, the protein level was
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significant increased by 1.7- and 1.6-fold in the hippocampus and prefrontal cortex
respectively in the Egr-1 -/- mouse (Figure 18D,E). These data indicate that in the
absence of Egr-1, there is an increased level of drebrin mRNA and protein, further

supporting the idea that Egr-1 is a negative regulator of drebrin expression.
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Figure 18. Drebrin expression in Egr-1 -/- mouse. A, Total drebrin (both E and A
isoforms) protein level was measured in 12-mo Egr-1 -/-, +/- and +/+ mouse
(n=3/genotype) using immunoblotting. For comparison, the Egr-1 +/+ mRNA and protein
levels were arbitrarily set as 1. B, Densitometry analysis of the drebrin immunoblot.
Based on this result, drebrin expression was in the hippocampus, prefrontal cortex and
cerebellum of 12-mo Egr-1 -/- and +/+ mouse (n=3/genotype). C, mRNA level of total
drebrin (both E and A isoforms) was measured using qRT-PCR. D, Immunoblots and E,
densitometry analysis for drebrin in in the hippocampus, prefrontal cortex and cerebellum.

*p<0.0001; **p<0.0005. Error bars indicate mean + SEM.
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4.3 Loss of drebrin in response to Egr-1 upregulation correlates with
loss of dendritic spines

4.3.1 Drebrin is lost in 3xTg-AD mouse model

In AD, drebrin is reduced which correlate with loss of dendritic spines and thus
with synaptic pathology '>. Drebrin loss is also apparent in AD mouse models that
display dendritic spine loss **°. Here, for the first time, we found reduced drebrin in
3xTg-AD mouse model (Figure 19). 3xTg-AD mouse displays two pathological
hallmarks of AD, senile plaques and neurofibrillary tangles, throughout life **°. 3xTg-AD
mouse also show loss of dendritic spines at 13-mo *%.

To test whether loss of dendritic spines is associated with reduction in drebrin
level, we quantified drebrin protein in the whole brain homogenate from 15-mo 3xTg-AD
mice (n=3) using immunoblotting (Figure 19A). Densitometry of the immunoblot showed
32% reduction in drebrin protein level in 15-mo 3xTg-AD compared with control mice
(Figure 19B). We then tested the reduction of drebrin with respect to age and brain region
by quantifying drebrin protein level in hippocampus, prefrontal cortex and cerebellum for
3-, 9- and 15-mo 3xTg-AD mouse (Figure 19C). In the hippocampus, 15-mo 3xTg-AD
mice had significant reduction of drebrin protein by 76% and 69% compared to 3-mo and
9-mo 3xTg-AD mouse respectively (Figure 19D). 3xTg-AD mice also had significant
reductions in drebrin protein in the prefrontal cortex by 35% and 30% compared to 3-mo
and 9-mo 3xTg-AD mouse respectively. However, drebrin protein levels in the
cerebellum remained comparable. These data indicate that drebrin is significantly

reduced in the forebrain of old 3xTg-AD that is known to display loss of dendritic spines.
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To test whether similar reduction occurs in the presynaptic terminal and that the
loss of drebrin correlates with synapse dysfunction, we quantified synaptophysin protein
level in hippocampus, prefrontal cortex and cerebellum preparations from 3-, 9- and 15-
mo 3xTg-AD mouse (Figure 19E). In the hippocampus of 15-mo 3xTg-AD mouse,
significant reductions of 33% and 26% in synaptophysin level was observed compared
with 3-mo and 9-mo 3xTg-AD mice, respectively (Figure 19F). In the prefrontal cortex, a
decreasing trend in synaptophysin level was observed comparing expression of 3-mo and
9-mo 3xTg-AD mouse, but the reduction was not statistically significant (P=0.26). The
synaptophysin protein in the cerebellum remained comparable. Therefore, presynaptic
terminals appear to undergo degeneration similar to the postsynaptic dendritic spines. We
also measured changes for Egr-1 protein level in 3-, 9- and 15-mo 3xTg-AD mice. In
contrast to the increase observed in AD patients, Egr-1 level in 3xTg-AD mice were
variable (data not shown). These data indicate that drebrin reduction correlate with
synapse dysfunction. Also, the degree of reduction of drebrin protein suggests that
drebrin is comparatively more sensitive to loss during synaptic pathology than

synaptophysin.
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Figure 19. Loss of drebrin and synaptophysin in 15-mo 3xTg-AD mouse (n=3/genotype).
For comparison, protein levels of the age-matched control mouse and 3-mo hippocampus
data from 3xTg-AD mouse were arbitrarily set as 1 for their respective experiments. A,
Immunoblotting of the whole brain homogenate from 15-mo 3xTg-AD mouse and the
age-matched control to measure the level of drebrin. B, Densitometry analysis of the
drebrin immunoblot. C, Immunoblotting of hippocampus, prefrontal cortex and
cerebellum for drebrin. D, Densitometry analysis of the immunoblots from hippocampus,
prefrontal cortex and cerebellum for drebrin. E, Immunoblotting of the hippocampus,
prefrontal cortex and cerebellum for synaptophysin. F, Densitometry analysis of the
immunoblots  from  hippocampus, prefrontal cortex and cerebellum for

synaptophysin.*p<0.05; **p<0.005. Error bars indicate mean + SEM.

107



4.3.2 Egr-1 upregulation results in loss of dendritic spines in vitro

In AD, drebrin is lost while Egr-1 TF is upregulated '>*®. The loss of drebrin in
AD and related disorders was found to be associated with loss of dendritic spines in

1012259 including 3xTg-AD mouse that we have demonstrated

patients and animal models
in the previous section (Figure 19). These data, together with our finding Egr-1
upregulation leads to loss of drebrin, led to the hypothesis that upregulation of Egr-1
would also lead to loss of dendritic spines by downregulating drebrin expression.

To test whether downregulation of drebrin is correlated with changes in dendritic
spines, we quantified dendritic protrusion density and characterized the protrusion
morphology in Egr-1 upregulated hippocampal neurons (Figure 20). Rat primary
hippocampal neurons transduced with either Ln-Egr-1 or Ln-vector on the day of
isolation were stained for F-actin at 16 DIV to visualize the morphology of dendritic
protrusions (Figure 20A). We found a decrease in the density of dendritic protrusions in
Egr-1 upregulated neurons compared with the Ln-vector control. Egr-1 transduced
neurons had significantly reduced protrusion density of 2.3 + 0.2 protrusions/10um when
compared with the vector transduced neurons (4.8 + 0.2 protrusions/10um) (Figure 20B).
We concluded that Egr-1 upregulation leads to decreases in the density of dendritic
protrusions.

The morphology of dendritic spines correlates with their maturity and function
14495 T identify whether the morphology of dendritic protrusions were altered by the
downregulation of drebrin, we measured lengths and widths of the protrusions (Figure
20C). We found the dendritic protrusions of Egr-1 upregulated neuron had comparable

widths and lengths as well as the length-to-width ratio (LWR) that was calculated (Figure

108



20D). The measured widths and lengths together with LWR were used to categorize and
compare the structural difference between the dendritic protrusions of Ln-Egr-1 and Ln-
vector (Figure 20E). Each protrusion was classified as one of the following: filopodia,
thin, stubby or mushroom (Table 1). Filopodia, precursors for dendritic spines, was
defined by a protrusion that had a length of greater than 2um. Immature spines comprised
of thin and stubby spines. Thin spines had a length and width of less than 2um and 0.6um
respectively. Stubby spines had a length and width of less than 0.5um and 0.6um
respectively. Mushroom spines had length of less of 2um and width of greater than
0.6um, and they were considered as mature spines. We found Egr-1 upregulation did not
significantly alter the morphological distribution of dendritic protrusions although a
decreasing and increasing trend was observed for mature and immature spines
respectively in Egr-1 upregulated neurons. Majority of the protrusions was classified as
mature mushroom spines (48.7% for Ln-Egr-1 and 60.3% for Ln-Vector) followed by
filopodia (22.7% for Ln-Egr-1 and 23.6% for Ln-Vector) and immature thin and stubby
spines (27.5% for Ln-Egr-1 and 17.1% for Ln-Vector). Therefore, we demonstrate that
Egr-1 upregulation leads to loss of dendritic protrusion density without significantly

altering the spine morphology.
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Figure 20. Changes in dendritic protrusions in response to Egr-1 upregulation. P-0
primary hippocampal neurons were transduced to upregulate Egr-1 for 16 DIV before
being analyzed for spine density. A, Dendritic protrusions were identified by
immunolabelling F-actin (examples are indicated by arrow heads). B, Quantification of
dendritic protrusion density. C, Lengths and widths of the dendritic protrusions in Ln-
Egr-1- and Ln-vector-transfected neurons. D, Length-to-width ratio of the dendritic
protrusions. E, Morphological classification of the dendritic protrusions. *p<0.0001.

Error bars indicate mean + SEM.
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4.3.3 Dendritic spines of CA1l region in the hippocampus are lost when Egr-1 is
upregulated

Upregulation of Egr-1 in hippocampal neurons led to decrease in dendritic spine
density. To corroborate this in vitro finding, we quantified dendritic spine density in the
CAL region of the hippocampus in Egr-1 Tg mice by Golgi staining. CA1 region of the
hippocampus is prone to early onset of synaptic pathology in AD that quickly progresses
in severity. Also, Egr-1 expression in the CA1 region was highest in the hippocampus *°
suggesting that Egr-1-mediated loss of spine density would be greatest in this region.
Thus, the pyramidal hippocampal neurons were identified with Golgi staining that allows
visualization of dendritic morphology in the brains of animals ***.

16-month old Egr-1 Tg mice (n=3) were induced to upregulate Egr-1 in the
forebrain for 3 months duration as shown in 4.2.2 (Figure 17) before Golgi analysis.
Dendritic spines on the stained hippocampal neuron was categorized based on their
location and distance from the cell soma into basal proximal (30 to 120um from cell
soma), apical proximal (30 to 120um from cell soma) and apical distal (>120um from
cell soma) (Figure 21A). We found significant decrease in dendritic spine density in all
three regions for Egr-1 Tg mouse versus the age-matched littermate control (Figure
21B,C). Overall, Egr-1 Tg mouse had a decreased spine density of 3.7 + 0.1 spines/10um
compared with 6.2 £ 0.2 spines/10um for the control (Figure 21D). Therefore, Egr-1
upregulation leads to reduction in drebrin and dendritic spine density in the hippocampus.

To determine if there was also a change in spine morphology when Egr-1 was
upregulated, we measured spine lengths and widths. In terms of spine length, Egr-1 Tg
mice had significantly greater overall spine length compared with the control (Figure

21E). On the other hand, Egr-1 Tg mice showed comparable spine width overall with the
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control (Figure 21F). Based on measured lengths and widths, LWR ratio was calculated
where Egr-1 Tg mice had comparable LWR with the control (Figure 21G). The lengths,
widths and LWR were used to categorize each spine according to their morphology into
filopodia, immature spine (thin and stubby spine), or mature spine (mushroom and
branched spine) (Table 2) (Figure 21H). In addition to the filopodia, thin, stubby and
mushroom spines described in Table 1, branched spines were also found. Those with
more than one spine head on a single spine neck were defined as branched spines.
Branched spines where two heads share the same presynaptic bouton are thought to
partake in increased synaptic plasticity in LTP although the underlying mechanism
remains elusive *°'. We found that Egr-1 upregulation did not alter overall morphological
distribution of the spines compared to the control. The majority of the neurons were
mature spines (75.8% for Egr-1 Tg and 70.4% for the control) followed by immature
spines (23.5% for Egr-1 Tg and 28.4% for the control) and filopodia (0.7% for Egr-1 Tg
and 1.8% for the control). Therefore, Egr-1 upregulation leads to reduction in dendritic

spine density without affecting the spine morphology.
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Figure 21. In vivo dendritic spine changes in the hippocampus of Egr-1 Tg mouse. 16-mo
Egr-1 Tg mouse were allowed to upregulate Egr-1 in the forebrain for three months
before Golgi analysis (n=3/genotype). A, CA1 region of the hippocampus was analyzed
where the dendritic spines were divided into three groups based on their location and
distance from the cell soma. B, Micrographs showing golgi staining of CA1 hippocampal
neurons in Egr-1 Tg mouse and the littermate control (examples of dendritic spines are
indicated by red arrowheads). C, Analysis of spine density per 10um in all three regions
and D, when the spine density from all three regions combined. E, Spine lengths. F,
Spine widths. G, length-to-width ratio of dendritic spines. H, Morphological
classification of dendritic spines. *p<0.0001; **p<0.0005; *** p<0.05. Error bars

indicate mean + SEM.
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4.3.4 Dendritic spine density is increased in the absence of Egr-1

Our data demonstrate that Egr-1 upregulation leads to decrease in drebrin and
dendritic spine density in vitro and in vivo. We have also shown in 4.2.3 that Egr-1 loss-
of-function led to increase in drebrin level (Figure 18). Based on these results, we
hypothesized that Egr-1 loss-of-function would lead to increase in spine density. To test
our hypothesis, 12-mo Egr-1 -/- mouse and Egr-1 +/+ control mice (n=3) were used and
CA1 hippocampal neurons were golgi stained and dendritic spine density quantified as
was performed for Egr-1 Tg mouse in 4.3.3 (Figure 21A). We found Egr-1 loss-of-
function led to significant increases in dendritic spine density in basal proximal and
apical proximal and distal regions of CAl region of hippocampus (Figure 22A,B).
Overall, Egr-1 -/- mouse had significantly increased spine density of 7.8 + 0.2
spines/10um compared with 4.9 = 0.2 spines/10um for Egr-1 +/+ mouse (Figure 22C).
Therefore, this data further supports the idea that drebrin expression and dendritic spine
density are correlated.

To test whether Egr-1 loss-of-function alters the spine morphology in the CA1 of
the hippocampus, lengths and widths of the spines were measured. Overall dendritic
spines in Egr-1 -/- mice had significantly shorter spine length (0.99 = 0.02um) compared
with Egr-1 +/+ mouse (1.06 = 0.02um) (Figure 22D). For width, Egr-1 -/- mouse had
comparable overall width (0.82 £ 0.0lum) with Egr-1 +/+ mouse (0.81 = 0.01um)
(Figure 22E). The calculated LWR also significantly differed between Egr-1 -/- and +/+
mouse (Figure 22F). Egr-1 -/- mouse had significantly smaller LWR of 1.30 compared to
1.41 for Egr-1 +/+ control. Based on length, width and LWR, each dendritic spine was

categorized as a filopodium, thin spine, stubby spine, mushroom spine or branched spine
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(Figure 22G). We found that Egr-1 -/- and +/+ mouse had comparable distribution of
mature spines (77.8% for Egr-1 -/- and 71.7% for Egr-1 +/+), immature spines (20.2% for
Egr-1 -/- an 24.1% for Egr-1 +/+) and filopodia (2.1% for Egr-1 -/- and 3.3% for Egr-1

+/+). Therefore, Egr-1 loss-of-function leads to increase in spine density without altering

spine morphology.
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Figure 22. Comparison of dendritic spines between Egr-1 -/- and +/+ mouse. Golgi
staining was performed in 12-mo Egr-1 -/- and +/+ mouse (n=3/genotype) and CAl
region of the hippocampus was analyzed. A, Micrographs of dendritic segments
visualized using golgi staining (examples of dendritic spines are indicated by red
arrowheads). B, Quantification of dendritic spine density per 10um for basal proximal,
apical proximal and distal spines. C, Quantification of combined dendritic spine density
per 10um. D, Lengths of dendritic spines in Egr-1 -/- and +/+ mouse. E, Widths of
dendritic spines Egr-1 -/- and +/+ mouse. F, length-to-width ratio of dendritic spines in
Egr-1 -/- and +/+ mouse. G, Morphological classification. *p<0.0001; **p<0.01;

*#%p<(0.005. Errors bars indicate mean = SEM.
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4.3.5 Loss of dendritic protrusions correlate with loss of drebrin when Egr-1 is
upregulated

We demonstrated that upregulation of Egr-1 leads to reduction in drebrin and
dendritic spine density, indicating that they have inverse relationship. Based on our
findings, we hypothesized that loss of drebrin and spine density are correlated and that
Egr-1 upregulation would lead to reduction of drebrin-positive protrusions. To address
our hypothesis, hippocampal neurons were isolated from P-0 rat pups and transduced
with either Ln-Egr-1 or Ln-vector. After 16 DIV, hippocampal neurons were co-
immunolabelled for F-actin and drebrin and analyzed for co-localization (Figure 23A).

As expected, we found a decrease in the density of dendritic protrusions identified
by F-actin staining when Egr-1 was upregulated. We also found that fewer dendritic
protrusions were labeled for drebrin in neurons with upregulated Egr-1 compared with
the vector control. When quantified, Ln-Egr-1 neurons had significantly reduced number
of drebrin-positive protrusions (1.85 out of 2.72 protrusions/10um) compared with Ln-
vector neurons (4.62 out of 4.8 protrusions/10um) (Figure 23B). Therefore, only 68.0%
of the dendritic protrusions contained drebrin puntae in response to Egr-1 upregulation
compared with 96.3% for the control. These results suggest Egr-1-mediated loss of
drebrin directly decrease the number of drebrin-positive dendritic protrusions leading to

reduction in the protrusion density.
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Figure 23. Changes in the distribution of drebrin-positive dendritic protrusions upon Egr-
1 upregulation. Egr-1 upregulated primary hippocampal neurons were analyzed at 16DIV.
A, Dendritic protrusions were immune-labelled for F-actin and drebrin. (examples are
indicated by red arrowheads) B, Quantification of the densities of dendritic protrusions

and drebrin-positive protrusions *p<0.0005. Errors bars indicate mean + SEM.
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4.3.6 Upregulation of Egr-1 leads to loss of mature dendritic spines and putative
functional synaptic contacts

Our data show that upregulation of Egr-1 leads to reduction in the dendritic
protrusions with drebrin puntae. To test whether loss of drebrin in dendritic protrusions
also correlates with the reduction in number of functionally mature dendritic spines, we
quantified the number of PSD-95-containing dendritic protrusions. PSD-95 is the major
scaffolding protein in PSD recruited by drebrin and is often used as an indicator of
putative mature dendritic spines ''. Here, we immunolabelled 16 DIV hippocampal
neurons transduced with Ln-Egr-1 or Ln-vector as in 4.3.5 for F-actin, drebrin and PSD-
95 (Figure 24).

We found Egr-1 upregulation in hippocampal neurons led to a significant
reduction in the density of dendritic protrusions that contained PSD-95 as well as PSD-95
colocalized with drebrin (Figure 24A). Very few protrusions contained PSD-95 without
drebrin for Ln-Egr-1 (2.7%) and Ln-vector (1.3%) neurons and majority of the
protrusions that contained PSD-95 also contained drebrin (Figure 24B). This finding
supported the association between drebrin and PSD-95 and the requirement of drebrin for
the recruitment of PSD-95 to dendritic spines. The Ln-vector control had the
colocalization of drebrin and PSD-95 at a density of 4.56 out of 4.81 protrusions/10wm.
In contrast, Egr-1 upregulation led to significant reduction in the density of protrusions
with PSD-95 and drebrin colocalization (1.71 out of 2.61 protrusions/10um). 65.5% of
the dendritic protrusions had colocalized drebrin and PSD-95 in response to Egr-1
upregulation compared with 94.8% for the control. In section 4.3.5, we showed 68.0% of
the dendritic protrusions contained drebrin puntae in response to Egr-1 upregulation

compared with 96.3% for the control (Please refer to Figure 18B). Therefore, dendritic
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protrusions with drebrin most likely also contain PSD-95. In line with this, Egr-1
upregulation-mediated reduction in dendritic protrusions with drebrin leads to loss in
protrusion with PSD-95, and thus, mature spines.

Based on the finding that Egr-1 upregulation leads to loss of PSD-95-containing
dendritic spines, we hypothesized that Egr-1 upregulation may also lead to overall loss of
synaptic contacts. To examine this, Ln-Egr-1- and Ln-vector-transduced neurons were
prepared and immunolabelled for F-actin, PSD-95 and the presynaptic marker vesicular
glutamate transporter 1 (vGluT1) (Figure 25A). Colocalization of vGluT1 and PSD-95
suggest presence of putative functional glutamate synaptic contacts “°>. We found the
vector control had 3.65 protrusions out of 4.7 protrusions/10um which showed
colocalization of the synaptic markers (Figure 25B). In contrast, Egr-1 upregulation led to
significant reduction for co-localization of vGluT1 and PSD-95 (1.27 out of 2.82
protrusions/10um). Thus, only 45.0% of the dendritic protrusions in Egr-1 upregulated
neurons made putative functional synaptic contacts compared with 77.7% for the control.
These data suggest Egr-1-mediated reduction of drebrin expression correlates with loss of
mature dendritic spines and putative synaptic contacts, thereby exacerbating loss of

synapses.
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Figure 24. Colocalization of drebrin and PSD-95 in Egr-1 upregulated primary
hippocampal neurons. A, 16 DIV hippocampal neurons were coimmunolabelled for
drebrin and PSD-95 in addition to F-actin. (examples of dendritic protrusions are
indicated by red arrowheads) B, Quantification of drebrin and PSD-95 colocalization.

*p<0.0005; **p<0.0001. Errors bars indicate mean = SEM.
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Figure 25. Colocalization of vGluT1 and PSD-95 in Egr-1 upregulated hippocampal
neurons. A, 16 DIV primary hippocampal neurons were coimmunolabelled for vGIuT1
and PSD-95 in addition to F-actin to quantify putative synaptic contacts. (examples of
dendritic protrusions are indicated by red arrowheads) B, Quantification of colocalization

for PSD-95 and vGIuT1. *p<0.0001. Errors bars indicate mean + SEM.
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4.3.7 Egr-1 upregulation brings about changes in other synaptic proteins

Drebrin is downregulated in response to Egr-1 upregulation, which correlates with
loss of dendritic spines. To test whether Egr-1-mediated loss of drebrin alters other
synaptic proteins in the process of spine loss, we measured the levels of various synaptic
proteins in Ln-Egr-1- and Ln-vector-transduced hippocampal neurons: ABPs cofilin and
profilin; postsynaptic AMPAR subunit glutamate receptor 1 protein (GluAl);
postsynaptic scaffolding protein PSD-95; and presynaptic vesicular glutamate transporter
vGluT1 (Figure 26A). Cofilin and profilin are postsynaptic ABPs that serve different
function than drebrin by directly promoting actin depolymerization and polymerization
respectively. AMPARs are glutamate receptors that mediate synaptic plasticity and thus,
GluAl is a good indicator of AMPAR level. PSD-95 is the scaffolding protein that serves
as the basis upon which PSD is formed. vGIuT1 is the presynaptic vesicular protein that
is an indicator of presynaptic activity.

We analyzed protein lysates from 9 DIV hippocampal neurons that were
transduced with either Ln-Egr-1- or Ln-vector on the day of isolation (Figure 26B).
According to the immunoblots, Egr-1-mediated reduction in drebrin did not alter the
protein levels of the ABPs cofilin and profilin. However, postsynaptic proteins GluA1l
and PSD-95 proteins were significantly reduced by 46.2% and 29.5% respectively. In
contrast, presynaptic protein vGluT1 was significantly increased 1.57-fold. These data
indicate that Egr-1-mediated downregulation of drebrin induces changes in other synaptic

proteins and lead to loss of dendritic spines.
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Figure 26. Changes in the expression of other synaptic proteins upon Egr-1 upregulation.
Protein lysates from 9 DIV primary hippocampal neurons were analyzed for the protein
level of various synaptic proteins using immunoblotting. A, Protein levels of Cofilin,
profilin, GluA1, PSD-95 and vGluT1 were investigated. B, Densitometry analysis of the

probed proteins. *p<0.005; **p<0.05. Errors bars indicate mean = SEM.
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Chapter 5. Discussion
In this thesis, we investigated the relationship between Egr-1 TF and drebrin. We
hypothesized and demonstrated the following:
1) Egr-1 binds to drebrin promoter to regulate drebrin expression
2) Egr-1 negatively regulate drebrin expression
3) Egr-1-mediated loss of drebrin leads to decrease in dendritic spine density
We propose that Egr-1-mediated downregulation of drebrin as a novel mechanism of

dendritic spine loss in AD pathology.

5.1 Egr-1 regulates drebrin expression

Here, we demonstrated that the drebrin promoter contains two EREs that bind
Egr-1 TF (Figure 14) both in vitro and in vivo using luciferase promoter assay and ChIP
assays. The promoter assay and ChIP assay indicated Egr-1 associates with drebrin
promoter at regions where consensus EREs were found as well as regions that did not
have EREs. Drebrin promoter is enriched with GC-rich sequences that comprise greater
than 60% of the promoter. The GC-rich drebrin promoter, thus, presents Egr-1 with
multiple consensus and non-consensus EREs because Egr-1 is able to associate with a 9-
bp GC-rich sequences that closely matches the consensus sequence >'>. Egr-1 binding to
drebrin promoter was conserved between cell lines derived from human, monkey and rat
suggesting that the Egr-1-drebrin interaction is likely conserved between species.
Furthermore, our data from hippocampal neurons in vitro and in vivo models of Egr-1
demonstrated that drebrin expression was synchronously altered at mRNA and protein

level in response to changes in Egr-1 level, thus supporting transcriptional regulation of
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drebrin by Egr-1. This is in support of high-density microarray data that showed a 23%
downregulation of drebrin in Egr-1 upregulated PC12 cells .

Information regarding regulation of drebrin expression and drebrin promoter is
largely unknown despite drebrin’s importance in formation and maintenance of dendritic
spines as well as its precarious loss in AD. Currently, only two TFs, NXF and Sim2, that
belongs to bBHLH-PAS protein family are known to bind to drebrin promoter '*. NXF
was found to upregulate drebrin expression and thus, likely does not play a role in loss of
drebrin observed in AD. Sim2, on the other hand, was suggested to downregulate drebrin
in the context of Down’s syndrome, because Sim2 is abundantly expressed in Down’s

syndrome due to the Sim2 locus trisomic state '’

However, Sim2-mediated
downregulation of drebrin was only tested in vitro through promoter assay and in vivo
studies to support this regulation is lacking. Furthermore, in AD, Sim2 was not
significantly altered in patients with a weak positive correlation with drebrin '**'"".
Hence, the regulatory factor that leads to loss of drebrin remained undetermined.
Therefore, Egr-1 TF presented here offers a regulatory mechanism by which drebrin may
be regulated in AD.

Egr-1 is upregulated in AD and correlates with AD progression >**. An
increasing number of neurological disorders result from defective DNA-protein
interactions that occur in neurons brought on by sustained changes in neuronal gene
expression “**. In line with this, sustained upregulation of Egr-1 may play a pathological
role in AD by binding to drebrin promoter to downregulate drebrin expression.

Under physiological conditions, Egr-1 expression is transiently induced and has

been attributed to regulating synaptic plasticity, neurite outgrowth and wound repair
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226264265 " Therefore, Egr-1 appears to have an emphasized role in proliferation and

growth, but contradictory roles of Egr-1 were also observed. AD is characterized by three
pathological hallmarks: plaques composed of aggregated f-amyloid (AP), neurofibrillary
tangles composed of hyperphosphorylated forms of tau and loss of synapses . Egr-1 was
found to upregulate presenilin-2 gene expression and facilitates the y-secretase cleavage
of amyloid precursor protein (APP) that leads to accumulation of amyloid plaques in AD
26 Furthermore, our lab has shown that Egr-1 expression correlated with
hyperphosphorylated tau that leads to neurofibrillary tangle pathology in AD '*°. These
observations suggest that Egr-1 plays a different role in pathology where Egr-1 remains
upregulated. However, it remains unclear how Egr-1 is upregulated in AD.

There are several mechanisms by which Egr-1 could be induced constitutively in
AD. First, APP was found to be a down-regulator of Egr-1 expression **’. Using APP -/-
mice, it was found that in the absence of APP, enrichment of acetylated histone H4 at the
Egr-1 promoter region was observed that correlated with increased expression of Egr-1.
Therefore, alterations or loss of a particular function of APP in AD may lead to
constitutive Egr-1 expression by acetylation of histone H4. Second, Egr-1 is induced in
response to AB-peptide-induced excitotoxicity in AD **®. Accumulation of AP peptides
triggers overactivation of NMDARs whose activity is tightly linked with Egr-1 induction
2 Accumulation of AP peptides would thus exacerbate the excitotoxicity leading to
sustained upregulation of Egr-1. Third, cerebral ischemia that promotes AD pathogenesis
was found to upregulate Egr-1 expression . Ischemia induces brain injury that leads
to cognitive impairment by inducing neuronal loss, accumulation of AP peptides and tau

269-272

pathology . Thus, in conjunction with APP and A peptides, cerebral ischemia may
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contribute to sustain Egr-1 upregulation in AD. Lastly, Egr-1 is likely involved in P21-
activated kinase (PAK)/LIM-K pathway. PAK is a downstream signaling protein of the
Rho/Rac family of small GTPases whereas LIM-K is PAK’s downstream kinase *”°.
LIM-K pathway was initially proposed to indirectly regulate drebrin by regulating cofilin
that competes with drebrin for actin binding sites. In Tg2576 mice and AD patients,
PAK/LIM-K activities were downregulated. Furthermore, overexpression of PAK
prevented AP1-42-induced drebrin loss in hippocampal neurons in vitro. In contrast,
administration of a PAK inhibitor led to drebrin loss and memory impairment in normal
mice. A link between PAK and Egr-1 was found where PAKS, which is an isoform of
PAK predominantly expressed in adult neuronal tissue was found to regulate growth and
migration of breast cancer cells via regulating PAK5-Egr-1 signaling pathway *'.
Treatment of cancer cells with PAKS siRNA led to an increase in expression of Egr-1.
This is in line with the fact that in AD, PAK activities are downregulated while Egr-1 is
upregulated. Therefore during synaptic pathology such as AD and related disorders, loss
of PAK/LIM-K activity due to stressors such as AP and excitotoxicity may lead to
constitutive upregulation of Egr-1 which then downregulates drebrin (Figure 27). These
three potential pathways of Egr-1 induction could take place simultaneously as these are
not mutually exclusive, but are linked. Taken together, Egr-1 is most likely the nodal

point via which drebrin is regulated in AD.
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Figure 27. Proposed mechanistic pathway for regulation of drebrin by Egr-1 during
synaptic pathology. Pathological agents such as amyloid peptides, excitotoxicity and
ischemia triggers cascade of events that lead to inhibition of PAK/KIM-K pathway. This,
in turn, disinhibits Egr-1 and leads to its long-term upregulation. Subsequently, Egr-1
downregulates drebrin and disrupt actin cytoskeleton dynamics in dendritic spines

leading to loss of dendritic spines and ultimately, cognitive impairment.
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5.2 Drebrin is negatively regulated by Egr-1

Transcriptional regulation of drebrin led to changes in drebrin mRNA that
translated into changes in protein both in vitro and in vivo. We demonstrate using
hippocampal neurons transduced with Egr-1 lentivirus (Figure 15) and an inducible
mouse model of Egr-1 (Figure 17) that drebrin is reduced in response to Egr-1
upregulation. On the other hand, Egr-1 loss-of-function leads to increased drebrin level
(Figure 18). Taken together, these data suggests negative regulation of drebrin by Egr-1
TF.

An exception was observed in luciferase promoter assay where Egr-1 TF bound to
drebrin promoter and led to activation of promoter-driven luciferase expression instead of
repression (Figure 12). However, rather than contradicting our data, the luciferase
promoter data highlights the limitations of the partial drebrin promoter that was inserted.
The luciferase promoter assay is an invaluable and rapid tool for studying the activity of
DNA fragment as the luciferase protein is available immediately upon translation *>*7°,
However, the DNA fragment that was inserted is not the complete promoter sequence as
it only encapsulated -624bp relative to the predominant TSS. The length of the promoter
is variable amongst different genes, but in humans they are generally longer than 1kb *”’.
In a separate study examining Egr-1 binding sites during monocytic differentiation, up to
7.5kb upstream of the TSS was considered as the promoter region *°. In support, we have
identified an upstream ERE located at 2.4kb from the TSS using ChIP assay that was not
included in the promoter assay. Hence, the activation we observed in luciferase promoter
assay was not translated into the hippocampal neurons transduced with Ln-Egr-1 or the in

vivo animal models.
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Drebrin loss occurs early in the pathogenesis of AD. Extensive 40% loss of
drebrin is already evident in the hippocampus of individuals with MCI that often

. 171
precedes dementia '’

. Drebrin is progressively lost with increasing severity of
neurodegeneration such that in AD, a greater 80% decrease is observed '>. No other
ABPs are found to be as drastically lost as drebrin in AD. Furthermore, Egr-1
upregulation specifically targeted and downregulated drebrin without altering the levels
of other ABPs, cofilin and profilin. These data suggest that the central role drebrin plays
in the disruption of actin cytoskeleton precedes loss of spines and suggests that drebrin as
an early marker of AD pathology. In this study, we also showed, using 3xTg-AD mice
that the loss of drebrin (Figure 19A,B) also correlated with age in the forebrain (Figure
19C,D) while the presynaptic marker, synaptophysin, significant loss was observed only
in the hippocampus (Figure 19E,F). In human counterparts, a similar trend was found
where loss of presynaptic markers such as synaptophysin were less extensive compared

. 12,1
to drebrin '*!?

. These indicate drebrin is more sensitive to pathology and these
asymmetric changes in presynaptic and postsynaptic proteins may initiate the synaptic
pathology that leads to cognitive impairment.

Drebrin is lost in the cerebral cortex of AD patients including the prefrontal
cortex and hippocampus '>'°. The loss of drebrin was recapitulated in 3xTg-AD mouse
(Figure 19) '>**°. Drebrin is also lost in animal models of AD that display synaptic
pathology including Tg2576 ", 2xKI '® and presenilin conditional double knockout
(PScDKO) mice '”. Transgenic modeling of AD took advantage of mutations in the APP,

presenilin and/or tau to reproduce senile plaques and neurofibrillary tangles pathologies.

3xTg-AD mice exhibits both amyloid and tau pathologies as well as synaptic dysfunction,
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and thus, captures a broader spectrum of AD pathology compared with other AD
transgenic mouse that reproduces only the amyloid pathology ***. However, 3xTg-AD
mouse model still has limitations as it is based on the expression of mutant genes that
cause familial form of AD, which accounts for 5-10% of all AD cases >’°. Therefore it
may not replicate the underlying pathogenesis of sporadic AD. Further, 3xTg-AD and
other AD mouse models express the transgene from development, which disrupts normal
development of the brain. In most cases, AD pathology occurs later in life, which calls
for the need for temporal regulation of the transgenes in AD models. Additionally, 3xTg-
AD (data not shown) and other mouse models do not show consistent upregulation of
Egr-1, but rather shows downregulation of Egr-1 *"*?®. This is contrary to human
counterparts that shows Egr-1 upregulation in AD patients ***. We demonstrate here the
importance of Egr-1 with regards to loss of drebrin. Taken together, Egr-1 upregulation
needs to be taken into consideration for the future development of a model for AD.

Here we generated Egr-1 Tg mouse that showed reduction in drebrin level when
Egr-1 was upregulated (Figure 17). Egr-1 Tg mouse addresses Egr-1 aspect of AD unlike
other AD models without carrying the APP, presenilin and/or tau transgenes. Egr-1 Tg
mouse model isolates and focuses on Egr-1 aspect of AD by having the advantage of
being able to control Egr-1 wupregulation spatiotemporally. Therefore, normal
development of neurons and synapses was preserved in Egr-1 Tg mouse. Furthermore,
upregulation of Egr-1 was induced once Egr-1 Tg mouse reached an old age, which
addressed the association between drebrin loss in AD and aging. In addition, specific
upregulation of Egr-1 in the forebrain without altering Egr-1 levels in other tissues

allowed us to focus on brain regions that are severely affected in AD. In response to Egr-
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1 upregulation, drebrin loss was observed in the absence of neither amyloid nor tau
pathologies. This supports the idea that Egr-1 is a nodal point in AD pathogenesis whose
induction leads to loss of drebrin and highlights Egr-1 as a target of therapeutic
intervention in AD.

The negative regulation of drebrin was further supported using Egr-1 -/- mouse
(Figure 18). Although Egr-1 loss-of-function was ubiquitous throughout the brain, the
increase in drebrin was specific to brain regions involved in learning and memory where
constant synaptic plasticity occurs. Under physiological conditions, Egr-1 plays a greater
role in regions with high synaptic plasticity as its activation is linked to the activity of
glutamate receptors, NMDARs and AMPARs *“?'*. In brain regions that display
relatively less plasticity such as cerebellum the basal level of Egr-1 remains normally low
211258 - allowing drebrin to be expressed at a constant level. Whether changes in drebrin
level also occurs in other regions of the forebrain remains to be determined. We predict
that the increase in drebrin will be specific to regions that experience high synaptic
plasticity as these regions constantly undergo dendritic spine remodeling accompanied by
drebrin.

Drebrin loss is observed not only in AD but also in Down’s syndrome ' and
possibly in other cognitive disorders accompanied by loss of dendritic spines. The loss of
drebrin in these disorders is also likely to be regulated by Egr-1. Hence Egr-1-drebrin
interaction may not be limited to AD but could be a common pathway via which

dendritic spines are lost.
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5.3 Dendritic spines are lost in response to Egr-1-mediated
downregulation of drebrin

The correlation between loss of drebrin and dendritic spines has been studied in
depth with respect to AD '“'**®_In line with this, we demonstrate loss of dendritic spine
density correlate with Egr-1-mediated loss of drebrin in Ln-Egr-1-transduced
hippocampal neurons (Figure 20) and Egr-1 Tg mouse model (Figure 21). On the other
hand, increase in drebrin led to increase in spine density in response to Egr-1 loss-of-
function (Figure 22). These results suggest Egr-1 negatively regulates drebrin and is
inversely correlated with dendritic spine density.

Drebrin is present in 75% of the dendritic spines in the cerebral cortex '**, and
could be higher in hippocampus due to the high content of glutamatergic synapses.
Drebrin is essential in spine formation, maintenance and plasticity. Consequently, loss of
drebrin leads to cascade of events that ultimately results in the demise of dendritic spine
density. In support of our in vitro and in vivo data showing loss of drebrin and overall
loss dendritic protrusion/spine density, knockdown of drebrin using antisense
oligonucleotides in primary hippocampal neurons was shown to lead to loss of spine and

filopodia density 8.284

. Furthermore, decrease in spine density was also observed in
drebrin knockout mouse '*°. This association between drebrin and dendritic spine density
was recently found to be mediated by spikar, a novel drebrin-binding protein that regulate

dendritic spine density '**

. Here we demonstrated reduction in drebrin-positive dendritic
protrusions and spine density in response to upregulation of Egr-1 in vitro and in vivo.

These data support Egr-1 TF being the upstream regulator of drebrin whose sustained

upregulation leads to downregulation of drebrin and loss of dendritic spines.
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In addition to loss of dendritic spine density, we demonstrated drebrin loss
correlates with impaired maturation of dendritic spines and reduction in the number of
synaptic contacts (Figure 24,25). In AD and related cognitive disorders, loss of drebrin is
accompanied by synaptic pathology '“**. These findings imply that drebrin loss in
response to Egr-1 upregulation would lead to synaptic dysfunction. Drebrin is required
for PSD-95 and actin clustering at dendritic spines, and thus, drebrin loss prevents PSD-
95 accumulation, which hinders AMPAR and NMDAR recruitment to the postsynaptic
membrane as was shown by the decrease in GluA1 subunit of AMPAR (Figure 26). The
destabilization of actin cytoskeleton within dendritic spines due to loss of drebrin and the
impairment in PSD-95 accumulation would promote AMPAR endocytosis ***%. Also,
drebrin was found to directly induce synaptic targeting of NMDARs in an activity-
dependent manner *. Consequently, the loss of PSD-95 translated into decrease in

synaptic contacts 2.

The colocalization of PSD-95 and vGluT1 implies the presence of
synaptic contact where in mature neurons of 14DIV, the colocalization correlated with
the amplitude of the postsynaptic response AMPA-type glutamate receptor currents
(uEPSCs) **®. Based on this knowledge, we predict that decrease of synaptic contacts
would correlate with the decrease of synaptic activity. In fact, downregulation of drebrin
in primary hippocampal neurons impairs both glutamatergic and GABAergic synaptic
activity and leads to decrease of both excitatory and inhibitory synaptic transmissions .
Moreover, knockout of drebrin A eliminates homeostatic synaptic plasticity that is
required for maintenance of synaptic strength in order to protect the neurons from

287

unconstrained LTP “°". The increase in vGIuT1 presynaptic protein appears to be
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compensatory in order to re-establish the communication with dysfunctional postsynaptic
receivers.

Knockdown of drebrin in hippocampal neurons was shown to disrupt
morphological distribution of the spines by promoting formation of thin immature spines

¥ Conversely, increase of drebrin in cortical neurons was shown to elongate the dendritic
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spines while in immature neurons, large abnormal “megapodia” was forme
However, these morphological changes in response to direct manipulation of drebrin may
be limited to in vitro studies, because drebrin knockout mice showed decrease in spine
density without significant changes in morphological distribution *>. In AD, much of
drebrin loss was emphasized to be associated with loss of dendritic spines. It remains
unclear to what extent morphological distribution of the spines is changed in AD
although in animal models and in vitro models, decreases in the frequency of large spines
were observed '*2*°. Here, Egr-1-mediated changes in drebrin did not induce changes in
the morphological distribution of dendritic spines. Therefore, changes in the upstream
regulator of drebrin appear to have more moderate effect on drebrin where Egr-1
regulates drebrin present equally in immature and mature spines. Consequently the
morphological distribution was maintained while the density was reduced in Ln-Egr-1-
transduced hippocampal neurons and Egr-1 Tg mouse, and increased in Egr-1 -/- mouse.
These data suggest that Egr-1 upregulation in AD may contribute to synaptic dysfunction
by reducing the number of dendritic spines and not by the changing of morphology.
Phenotypically, loss of dendritic spines is reflected in deterioration of cognition

and information processing as synapse growth and strength represents memory formation

and storage *%'001011042%0 " Sunantic pathology in human counterparts is associated with
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neuronal degeneration and aging. In AD prominent decreases in neuronal density were
observed in the CA1 and CA3 region of the hippocampus *°'. Therefore it follows that the
reduction of spine density observed in the hippocampus of Egr-1 Tg would lead to
memory problems and cognitive deficits. Also, based on decreased expression of drebrin
observed in prefrontal cortex, we predict that there would also be decreased spine density
that further adds to exacerbate the cognitive deficit.

In majority of the past studies, emphasis on Egr-1 was given for its involvement
in the late-phase of LTP, which translates into memory consolidation *°. With regards to
this, an inducible mouse model of Egr-1 was used to demonstrate Egr-1’s role in memory
consolidation. In these mice, Egr-1 upregulation in the forebrain during the establishment
of object memories led to greater capacity to form a long-term memory with regards to
spatial location of objects but not of the objects themselves using object and object-place

.. 22
recognition memory tasks >’

. Furthermore, induction of Egr-1 in the amygdala
(forebrain) of the inducible mouse model of Egr-1 from 6 days prior to experiments was
shown to delay the extinction of conditioned taste aversion, which indicates Egr-1’s role
in memory consolidation **°. These observations suggest short-term Egr-1 overexpression
facilitates the long-term memory formation.

On the surface these data appears to contradict our hypothesis that Egr-1
upregulation leads to loss of drebrin. However, these past studies for Egr-1 only focused
on the transient induction of the gene in order to elucidate the physiological role of Egr-1.
Likewise, the inducible model of Egr-1 used in the recent study were younger in terms of

age (between 6- to 12-mo) and most importantly, Egr-1 was transiently induced for 6-8

days prior to the experiments. Therefore, these data do not reflect the role Egr-1 plays
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when its expression is sustained for a long-term as is the case in AD. Based on our data,
we propose that sustained upregulation of Egr-1 which was observed in AD may exert
detrimental effect on cognition due to synaptic dysfunction. Therefore, behavioral studies
to measure cognitive function in our Egr-1 Tg mouse model are needed to assess whether
loss of drebrin translates into cognitive impairment. It was shown that drebrin A
knockout rats display disrupted synaptic function that leads to cognitive impairment as
they show schizophrenia-type of impulsive behaviour including impaired pre-pulse
inhibition and increased sensitivity to stimulants '®. Egr-1 Tg mouse with sustained
upregulation of Egr-1 could show similar memory deficits as in AD and other cognitive
impairments as was observed in drebrin knockout rats.

Following the logic that spine density positively correlates with memory, the
increased spine density observed in response to Egr-1 loss-of-function should result in
enhanced LTP and memory consolidation . However in Egr-1 -/- mouse, early LTP in
the dentate gyrus remained intact, but late protein-synthesis dependent LTP was absent
226 As a result, short-term working memories and retention were intact while long-term
spatial memory was impaired in these mice. Also, the CA1 place cells of Egr-1 -/- mice
were impaired in terms of maintaining long-term place fields, which is an essential
component of the spatial memory system >°. These learning deficits highlight the
importance of transient expression Egr-1 for LTP and memory consolidation. Despite the
advantages of Egr-1 -/- mouse model for elucidating the role of Egr-1 in the brain, these
mice have a limitation as a knockout model. An Egr-1 loss-of-function that is present
from the development stage affects the neuronal development and thus, must be different

from the neuronal development of Egr-1 +/+ mouse. Consequently, the learning deficit
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observed in Egr-1 -/- mouse may be the accumulated product of developmental defects
and cannot be used to address Egr-1 loss-of-function with respect to aging. To address
this, a need arises for a mouse model whose Egr-1 function can be turned off once
maturity is reached. With relevance to AD, our data indicate that sustained upregulation
of Egr-1 leads to loss of drebrin and dendritic spines. Our data, together with the current
knowledge regarding physiological function of Egr-1, proposed as a future direction, to
study the effect of Egr-1 downregulation in an AD model that shows increased Egr-1
expression. We predict that downregulation of Egr-1 would lead to increase in drebrin
expression and may ultimately result in either prevention of spine loss or replenishment

of the spines depending on the stage of AD pathology.
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Chapter 6. Conclusion

The present thesis demonstrates a novel role of Egr-1 in the brain and expands the
current knowledge in drebrin and dendritic spine regulation. Dendritic spine loss in AD
and related disorders occurs from loss of the postsynaptic protein drebrin via an unknown
mechanism. In this thesis, we proposed Egr-1 as the nodal point via which regulation of
drebrin occurs during dendritic spine loss. Our combined results demonstrated by
utilizing both in vitro and in vivo models, that 1) Egr-1 binds to EREs on drebrin
promoter; 2) Egr-1 negatively regulates drebrin and 3) Egr-1-mediated loss of drebrin
correlates with loss of dendritic spine density. These results point to a novel role and
mode of action of Egr-1 during synaptic pathology in AD and possibly other cognitive
impairments characterized by loss of dendritic spines and Egr-1 upregulation. While
upregulation of Egr-1 leads to dendritic spine loss, physiological levels of Egr-1 are
necessary for memory formation. Similarly, while loss of drebrin leads to spine loss and
disrupt memory formation, overexpression of drebrin leads to formation of irregular
abnormal spines. Therefore, as a therapeutic option, future research should place
emphasis in re-establishing physiological levels of Egr-1, which would lead to

homeostatic synaptic symmetry.
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