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regions directly involved in Arc transcription. The DNaseI hypersensitivity assay was

first applied in primary rat cortical neuron cultures to screen the endogenous chromatin

structure flanking the Arc gene locus for discrete “open” nucleosome-depleted regions. A

novel reporter gene driven by these putative regulatory regions was then used to identify

two transcriptional enhancer regions located ~6.5 kilobase pairs (Kb) and ~850–950 base

pairs (bp) upstream of Arc. Bioinformatic analysis was then used to help identify an

evolutionarily and functionally conserved serum response element (SRE) within the distal

enhancer, as well as a conserved, yet non-canonical binding site for a putative novel

neuronal transcription factor within the proximal enhancer. Biochemical binding studies

confirmed that the serum response factor binds to this SRE in vivo at the endogenous Arc

promoter, and that some unknown nuclear protein(s) binds in vitro to the proximal

enhancer region. Finally, two additional regulatory regions, located ~9.3 Kb and

~700–850 bp upstream of Arc, with apparent repressor activity were also identified.

Thus, this investigation provides novel insights into the molecular mechanisms

underlying the regulation of Arc gene expression.
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Chapter 1:

Linking Gene Expression to Memory



2

Learning, memory, and synaptic plasticity

Higher order mental processes, such as learning and cognition, are built upon the brain’s

remarkable capacity to convert everyday, transient experiences — a simple conversation

or overcoming a challenge — into stored memories that can last a lifetime. These

cumulative memories shape an individual’s character and personality, largely defining

the human experience. However, these essential properties deteriorate in

neurodegenerative conditions, such as Alzheimer’s disease1 or Huntington’s disease2, or

are fundamentally altered from birth in the case of neurodevelopmental disorders, such as

autism3 or Down’s syndrome4. Although significant progress has been made towards

understanding these devastating conditions, effective therapies and treatments have not

been developed. A major focus of neuroscience research has been to understand the

physiological mechanisms responsible for learning, memory, and cognition. This

knowledge will advance science (and lead to a better understanding of what it means to

be human), and also make it possible to gain insights into how these processes are

perturbed in neurological disorders and how to address them more effectively.

Tightly regulated biochemical and structural changes at synapses5, the highly

specialized points of communication between neurons, in response to transient

experiences are believed to serve as the molecular basis for learning, memory, and

cognition6, 7. In 1973, Bliss and LØmo reported the seminal finding that repeated high-

frequency electrical stimulation of the perforant pathway within the hippocampus

consistently results in the robust long-term potentiation (LTP) of synaptic responses from

neurons in the dentate gyrus8. This key observation gave birth to the idea of long-term

synaptic plasticity, and as a result LTP of synaptic transmission quickly became a
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primary experimental model of memory formation from neuronal circuits9 up to behaving

animals10, 11.

However, the description of LTP was only the first of many forms of long-term

synaptic plasticity to be discovered during the surge of interest that developed throughout

the intervening years. Long-term depression (LTD) of synaptic transmission in response

to specific patterns of synaptic activity, which are distinct from those that induce LTP12,

13, is also required for learning and memory14, 15. LTP and LTD fall under the category of

Hebbian plasticity, where synaptic strengthening or weakening depends on correlations

between pre- and postsynaptic firing16, 17. There is also a non-Hebbian category of long-

term adaptive synaptic changes that include processes, such as synaptic scaling18 and

heterosynaptic plasticity19, that together serve to maintain the weights of individual

synaptic inputs (and therefore retain information content), while keeping the neuron

within its dynamic output range20, 21. Such finely tuned homeostatic processes are likely

required to allow changes or additions to neural circuits, and perhaps therefore the

introduction of new memories, without having a detrimental effect on the performance of

the existing neuronal pathways22, 23. Furthermore, the formation of new synapses24 and the

pruning of old ones25, which are regulated in part by synaptic activity26-28, play key roles

in the proper development of cortical circuits. These intricately regulated adaptive

processes have inspired an ever-increasing appreciation for the highly evolved and

precise level of control that neurons exert at synapses. A long-standing challenge in

neuroscience has been to understand how these varied molecular processes affect

neuronal properties and network dynamics to orchestrate learning, memory, and

cognition.
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Like memory, forms of synaptic plasticity such as LTP and LTD can be divided

into two temporally and mechanistically distinct phases: early- and late-phase long-term

plasticity (Figure 1.1). The early phase depends largely on covalent post-translational

modifications to existing proteins at the synapse that can immediately, but only

transiently, affect certain synaptic properties. For example, the rapid phosphorylation of

serine 831 on the GluR1 subunit of AMPA receptors (AMPARs), a key type of

glutamatergic receptor found at all excitatory synapses of the central nervous system29, 30,

increases this ion channel’s conductance properties31 to modulate synaptic transmission.

However, for these changes in synaptic efficacy to be made permanent during the late

phase of synaptic plasticity, downstream signaling cascades must be recruited to initiate

de novo synthesis of specific mRNAs and proteins7, 32, 33.

Figure 1.1  Early and late phases of LTP.

Early-phase LTP is mediated by mechanisms that rapidly affect several aspects of synaptic
function. These mechanisms include post-translational modifications that enhance the
conductance of AMPARs or facilitate the insertion of additional AMPARs into the membrane34.
Late-phase (or maintenance of) LTP requires activation of specific downstream signaling
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molecules and pathways that relay information to the nucleus and initiate the transcription of
immediate-early genes (IEGs). These gene products subsequently regulate various processes
important for synaptic plasticity. Adapted from E.R. Kandel (2000)35.

Only a subset — in the range of 15–300 — of the genes expressed in the nervous

system show activity-dependent upregulation36. The first wave of upregulation involves

immediate-early genes (IEGs), which are defined by their ability to be transcribed and

translated without the need to synthesize any additional cellular machinery. Based on

function, IEG protein products can be classified into either regulatory IEGs that go on to

instruct additional rounds of transcription, or effector IEGs that mediate various cellular

processes, including synaptic plasticity, throughout the neuron. The effector IEG Arc has

recently emerged as a critical regulator of various forms of synaptic plasticity37-39 as well

as several forms of long-term memory (LTM)39, 40. Thus, Arc is a powerful molecular tool

that can be wielded to gain additional insights into these adaptive synaptic mechanisms,

and ultimately into learning and memory.

The immediate-early gene Arc

In 1995, Arc (also known as Arg3.1) was identified separately by two groups that had

screened for seizure-induced IEGs in the rat hippocampus41, 42. Arc mRNA is rapidly and

robustly upregulated in response to patterns of synaptic activity that induce LTP42, 43, and

this expression is, in turn, required for the maintenance, but not the induction, of this LTP

at the synapse39, 40. Arc expression is also robustly upregulated in vivo by behaviorally

induced patterns of synaptic activity associated with learning and memory44, 45 (Figure

1.2) and is subsequently required for the retention of multiple forms of LTM39. Arc

mRNA specifically accumulates at recently activated dendritic regions in an NMDA
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receptor (NMDAR)–dependent manner43, a unique regulatory feature that might

contribute to synapse-specific plasticity. Arc protein is subsequently found within the

post-synaptic density at synapses46, 47 where it is thought to regulate AMPAR

endocytosis38, 48. Thus, Arc has a clearly delineated role in both long-term synaptic

plasticity and long-term memory and can, therefore, be used as a powerful molecular tool

to help elucidate the connections among synaptic activity, gene expression, and

memory49.

Towards this end, it is necessary to understand precisely which patterns of

synaptic activity regulate Arc expression. Electrophysiological studies have shown that

distinct neuronal ensembles within the CA1 region of the hippocampus are selectively

activated, depending on an animal’s location within a given environment50. Activation of

these “place field” ensembles may play a central role in the neural encoding of spatial

information51, and behaviorally induced patterns of CA1 Arc expression qualitatively

mimic the profile predicted by the place field ensemble model52. This observation has led

to the widespread use of Arc mRNA expression, detected by in situ hybridization53, as a

tool to track the temporal and spatial history of recent, behaviorally relevant synaptic

activity and to identify functional neuronal ensembles within several brain regions in

vivo45, 54-56 (Figure 1.2).

Figure 1.2  Arc mRNA expression in vivo is tightly regulated.

In situ hybridization reveals a rapid, robust, and transient Arc expression profile in the olfactory
cortex of behaving animals. An Arc cRNA probe (red) was hybridized to cortical sections from
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animals that were euthenized either 5 (A), 15 (B), or 30 (C) min after exposure to a novel scent,
and cell nuclei were visualized with DAPI (blue). In most labeled neurons, Arc mRNA was first
seen at one or two intranuclear spots (A) and then appeared in the cytoplasm (B), where it was
found exclusively after 30 min (C). Scale bar, 5 µm. Adapted from Zou et al. (2006)45.

Arc mRNA expression is not, however, a simple binary read-out of generic

electrical activity. In vivo, Arc expression in the hippocampus becomes de-coupled from

electrical activity in an all-or-none fashion, depending on recent behavioral history44. In

the visual cortex, the pattern of visual experience-induced Arc expression also depends

on stimulus novelty57. These observations demonstrate that Arc expression is not some

marker of generic synaptic activity (i.e., not all synaptic activity conveys the same

information), but instead correlates with patterns and periods of synaptic activity

specifically related to learning and memory consolidation. Furthermore, specific patterns

of synaptic activity do not necessarily regulate all IEGs in the same manner. In vivo,

increased Arc expression in the hippocampus correlates more robustly with periods of

spatial task acquisition than the expression of two other IEGs generally associated with

learning and memory, zif268 and c-fos44. Stimuli also induce distinct patterns of Arc and

c-fos expression in cultured cortical neurons58. Therefore, a clear mechanistic

understanding of Arc transcriptional regulation will help to build a molecular framework

for interpreting what (and how) specific patterns of synaptic activity regulate the neuronal

gene expression repertoire and in turn how these might contribute to learning and

memory.

Neuronal gene expression

In neurons, specific patterns of synaptic activity, as well as a wide range of extracellular
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cues including secreted growth factors59, 60, regulate patterns of gene expression important

for processes, including differentiation, survival, growth, synaptogenesis, and synaptic

plasticity61-63. As mentioned above, those genes induced specifically by synaptic activity

represent only a small subset of those expressed in the nervous system. Yet they have the

capacity to significantly affect synaptic properties throughout the neuron. In the late

1980’s, two separate groups produced some of the first major insights into these activity-

dependent transcriptional mechanisms by identifying two key transcription factors64, 65

that have since been shown to play essential roles in plasticity-related gene expression66,

67. The serum response factor (SRF) binds to its consensus DNA sequence known as the

serum response element (SRE)68. The calcium- and cAMP-response element binding

protein (CREB) binds to the calcium- and cAMP-response element (CRE)69. These

factors regulate the transcription of particular genes in response to specific and distinct

downstream signaling cascades that are, in turn, activated by events such as synaptic

activity (Figure 1.3).

Figure 1.3  Signaling cascades relay information from the synapse to the nucleus.

Neurotransmitter release at excitatory synapses regulates NMDAR and L-type voltage-gated
calcium channel (L-VGCC) gating, allowing the rapid influx of calcium across the plasma
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membrane. The rapid increase in local calcium concentration at these channels activates
downstream biochemical signaling cascades70, such as the mitogen-activated protein kinase
(MAPK) pathway. Distinct patterns of synaptic activity result in different calcium influx
dynamics that, depending on factors such as whether NMDARs or L-VGCCs are activated,
determine which specific signaling pathways are recruited. In this manner, different signaling
cascades relay information from the synapse to the nucleus and regulate, among other processes,
gene transcription important for maintaining the late phase of various forms of synaptic plasticity.
Adapted from West et al. (2002)71.

The field has since exploded from the number of studies focusing on neuronal

gene expression, which rapidly advanced models explaining how these processes are

mediated. For example, many functionally distinct families of neuronal transcription

factors have now been characterized71. These factors are tightly regulated by unique

signaling mechanisms and target (at least partially) distinct complements of genes for

transcription72. Large heterogeneous protein complexes that can include different

transcription factors, along with the specific co-factors that they in turn recruit73, 74, form

near the proximal promoter of genes and can integrate a variety of signals to determine

when and how much transcription of a particular gene occurs (Figure 1.4). However, it

has become increasingly clear during this period of expanding knowledge that the

intricate regulation of gene transcription is considerably more complex than can be

accounted for by these types of mechanisms alone. Indeed, work over the past several

years has led to an increasing appreciation for the role that chromatin structure and

dynamics play in the regulation of neuronal gene expression33, 75. To gain a more

comprehensive understanding of the molecular mechanisms underlying Arc expression, it

is therefore necessary to account for the role that chromatin architecture plays in this

process.
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Figure 1.4  Transcriptional complexes at gene promoters.

Multi-protein complexes bind at gene promoters and regulate the stimulus-induced initiation of
gene transcription. DNA-binding factors typically recruit additional co-factors to form such
complexes, which can then integrate different signaling pathways (A and B) to ensure that
transcription only occurs under the appropriate conditions. Such complexes can also be regulated
by specific inhibitory factors or co-factors that might, in turn, be regulated by different
downstream signaling pathways (C). The transcriptional regulation of neuronal genes, in
particular IEGs such as Arc, can therefore be very tightly regulated processes. Adapted from
Finkbeiner (2001)76.

Chromatin structure and transcriptional regulation

The completed sequence of the human genome77, 78 represented a remarkable milestone in

the quest to understand how the human body develops and functions, both in health and

disease. This roughly 3-billion letter code, which can be thought of as the human

“blueprint,” contains the instructions for synthesizing nearly all the molecules that form

each human cell, tissue, and organ. The ability of a single genome to specify so many

distinct cell types depends critically on the ability to regulate the expression of precise

subsets of genes in the proper temporal and spatial pattern within a given cell. Therefore,

to “read” this blueprint, it is necessary to first identify the transcriptional regulatory

elements that control the expression of each gene and understand how the function of

these elements is coordinated to ensure that the correct gene repertoire is expressed in

each cell. Indeed, most of the complexity in the eukaryotic genome may be encoded
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within gene regulatory elements79, and deciphering these noncoding portions of the

genomic blueprint has emerged as a central goal in biology.

To correctly decipher the genomic blueprint will require a more in-depth

understanding of a separate, and thus far mostly cryptic, chemical and physical code

written over the genome’s DNA sequence, the epigenetic code. The term “epigenetics”

was first coined in the 1940s by British embryologist and geneticist Conrad Waddington

to describe “the interactions of genes with their environment, which brings the phenotype

into being.”80 The term now refers to the extra layer of instructions that influence gene

activity without altering the DNA sequence. This additional information is stored in the

form of chromatin, which is broadly defined as the complex of DNA and associated

proteins packaged inside the nucleus that comprises the main store of genetic material.

The fundamental subunit of chromatin is the nucleosome, which consists of

approximately 146 base pairs (bp) of DNA wrapped in two superhelical turns around an

octamer core of histone proteins (two each of H2A, H2B, H3, H4)81 (Figure 1.5). Core

histones are among the most highly conserved eukaryotic proteins known82, underscoring

the fundamental role they play in packaging the genome and regulating its various

processes. This regulation is largely mediated by the histone “tails” (the amino-terminal

ends of the histone protein chains), which wrap around the DNA and are subject to

various post-translational modifications, including (but not limited to) phosphorylation,

acetylation, (mono-, di-, tri-) methylation, ubiquitylation, sumoylation, and ribosylation83,

84. Such modifications can regulate histone binding to DNA or create specific recognition

binding sites that recruit additional structural proteins that can regulate chromatin

structure on both the local and global level85. The most compact forms of chromatin are
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inaccessible to DNA-binding proteins and therefore provide a poor template for

biochemical reactions, such as transcription (Figure 1.5). By determining when and

where regulatory proteins have access to the genome, this highly regulated process of

chromatin packaging is intimately connected with how the genome is faithfully replicated

during mitosis, maintained and repaired in response to damage, properly segregated

during meiosis, and programmed to precisely regulate patterns of gene expression that in

turn specify cell fate86.

Figure 1.5  Dynamic chromatin structure and regulation.

The lowest level of chromatin structure is the nucleosome, in which two superhelical turns of
DNA are wound around the outside of a histone octamer comprising an H32-H42 tetramer and two
H2A-H2B dimers. The amino (N) termini of histones project out of the nucleosome core and
interact with DNA. These histone tails can be epigenetically tagged by acetylation, methylation,
and phosphorylation (as well as by many other modifications). These modifications can both
serve as signaling platforms that recruit regulatory proteins important for processes including
transcription, as well as directly regulate the formation of higher order chromatin structure
intermediates (that can in turn regulate such processes by determining chromatin accessibility).
Adapted from Baylin et al. (2007)87 and from Levenson et al. (2005)88.
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A simple and commonplace view of transcriptional regulation involves five types

of cis-acting regulatory sequences: promoters, enhancers, silencers, insulators, and locus

control regions89. Overall, transcriptional regulation involves the interplay of multiple

components, whereby the availability of specific transcription factors and the

accessibility of their cognate consensus binding sites within discrete nucleosome-

depleted regions90 govern whether a transcript is generated. However, the current view of

transcriptional regulation is overly simplified, with many details remaining to be

elucidated. For example, stimulus-induced increases in the rate of polymerase initiation at

a promoter often depend on the presence of enhancer regions, which are functionally

defined by their ability to amplify the expression of a gene, regardless of their physical

distance from that gene. In some cases, enhancer regions have been located hundreds of

kilobase pairs (Kb) away from the genes they regulate91-93 (Figure 1.6), yet the

mechanisms underlying such a long-range process remain unclear.

Figure 1.6  Long-range chromatin interactions can regulate gene expression.

Distal cis-acting regulatory elements are important for the transcriptional regulation of many
genes. Their proximity to the promoter (Pol II) and therefore ability to interact with or form a
multi-protein transcriptional complex are largely determined by higher order chromatin structure
and dynamics. Such regulatory elements can either serve as enhancers, silencers, insulators, or
locus control regions that help to integrate various downstream signals and ensure that
appropriate patterns of gene transcription occur. Adapted from Vernimmen et al. (2007)92.
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This extreme example highlights one of the potential challenges in trying to fully

understand the transcriptional mechanisms for a tightly regulated gene, such as Arc. Do

these types of distal cis-acting elements mediate proper Arc expression, and if so, where

are they located within the genome? A number of powerful techniques have been

developed to help shed light on the location94-96 and function97-99 of such gene regulatory

elements, as well as the higher order chromatin organization that mediates their

interactions with the genes they regulate100, 101. Despite these advances and the potential

they offer, only a small number of these approaches have been applied to the study of

neuronal IEG expression. Their use therefore opens up the possibility of gaining new and

exciting insights into the molecular mechanisms underlying neuronal gene transcription,

and ultimately learning and memory.

Key findings of the dissertation

The neuronal IEG Arc is required for the maintenance of LTP at the synapse and for

various forms of LTM in behaving animals. Yet relatively little is known about the

mechanisms underlying its expression. The body of work presented here demonstrates

that transcription initiation is a major mechanism underlying Arc expression and offers

the most detailed analysis to date of the molecular mechanisms underlying this process.

Several powerful techniques, which had not previously been used in combination

to study the transcription of a neuronal IEG, were used to identify and characterize the

genomic regions directly involved in the regulation of Arc transcription. The DNaseI

hypersensitivity assay (DHA) was first applied in primary rat cortical neuron cultures and

rat PC12 cell lines to screen the endogenous chromatin structure flanking the Arc gene
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locus for discrete “open” nucleosome-depleted regions (NDRs). A novel reporter gene

driven by these putative regulatory regions was then used to identify two transcriptional

enhancer regions located ~6.5 Kb and ~850–950 bp upstream of Arc. Bioinformatic

analysis was then used to help identify an evolutionarily and functionally conserved SRE

within the distal enhancer, as well as a conserved, yet non-canonical binding site for a

putative novel neuronal transcription factor within the proximal enhancer. Biochemical

binding studies confirmed that SRF binds in vivo at the endogenous Arc promoter, and

that some unknown nuclear protein(s) binds in vitro to the proximal enhancer region.

Finally, two additional regulatory regions, located ~9.3 Kb and ~700–850 bp upstream of

Arc, with apparent repressor activity were also identified. This study demonstrates the

value of assessing chromatin structure and using combinatorial approaches in

transcriptional studies, and provides important new insights into the molecular

mechanisms underlying Arc gene expression.
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Chapter 2:

Transcriptional Regulation of Arc
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Introduction

Most recent studies of Arc have focused on understanding the physiological role that this

protein plays at the synapse. However, relatively little is known about how specific

patterns of synaptic activity correlated with learning and memory regulate Arc gene

expression. Indeed, Arc mRNA expression in vivo is a rapid, robust, and transient process

typically found for genes with key regulatory roles45, 52, 53 (Figure 1.2). These observations

suggest that the neuron tightly regulates specific molecular mechanisms to ensure precise

and appropriate patterns of Arc expression. Therefore, a deeper understanding of these

mechanisms will help to reveal how a neuron regulates adaptive synaptic changes

important for learning and memory.

Recent work from this group has provided the most direct evidence that LTP-

inducing stimuli, in particular the brain-derived neurotrophic factor (BDNF), regulate the

synthesis of new Arc mRNA58. However, other recent work demonstrated that Arc

mRNA is also a natural target for the nonsense-mediated decay pathway102, and so it

remains unclear to what extent transcription initiation and mRNA stability generally

determine activity-dependent increases in Arc mRNA expression. When the initiation of

Arc transcription does occur, as in response to BDNF, it must be regulated by specific

stimulus-dependent DNA response elements. However, very little is known about the

identity of these elements or the transcription factors involved, and reports describing the

potential role of SRF in Arc transcription conflict103, 104.

Unfortunately, previous attempts to identify functional DNA binding sites for

SRF — or any functional binding sites required for rapid Arc transcription — by

traditional luciferase-based reporter gene assays were inconclusive105, 106. This may be
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explained in part by a number of recent studies highlighting the critical role that distal

cis-acting regulatory regions play in neuronal gene expression97, 107, 108. Because they tend

to focus primarily on more proximal promoter regions, traditional reporter gene studies

would likely miss any distal regulatory regions important for Arc expression. However,

this problem can be addressed by a classic method that has been slow to make its way

into the neuroscience arena. For the last 25 years, mapping of DNaseI hypersensitive sites

(HSs) by Southern blotting has been a highly accurate method for identifying the location

of promoters, silencers, and enhancers at the genomic locus of a specific gene of

interest90, 109-111. Such regulatory elements are typically characterized by a greater

accessibility to regulatory proteins, and thus to nucleases, than inactive chromatin112, 113.

Thus, by combining this powerful approach with various other available techniques from

the transcription toolkit, it is possible to gain new insights into the role that transcription

initiation plays in Arc expression and the regulatory mechanisms that must in turn

underlie this process.
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Results

Transcription initiation is a major mechanism underlying Arc expression

Previous studies have demonstrated that Arc is upregulated in response to multiple types

of stimuli42, 52, 106. However, it is unclear to what extent transcription initiation or

transcript stability contributes to this general process. In a primary rat cortical neuron

culture system, bath application of the neurotrophin BDNF, a key regulator of various

neuronal processes, including synaptic plasticity114, 115, robustly upregulates Arc mRNA

levels by directly regulating transcription initiation. In a separate study, no functional

cAMP or calcium response elements were found in the Arc promoter106, suggesting that

transcription initiation per se may not always be important for Arc expression. Another

study concluded that enhanced mRNA stability directly mediates calcium-induced Arc

upregulation105. However, these two studies were carried out in non-neuronal cell lines,

and in contrast, a study performed in cultured rat cortical neurons found that calcium

signaling does not increase the stability of Arc mRNA116.

To resolve this controversy and determine whether transcription initiation is an

important mechanism underlying general Arc expression in neurons, quantitative

fluorescent real-time reverse-transcription PCR (qfRT-PCR) was used to measure the

abundance of nascent, unspliced Arc transcript in an in vitro neuronal culture system that

facilitates such mechanistic studies58. The rat Arc gene contains two short introns, located

within the 3′ UTR, which are presumably spliced out during transcript maturation102.

Therefore, two qfRT-PCR primer pairs that only detect Arc transcripts still containing

their introns were designed and validated58. One primer pair anneals entirely within intron
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1, and the other pair anneals across the intron 2-exon 3 boundary to ensure detection of

introns before they are spliced out (Figure 2.1).

Figure 2.1  Transcription initiation is a key regulatory mechanism for Arc expression.

(A) Cartoon depicting the reverse transcription quantitative fluorescence real-time PCR (qfRT-
PCR) primer pairs used to detect Arc pre-mRNA levels. (B) qfRT-PCR demonstrated the
induction of nascent Arc transcripts after 6 h stimulations with either BDNF (100 ng/ml), the
adenylyl cyclase activator forskolin (50 µM) and the phosphodiesterase inhibitor IBMX (100
µM), or 6 h after washout of chronic TTX (2 µM , 48 h; TTX pretreated). This induction was
inhibited by APV (100 µM) added after washout. All values are presented as the mean +/-1 SEM.
N=3, paired t-test: **P < 0.01, *P < 0.05 versus control; n.s., not statistically significant.

Here the adenylyl cyclase activator forskolin and the phosphodiesterase inhibitor

IBMX (3-isobutyl-1-methylxanthine) — which together increase intracellular levels of

the second messenger cAMP (3'-5'-cyclic adenosine monophosphate) — and the synaptic

activity enhancing chronic “tetrodotoxin withdrawal” paradigm20 were tested. Bath

application of forskolin/IBMX increases levels of nascent Arc mRNA ~three-fold relative
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to control, in comparison to the previously reported BDNF-mediated increase of ~seven-

fold58 (Figure 2.1). To then test whether synaptic activity can directly regulate Arc mRNA

synthesis, synaptic activity was first suppressed for 2 d with bath application of

tetrodotoxin (TTX), a sodium-channel antagonist. Then, neurons were washed into drug-

free medium, producing a rebound of enhanced synaptic activity20. This scheme elicited

the largest observable induction of nascent Arc mRNA levels out of all the stimuli tested,

~40-fold over control (Figure 2.1). The effect was completely blocked when the NMDAR

antagonist APV (2-amino-5-phosphonopentanoate) was added immediately after TTX

washout, consistent with in vivo studies demonstrating that synaptic activity induces Arc

expression in an NMDAR-dependent manner117. These findings indicate that distinct

signaling pathways recruited by different stimuli directly regulate the synthesis of Arc

mRNA, clearly demonstrating that transcription initiation is a key and robust mechanism

for regulating Arc expression. Although this does not rule out the possible contribution of

mRNA stability to steady-state transcript levels, these findings indicate that activity-

dependent DNA response elements are required to mediate Arc expression.

Bioinformatic identification of evolutionarily conserved regions flanking Arc

Increasingly sophisticated bioinformatic tools facilitate the identification of

evolutionarily and functionally conserved transcription factor binding sequences. To

identify candidate regulatory elements for Arc, the UCSC Blast-like Alignment Tool

(BLAT) server118 was used in conjunction with EVOPRINTER freeware119. Briefly, these

resources were used to align the orthologous up- and downstream regions of the human,

mouse, and rat genomic regions flanking Arc. The EVOPRINTER output identified



22

nucleotides throughout these alignments that exhibited conservation for both their

sequence and their relative position within the genome, a point that will become

important later in this study. This analysis revealed seven discrete clusters (Regions

A–G) of short conserved nucleotide stretches dispersed throughout a ~13 Kb portion of

the genomic region upstream of Arc, and two such clusters (Regions H and I) within a

~16 Kb portion of the genomic region downstream of Arc (Figure 2.2). This level of

conservation implies a physiologically important role for these regions and the sequences

they contain in Arc transcription.

Figure 2.2  Identification of regions enriched for evolutionarily conserved sequence.

The online UCSC Blast-like Alignment Tool (BLAT)118 was used to identify seven upstream
(A–G) and two downstream (H, I) regions flanking the Arc gene locus that are enriched (above
the threshold expected by chance alone) for evolutionarily conserved sequences (image not to
scale).

Biochemical identification of putative regulatory regions flanking Arc

The DHA is a powerful biochemical approach used to map out putative gene regulatory

regions within very large (i.e., kilobase to megabase) genomic DNA fragments95, 111, 120-122.

This technique essentially screens the endogenous chromatin structure with DNaseI to

identify “open” NDRs, which facilitate the binding of regulatory proteins to DNA

response elements and are susceptible to enzymatic cleavage and subsequent

identification by Southern blot.
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Figure 2.3  DNaseI hypersensitivity assay methodology.

To locate any nucleosome-depleted regions (NDRs) flanking the Arc gene, cortical neuron or
PC12 cultures were stimulated pharmacologically and harvested to isolate the nuclei. Separate
aliquots of the isolated nuclei were then incubated with a DNaseI gradient to cleave the NDRs.
After this digestion the samples were subjected to an overnight incubation with proteinase K to
degrade nuclear proteins, including any bound transcription factors and the histones that form the
nucleosomes. The resulting “naked” genomic DNA for each aliquot was then isolated and
subsequently digested by the restriction enzyme SspI (chosen for the convenient location of its
cut sites), creating a population of genomic DNA fragments. At the Arc locus, there is the full-
length primary fragment that results from the SspI digests, and the shorter hypersensitive
fragments that result from the combination of the SspI and DNaseI digests. As illustrated here, to
visualize only the specific population of fragments upstream of the Arc locus (and separate them
out from the genomic milieu), a Southern blot probe was created that anneals immediately
adjacent to and upstream of the SspI cute site within the Arc CDS, permitting this single probe to
detect all of the DNA fragments of interest.

In the Southern blot, these fragments appear as either a slower migrating, higher molecular
weight (MW) band (the primary band) or one of several faster migrating, lower MW bands (the
hypersensitive bands). (To visualize only the specific population of fragments downstream of the
Arc  locus, a Southern blot probe was created that anneals immediately adjacent to and
downstream of the SspI cute site within the Arc CDS.) To determine the size of these DNA
fragments (and therefore the location of the NDRs within the genome) based on their migration
distances during gel electrophoresis, a ladder of known standards was created. BAC 208M7
(containing the portion of rat chromosome 7 encompassing the Arc gene locus) was digested by
SspI to create a primary fragment that was then subjected to a series of secondary digests at
unique, regularly spaced restriction sites. These fragments, which are all recognized by the
Southern blot probe described above, were then pooled to form a standard ladder. The migration
distances of these ladder fragments (of known size) were then used to create a linear regression
model and calculate the size of the hypersensitive fragments. (See Methods and Materials for
additional details.)
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The DHA was first performed in undifferentiated rat pheochromocytoma (PC12)

cell cultures. PC12s upregulate Arc mRNA in response to multiple extracellular stimuli,

including nerve growth factor (NGF)42 and have been used as a model system to

understand neurotrophin-induced gene expression123, 124. In the current study, PC12

cultures were stimulated with NGF (100 ng/ml) for 3 h (when there is robust Arc

transcription in this system, data not shown), and then lysed in an ice-cold buffer to

isolate the nuclei while preserving the endogenous chromatin architecture. The nuclei

were subsequently subjected to a gradient of DNaseI activity, after which the genomic

DNA was isolated and digested by a restriction enzyme. DNA fragments were then

resolved by standard gel electrophoresis and subjected to Southern blotting (Figure 2.3).

Regions that regulate gene transcription can be found both 5′ and 3′ to the transcription

initiation site for certain genes111, and since the DHA makes no assumptions regarding

where such regions might be located, Southern blot probes were developed to explore

both the up- and downstream genomic domains flanking the Arc gene.

Within the ~13 Kb region (arbitrarily determined by the restriction sites)

immediately upstream of Arc, the DHA revealed a novel set of six discrete open DNaseI

HSs (bands A–D, F, G, Figure 2.4, top panel, left blot). Of note, the more distal putative

regulatory sites referred to as A, B, and C reside approximately 9.3, 6.5, and 4.5 Kb

(respectively) upstream of the Arc transcription start site (TSS), significantly farther out

than previous transcriptional studies have examined within neurons105, 106. A ~200-bp tract

of accessible genomic DNA appears to occur at the Arc TSS itself, a feature previously

noted at the TSS of other genes125, 126 that may allow for constitutive binding of the basal

transcriptional pre-initiation complex (PIC). Within the ~16 Kb region (again arbitrarily
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determined by the restriction sites) immediately downstream of Arc, the DHA revealed

two additional novel open DNaseI HSs (bands H and I, Figure 2.4, bottom panel, left

blot).

Figure 2.4  The DHA reveals putative regulatory regions.

(top) An upstream genomic screen identifies seven discrete “open” regions (bands A–G, indicated
by arrows) present either in both RCNs and PC12s (bands A, B, D, F, G), RCNs alone (band E),
or PC12s alone (band C). There is also a larger “open” smear (indicated by a line and asterisks)
present at the proximal promoter region immediately upstream of the TSS. The “naked” DNA
negative control, performed using both PC12 and RCN DNA, only exhibits bands A and G,
suggesting that they are either atypical sites or perhaps potential artifacts of the DHA, but that the
remaining bands and smear reflect the native chromatin structure upstream of Arc.

Blot contrasts were chosen to best represent all observed bands. Bands D and E (indicated by
arrows and arrowheads) are less obvious here, but are more visible at higher image contrasts (data
not shown).

(bottom) A downstream genomic screen identifies two discrete open regions (bands H, I) present
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in PC12s, but not in RCNs (data not shown). The naked DNA negative control demonstrates that
both bands are not artifacts of the DHA.

All Southern blot images are representative of N≥3 experiments. All distances are given in Kb
away from the Arc TSS. The relative DNaseI concentration gradient is indicated above each blot.
(See Methods and Materials for additional experimental details.)

RCNs: rat cortical neuron cultures; PC12s: rat pheochromocytoma 12 cell line cultures; PB:
primary band resulting from restriction cuts alone; TSS: transcription start site.

A potential concern was that the sites identified by the DHA might not actually

reflect the native chromatin structure at the Arc locus, but could instead simply be

artifacts of sample handling. To address this possibility, chromatin was first stripped of

all DNA binding proteins (“naked” DNA), but was otherwise handled in the same

manner, to test whether this would yield similar DNaseI cleavage sites. Indeed, none of

the previously identified HSs, except bands A and G, were detected by this assay (Figure

2.4, top and bottom panels, right blots). Thus, the majority of bands do reflect

hypersensitive open domains within the native chromatin structure in vivo. Bands A and

G might be artifacts of the DHA or atypical HSs that serve as matrix attachment regions

(MARs) that could be important for regulating higher order chromatin structure as well as

gene expression127, 128.

To determine whether the same chromatin architecture occurs in a more

physiological system, the DHA was then performed in primary rat cortical neuron

cultures (RCNs). RCNs were left either unstimulated or stimulated by bath application of

BDNF (100 ng/ml) for 3 h (when there is robust BDNF-induced Arc transcription in this

system, data not shown). Here the DHA revealed a set of upstream HSs almost identical

to that found in PC12s (Figure 2.4, top panel, middle blot), but did not identify any

downstream HSs (data not shown). Interestingly, these open sites appear to be static: they

are observed under both basal and BDNF-stimulated conditions (as well as after chronic



27

TTX pretreatment and washout, data not shown). This is consistent with work indicating

that HSs important for gene transcription, after first becoming accessible, retain this

accessibility during cell fate determination to regulate phenotype-specific gene

expression129. Furthermore, IEG transcription is often induced by the rapid

phosphorylation of DNA-bound transcription factors (e.g., CREB, SRF). Such static

regulatory regions would therefore facilitate the easy access or constitutive binding

required for the rapid transcription of Arc mRNA, which can be detected by in situ

hybridization within ~5 minutes (min) of stimulation45, 53. Although the DHA cannot

detect more subtle post-translational histone protein modifications at this resolution, this

observation further suggests that there are no stimulus-dependent changes in the number

or size of these open chromatin domains within this ~13-Kb region. Thus, the DHA has

identified a set of open genomic regions shared by two distinct Arc-expressing cell

culture systems, suggesting a role in the regulation of Arc transcription.

Sequence conservation within putative DHA regulatory regions

Remarkably, the genomic positions of the NDRs identified by the DHA strongly correlate

with the positions of the conserved nucleotide clusters predicted by the in silico analysis

(Figure 2.6). Such position conservation may be required so that these sequences remain

within the static open NDRs and remain accessible to regulatory DNA binding proteins.

Indeed, NDRs tend to be highly enriched for evolutionarily and functionally conserved

transcription factor binding sites130-132.

The short conserved nucleotides stretches described above were scanned for

putative transcription factor binding sites using the online Transcription Element Search
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System (TESS) query database133. In Region B, for example, this analysis revealed

several conserved binding sites including adjacent sites for the SRF and Elk-1, which

together form a ternary complex factor (TCF) involved in gene regulation134, 135 (Figure

2.5). Extending this analysis to the remaining regions identified putative binding sites for

a diverse set of protein factors that play a role in plasticity-related neuronal gene

transcription, including NF-AT60, 136, NF-ΚB137, 138, and MEF2139, 140. This approach also

identified putative binding sites for non-canonical factors that have not previously been

implicated in plasticity-related neuronal gene expression, including Nkx-2.5141, N-Oct-

3142, and Zeste143. However, this analysis did not identify any conserved predicted binding

sites for CREB, a well-studied neuronal transcription factor that regulates many

plasticity-related genes important for learning and memory144. Taken together, the DHA

and in silico approaches have converged to identify a defined set of discrete genomic

regions that contain evolutionarily conserved sequences accessible to DNA-binding

proteins, strengthening the idea that these putative regulatory regions might play a role in

the transcription of Arc.
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Figure 2.5  Bioinformatic analysis of the Arc genomic locus.

EVOPRINTER software analysis119 of the nine BLAT-identified regions (A–I) flanking the Arc
gene locus identified short nucleotide stretches that are conserved for both sequence identity and
genomic position relative to the Arc TSS (nucleotides shown in black capital letters for Region B
and Regions F/G). For comparison, a portion of the genomic region between Regions C and D
demonstrates the relative lack of such conservation in the surrounding areas (shown as lowercase
grey letters). The online Transcription Element Search System (TESS)133 was then used to screen
these conserved sequence elements for consensus binding sites. This revealed — among others —
a putative SRE, boxed, and an adjacent putative Ets/Elk-1 element, underlined, in Region B, as
well as two putative “Zeste”-like binding sites, boxed, in Regions F/G. All distances are from the
Arc TSS.

Design of a novel Arc reporter that recapitulates endogenous Arc mRNA expression

Revised models of gene regulation hold that distal regulatory regions, which can be

separated by very large genomic distances, physically and functionally interact to form
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promoter complexes that regulate gene transcription108, 145-149. Curiously, previous reporter

gene–based transcriptional studies that focused solely on more proximal Arc promoter

regions did not identify DNA response elements required for the rapid induction of Arc.

These reporters may have lacked key DNA regulatory elements involved in the proper

regulation of Arc transcription, and so we hypothesized that the up- and downstream HSs

flanking the Arc gene locus were important for its transcriptional regulation. To

determine the potential role of these putative regulatory regions in stimulus-induced

transcription, a novel Arc reporter gene was constructed. Briefly, a previously described

firefly luciferase reporter driven by the 2.6-Kb genomic DNA fragment immediately

upstream of the Arc TSS105 was used as a base from which to build. This fragment

already contained four of the seven upstream HSs that had been identified. Genomic

DNA regions that encompassed the remaining upstream and downstream sites were

cloned by PCR, verified by sequencing, and subcloned in a tandem array either

immediately upstream of the 2.6-Kb fragment (for the upstream DHA sites), or

downstream of the firefly luciferase reporter gene (for the downstream DHA sites) to

maintain their relative positional relationships (Figure 2.6).

Figure 2.6  Rationale for constructing a novel Arc reporter gene.

The relative genomic positions of the DHA HSs and the evolutionarily conserved regions
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strongly correlate, suggesting a potential involvement in Arc transcription. Therefore, an Arc
promoter reporter construct105 that already contained four of the nine putative regulatory sites
(D–G) was used as a base into which the remaining up- and downstream sites were subcloned
(see Methods and Materials section for details).

To test the behavior of this new Arc reporter gene, primary rat cortical neuron

cultures were transfected with this reporter and a plasmid constitutively expressing

renilla luciferase to control for transfection efficiency and sample handling. The new

full-length reporter shows robust responses to BDNF (~10-fold relative to control) and

forskolin (~4-fold relative to control) (Figure 2.8), which closely parallel the relative

potency of these stimuli for inducing endogenous Arc mRNA levels (Figure 2.7). On the

other hand, the base 2.6-Kb Arc reporter gene did not respond as robustly to BDNF or

forskolin as the new reporter (data not shown). Taken together, this new Arc reporter

gene more faithfully recapitulates the expression profile of endogenous Arc mRNA and is

therefore an important tool for the study of Arc transcription.

Figure 2.7  A novel reporter recapitulates endogenous Arc mRNA expression.

Various stimuli induce expression of both endogenous Arc mRNA and the novel Arc reporter
gene in cortical neuron cultures. When all inductions are normalized to the least potent stimulus,
55 mM KCl-mediated membrane depolarization, the relative BDNF- and forskolin/IBMX-
mediated inductions of Arc mRNA and the reporter (over control) are very similar. This suggests
that the novel Arc reporter recapitulates certain key features of endogenous Arc mRNA
expression, and that this reporter must therefore contain DNA response elements important for
Arc expression. N=3 for all experiments.
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Identification of novel distal and proximal enhancer regions

To assess the potential role of each putative regulatory region in stimulus-induced

reporter activity, a set of reporter constructs with various broad deletions of DHA

Regions A-I were created and tested in the in vitro system as described above. This

approach revealed that Region B is necessary for a substantial percentage of the full

reporter’s response to both BDNF (~30%) and forskolin (~50%) (Figure 2.8). In addition,

Regions F/G (which appear as separate DHA bands but due to their physical proximity

cannot be clearly separated, and thus are considered together here) are also necessary for

a significant percentage of the full reporter’s response to BDNF (~20%), but interestingly

not to forskolin.

Figure 2.8  A novel Arc reporter facilitates the identification of distinct enhancers.

A systematic broad deletional analysis of the new Arc reporter reveals several regulatory regions.
“‡” indicates the reporter constructs with the minimal deletions (∆B, ∆F/G) that result in reduced
stimulus-mediated activity. This side-by-side construct comparison highlights how these two
regions differentially contribute to BDNF- and forskolin/IBMX-induced reporter activity.
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“Proximal” indicates the ~700-bp basal promoter region immediately upstream of Arc. All values
are shown as a percentage (mean +/-1 SEM) of the maximum BDNF measurement for reporter
ABCDEFG. N=5, one-way ANOVA and post-hoc Tukey t-tests: ***P < 0.001, **P < 0.01, *P <
0.05

For these regions to be considered as bona fide enhancers, they must also be

sufficient to ectopically drive the transcription of a distinct promoter97. These regions

were therefore individually subcloned into a separate vector driven by the SV40 promoter

(pGL3-Promoter, Promega) to screen their putative functions. Region B was sufficient to

increase the SV40 promoter’s response to both BDNF (by ~2-fold) and forskolin (by

~1.5-fold), while Regions F/G increased the promoter’s response to BDNF (also by ~2-

fold) but not to forskolin (Figure 2.9). To demonstrate that any given stretch of genomic

DNA will not behave as a transcriptional enhancer, Region D was also individually

subcloned into this reporter since it was dispensable for stimulus-induced activity of the

full reporter (Figure 2.8 and data not shown). As expected, Region D had no effect on

SV40 activity (Figure 2.9). Interestingly, Region A exhibited a significant suppressor

effect on BDNF-induced SV40 promoter activity (by ~40%) (Figure 2.9). This is

consistent with the observation that the reporter construct missing Region B and Regions

F/G but still containing Region A had less activity than the proximal ~700-bp of the Arc

promoter alone (Figure 2.8).
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Figure 2.9  Specific regions are sufficient to enhance or suppress induced reporter activity.

In cortical neuron cultures, the SV40 (simian virus 40) promoter alone induces luciferase reporter
activity in response to BDNF, but not to forskolin/IBMX treatment. Region B is sufficient to
enhance SV40 promoter activity in response to both BDNF and forskolin/IBMX, while Regions
F/G are sufficient to enhance activity in response to BDNF, but not to forskolin/IBMX. In
contrast, Region A is sufficient to suppress normal SV40 promoter activity in response to BDNF.
Region D serves as a negative control for the screen and has no effect on BDNF- or forskolin-
induced SV40 promoter activity. All values are shown as a percentage (mean +/-1 SEM) of the
maximum induction for Region B. N=5, one-way ANOVA and post-hoc Tukey t-tests: ***P <
0.001, **P < 0.01

As previously noted, Region B resides ~6.5 Kb upstream of the Arc TSS, much

further upstream than any previous transcriptional studies have examined. Regions F/G

reside 700–950 bp upstream of the Arc TSS, and even though this proximal enhancer can

be found within the previously published Arc reporter genes, identification of this

region’s precise location and functional role was only accomplished by combining the

DHA with in silico approaches. Since these regulatory regions are required for a

substantial portion of the full reporter’s stimulus-induced activity, these observations

might help explain why previous attempts to understand Arc transcription have not been
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more conclusive. Furthermore, Region A resides ~9.3 Kb upstream of the Arc TSS and

was therefore also not identified in previous studies. It behaves as a transcriptional

repressor and might be important for Arc expression.

The serum response factor regulates Arc

SRF is a transcription factor with a well-documented role in neuronal gene transcription

that mediates a diverse range of physiological processes, such as differentiation, survival,

and synaptic plasticity. A recent study implicated SRF in the transcriptional regulation of

Arc104. This work showed a dramatic Arc expression deficit in the hippocampus and

neocortex of a SRF-/- mouse line, but stopped short of demonstrating either SRF binding

at the Arc promoter or a direct causal relationship between SRF activity and Arc

expression. In a separate study, two putative SREs, the consensus DNA binding site for

SRF, were identified within the proximal upstream 1.7-Kb region of the Arc promoter106.

However, deletions of these two sites had no effect on forskolin-induced activity of a 1.7-

Kb Arc reporter gene stably transfected into PC12s.

To conclusively resolve the uncertainty surrounding the role of SRF in Arc

expression, the bioinformatic approaches described above were applied to identify three

conserved SRE consensus sites within the full-length Arc reporter (SRE1 in Region B,

SRE2 in Region E, and SRE3 in Region G) (Figure 2.10). To test the functional

significance of these putative binding sites, a panel of full-length reporters was created

with subtle inactivating point mutations150 of SRE1-3, either individually or all together.

Consistent with the aforementioned reporter study and broad deletional work described

here (Figure 2.8), the SRE sites within the proximal 1.7-Kb region of the promoter (SRE2
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and SRE3) were dispensable for BDNF-induced reporter activity (Figure 2.10). However,

inactivation of SRE1, which resides within the more distal Region B, revealed that this

site is necessary for ~20% of the total BDNF-induced reporter activity. Interestingly, this

almost recapitulates the reduction in BDNF-induced reporter activity observed by the

entire deletion of Region B. Thus, SRE1 may be required to mediate the majority of the

BDNF-induced enhancer activity of Region B. To demonstrate this more directly, the

same inactivating point mutation was then introduced into the enhancer screen vector

containing Region B, which led to a complete block of BDNF-induced, but not forskolin-

induced, enhancer activity (Figure 2.10).

Figure 2.10  Identification of a distal functional serum response element.

(A) Three putative SREs identified by this study’s combined approach were systematically
inactivated by subtle point mutations (denoted as mSRE) in the context of the full Arc reporter.
SRE1, located within Region B, mediates ~25% of the response to BDNF and is the only
functional element identified. All values are shown as a percentage (mean +/-1 SEM) of the
maximum for ABCDEFG (top construct). N=3, one-way ANOVA and post-hoc Tukey t-tests:
***P < 0.001, **P < 0.01  (B) Region B is sufficient to enhance SV40 promoter activity in
response to both BDNF and forskolin (as shown in Figure 2.9). SRE1 is necessary to mediate the
response to BDNF (indicated by mSRE1, where mutated base pairs are underlined), but is not
important for the response to forskolin. In contrast, Region D serves as a negative control for the
enhancer screen and has no effect on BDNF- or forskolin-induced SV40 promoter activity. All
values are shown as a percentage (mean +/-1 SEM) of the maximum for B. N=5, one-way
ANOVA and post-hoc Tukey t-tests: ***P < 0.001, **P < 0.01; n.s., not statistically significant.
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To then demonstrate that SRF physically associates with SRE1 at the endogenous

promoter, chromatin immunoprecipitations (ChIPs) were performed151, 152.  Briefly,

unstimulated cortical neuron cultures were incubated with formaldehyde to cross-link

transcription factors to their bound promoter, and the chromatin was then sheared into

500–1500-bp fragments. Unstimulated cells were used here because, like many other

transcription factors, SRF binds constitutively to its consensus site66. The sheared

chromatin was then incubated either with an SRF-specific antibody or a non-specific

control antibody. The SRF-specific antibody immunoprecipitated and enriched for the

genomic region containing Arc SRE1, as indicated by semi-quantitative PCR (Figure

2.11). Importantly, the SRF-specific antibody also immunoprecipitated the genomic

region containing a known SRE from the c-fos promoter, but did not enrich for the

promoter region from GAPDH, which does not contain an SRE153. Surprisingly, this

assay also revealed that SRF is bound to the endogenous Arc SRE2, although the

physiological significance of this observation (given the lack of evidence for a

transcriptional role (Figure 2.10)) remains unclear (see Chapter 3).

In conclusion, this study has identified the first functional response element of

any kind important for the rapid activity-dependent regulation of Arc transcription.

Furthermore, the identification of this functional SRE reconciles a lingering discrepancy

in the literature. The relatively remote position of Region B explains why it has been

difficult to assign a direct functional relationship between SRF activity and Arc

expression.
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Figure 2.11  The serum response factor binds at the endogenous Arc promoter.

Chromatin immunoprecipitation assays (ChIPs) demonstrate that SRF physically associates with
the endogenous SRE1 at enhancer Region B and with endogenous SRE2 at Region E. Semi-
quantitative PCR shows that an SRF-specific antibody enriches for the genomic region containing
SRE1 and SRE2 in comparison to a non-specific control IgG. “Input” refers to the genomic input
DNA used for the IP, and “Mock” refers to a no-template control PCR. The c-fos promoter
contains a known SRE and therefore serves as a positive control for this assay, while the GAPDH
promoter serves as a negative control since it lacks any SREs. Gel images are representative of
three experiments.

A putative novel neuronal transcription factor regulates Arc

To identify the response element(s) important for the BDNF-induced enhancer activity of

Regions F/G, the list of conserved putative transcription factor binding sites was

revisited. In particular, bioinformatic analysis revealed that the relative positions of two

closely spaced consensus binding sites for Zeste have been evolutionarily conserved

(Figure 2.5). Zeste is a factor that has not been previously implicated in the regulation of

plasticity-related neuronal gene expression143, 154. Since multiple binding sites, typically in

close proximity, are required to mediate efficient Zeste binding and transcriptional

activity155, 156, these two binding sites appeared to be attractive regulatory candidates. To

determine whether these putative sites might mediate the observed enhancer activity of

Regions F/G, an 86-bp stretch that contains both of the putative Zeste binding sites was

deleted first. Surprisingly, this deletion not only completely eliminated the BDNF-

induced enhancement of SV40 promoter activity, but actually led to a reduction of this
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activity (~30% less than SV40 alone) (Figure 2.12). This suggests that this specific 86-bp

region contains binding sites for transcriptional activator(s), and also that the surrounding

sequence may contain some transcriptional repressor element(s) as well.

To more precisely test the role for these putative binding sites, inactivating point

mutations were introduced into the upstream site referred to here as Zeste1, which would

be expected to block the enhancer activity if both Zeste binding sites were required to

mediate some sort of specific DNA-protein interaction. Indeed, the point mutation of

Zeste1 completely eliminated the enhancer activity of Regions F/G (Figure 2.12), yet did

not cause a reduction in SV40 activity as was observed with the 86-bp deletion. A similar

effect was observed when inactivating point mutations were introduced into the

downstream binding site Zeste2 (data not shown), again consistent with the idea that both

of these sites are required to mediate transcriptional activity.

Figure 2.12  Identification of a functional non-canonical response element.

(A) Regions F/G are sufficient to enhance SV40 promoter activity in response to BDNF, but not
to forskolin (as shown in Figure 2.9). Subtle inactivating point mutations of Zeste1, a putative
“Zeste”-like binding site, demonstrate that this site is necessary to mediate the response to BDNF

   Free
 Probe

*
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(indicated by mZ1, where mutated base pairs are underlined). Deletion of an 86-bp stretch
containing the Zeste1 and Zeste2 elements (indicated by ∆86bp) brings BDNF-induced SV40
promoter activity below baseline, suggesting the presence of possible repressor element(s) in the
remaining region. Region A also suppresses BDNF-induced SV40 promoter activity. All values
are shown as a percentage (mean +/-1 SEM) of the maximum induction for Regions F/G. N=5,
one-way ANOVA and post-hoc Tukey t-tests: ***P < 0.001; n.s., not statistically significant.  (B)
Electrophoretic mobility shift assays (EMSAs) demonstrate that nuclear protein factor(s)
physically associate with the Zeste1 element. Several distinct mobility shifts (arrows) are
observed when the wild-type Zeste1 probe (Z1) is pre-incubated with nuclear protein extracts
(“Extract”), while the mutant Zeste1 probe (mZ1, containing the same point mutations that
eliminate enhancer activity) did not show these corresponding shifts. The single shift observed for
mZ1 (indicated by *) might represent a non-specific binding event. Unbound free probe is
visualized at the bottom of the blot. The blot shown here is representative of three experiments.

To then demonstrate that a putative Zeste binding site can physically associate

with a protein factor, electrophoretic mobility shift assays (EMSAs) were performed157.

This approach was chosen instead of ChIPs since there is no commercially available

antibody that could be used to immunoprecipitate this factor. Briefly, short radiolabeled

oligos containing either the wild-type Zeste1 site (probe Z1) or a point-mutated Zeste1

site (probe mZ1, containing the same mutations that eliminate enhancer activity) were

incubated with nuclear lysates from rat cortical neuron cultures. These probes were then

resolved by electrophoresis to determine whether higher molecular weight (MW), slower

migrating bands indicative of protein binding could be observed. Probe Z1 exhibited a

shift to multiple higher MW species when it was pre-incubated with the nuclear lysates,

but not when it was pre-incubated with water (Figure 2.12). Consistent with this

observation, Zeste forms large homomeric protein complexes in vitro158, 159, and the

availability of excess binding sites in this type of reaction would be expected to facilitate

the formation of multiple MW species. Importantly, probe mZ1 did not exhibit most of

these higher MW species, indicating that the Zeste1 site is directly mediating the protein-

DNA binding events observed with probe Z1. The one apparent higher MW band seen

for probe mZ1 might then represent binding to a separate factor, or perhaps it is simply a
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non-nonspecific binding event.

Although it was not possible to demonstrate a direct interaction between Zeste

protein and these binding sites at the Arc promoter in vivo, the data here demonstrate that

a number of criteria required for Zeste binding and transcriptional activity must be met to

observe the enhancer activity of Regions F/G, and that the Zeste1 site is required to

mediate a specific DNA-protein binding interaction.
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Methods and Materials

Cell culture

Cortices from neonatal pups were dissected and treated with papain (10 units ml-1, 30

min; Worthington Biochemical) followed by trypsin inhibitor (10 mg ml-1, 15 min;

Sigma). After trituration, dissociated neurons were plated on plastic tissue-culture plates

(3.4x105 cells per cm2) coated with laminin and poly-D-lysine (BD Biosciences). After 2

h, cells were transferred into a Basal Medium Eagle’s (BME; Invitrogen)-based neuronal

culture medium (NCM)58. Neurons were used for experiments at 12 days in vitro (DIV),

unless otherwise stated. PC12s were maintained in standard growth medium consisting of

DMEM containing 4.5 g/L glucose and 25 mM HEPES (Mediatech), with 5%

supplemented calf serum and 5% horse serum (Hyclone), and 1% 10 mg/ml penicillin-

streptomycin and 1% 200 mM L-glutamine (Gibco).

Pharmacology

BDNF (brain-derived neurotrophic factor) was from Amgen. APV (2-amino-5-

phosphonopentanoate) was from Tocris. TTX (tetrodotoxin) was from Calbiochem.

Forskolin and IBMX (3-isobutyl-1-methylxanthine) were from Sigma. NGF (nerve

growth factor) was from Austral Biologicals. Stock for 116 mM KCl depolarization

solution was made as follows: 10 ml of 1 M HEPES, 1.8 ml of 1 M CaCl2, 8.6 g of KCl,

127.6 mg of NaH2PO4, 47 mg of MgSO4, 313.2 mg of NaCl, made up to 1 L with dH2O,

set to pH 7.4 with 1 N NaOH, passed through a 0.2-micron filter, and stored at 4˚C. For

depolarization stimulations, neuronal cultures were first pre-incubated in BME
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supplemented with APV (100 µM) and TTX (1 µM) for 30 min before 1:1 addition of the

depolarization solution (which was also supplemented with APV (100 µM) and TTX (1

µM)) to a final concentration of ~55 mM.

qfRT-PCR

Cortical neurons (11 DIV) were transferred to a serum-free medium (SFM, otherwise

identical to NCM). Cortical neurons challenged with the TTX-withdrawal paradigm were

transferred into SFM supplemented with TTX (2 µM). At 45–48 h after transfer (13

DIV), neurons were stimulated either with drugs or by TTX washout for 6 h, lysates were

collected and RNA was isolated (QIAshredder Kit, RNeasy Plus Kit; Qiagen). Reverse

transcription was performed (TaqMan Reverse Transcription Reagents; Applied

Biosystems), and qfPCR was then performed (SYBR GREEN PCR Master Mix; Applied

Biosystems) using the ABI Prism 7700 Sequence Detector (Applied Biosystems). All

qfPCR primers have been described, including those for GAPDH (internal control gene

for normalization)58. Potential background signal from genomic DNA was excluded by

testing control samples that were not reverse transcribed. “No template” controls were

also tested to exclude potential background signal from primer dimer formation.

Bioinformatic analysis

The University of California, Santa Cruz, Genome Bioinformatics website was used to

query BLAT118 with the highly conserved coding region of the rat Arc gene to identify the

orthologous regions of the human and mouse genomes flanking Arc. These up- and

downstream sequence sets were then entered into the online EVOPRINTER software119
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to align the sequences and identify those nucleotides conserved for both sequence and

relative genomic position between these three species. The short conserved nucleotide

stretches identified by this approach were then used to query TESS133 for known

transcription factor DNA binding elements.

DNaseI hypersensitivity assay

This protocol was performed as described120, with the following exceptions. PC12s

(~90% confluent) and cortical neurons (11 DIV) were changed to SFM, and the next-day

stimulations were performed for 3 h before nuclei harvest. Isolated nuclei were then

subjected to a Log1.3 concentration gradient of DNaseI (New England Biolabs) that

included 0, 2, 2.6, 3.3, 4.4, 5.7, 7.4, 9.6, 12.5, and 16.25 units/~3.25x106 nuclei aliquot.

Genomic DNA (~30 µg) was isolated from each DNaseI-treated nuclei aliquot and

subsequently digested overnight by the restriction enzyme SspI (New England Biolabs).

This enzyme was selected due to its convenient cut site locations throughout the Arc

locus: ~14.1 Kb upstream of, 925 bp downstream of, and ~18.5 Kb downstream of the

Arc TSS. This digest therefore split the locus into up- and downstream fragments that

were selected as a compromise to maximize band separation resolution while retaining an

acceptable range of genomic coverage. DNA samples were then run on a 1.2% agarose

gel at 40 V for 16 h, and a standard transfer (Hybond-N+ membrane; Amersham

Biosciences) was performed. Southern blot probes (annealing to regions of the Arc CDS

immediately flanking the internal SspI cut site) were PCR amplified from BAC 208M7

using the following primers: 5′-gagagctgaaagggttgcacag-3′ and 5′-ttccaggtggctcaggaactc-

3′ for the upstream probe (500 bp), 5′-tcccagatccagaaccacatga-3′ and 5′-
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cctagttgacaaaagccacagac-3′ for the downstream probe (537 bp). Genomic DNA

fragments used to construct the upstream ladder were produced by first digesting BAC

208M7 with SspI, and then performing secondary digests with either AflII (5137 bp),

BamHI (4296 bp), EcoRI (3544 bp), XhoI (3058 bp), HindIII (1830 bp), DraIII (1667

bp), BssHII (1149 bp), SgrAI (941 bp), or SacII (657 bp). The downstream ladder was

created using many of the same secondary restriction digests to produce different band

sizes (because the downstream probe detects a different genomic region): EcoRI (9992

bp), HindIII (5834 bp), XhoI (5338 bp), SgrAI (3852 bp), BamHI (2747 bp), DraIII

(2162 bp), AflII (1996 bp).

Plasmids

The new full-length Arc promoter reporter gene: The bacterial artificial chromosome

(BAC) CH230-208M7 (Children’s Hospital Oakland Research Institute) was used to PCR

amplify the genomic regions referred to as A (560 bp; primers: 5′-

taagtcctgtgtggtagcctctcc-3′ and 5′-ctggtcccaacttccaggatgg-3′), B (653 bp; primers: 5′-

tgggtggtggcaggctctgc-3′ and 5′-caggatacagggagacgaattgagg-3′), C (521 bp; primers: 5′-

tcccagcctccattgttgtgtgg-3′ and 5′-tccttcctgagccacaagaacatg-3′), H (483 bp; primers: 5′-

agcagggctagccaggaatgg-3′ and 5′-gaaacacagagccatgtctcaaatcg-3′), and I (308 bp; primers:

5′-aacagctctcaggagtggagtgg-3′ and 5′-cccgactctggctcacaagg-3′) using a high fidelity

proof-reading DNA polymerase (PfuUltra; Stratagene). These amplicons were

subsequently subcloned into TOPO vectors (Invitrogen), sequence verified, and then

subcloned into the 2.6-Kb base Arc promoter reporter acquired from Dr. N. Miki105 as

described in the Results Section. Plasmid pGL3-Promoter containing the SV40 promoter
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(Promega) was used to subclone and screen the above genomic regions of interest for

enhancer activity. Plasmid pRL0-Renilla used to normalize the reporter assays was

constructed by removing promoter elements from pRL-SV40 (Promega).

Transient transfections and reporter gene assays

Cortical neurons (11 DIV) were co-transfected with one of the Arc reporter gene

plasmids and pRL0-Renilla (in a 1:1 molar ratio) with Lipofectamine 2000 (Invitrogen),

after which they were transferred to a SFM. At 20–24 h after transfection, neurons were

stimulated with drugs for 8 h, lysates collected and assayed using a Dual Luciferase Kit

(Promega) and a luminometer (Thermo Electron). To ensure that measurements of

reporter gene activity actually reflect transcriptional activity, the DNA quality of every

construct was tested (for degradation and supercoiled status, both of which affect

transfection efficiency). Furthermore, two separate plasmid maxipreps were tested for

each construct to verify that their reporter activities were comparable, ruling out any

otherwise undetectable issue with a given plasmid that might confound data

interpretation.

Chromatin immunoprecipitations

ChIP analysis was performed using a commercial kit (Active Motif) according to the

manufacturer’s protocol. Primary cultured rat cortical neurons (~5x106 cells yielding ~30

µg of genomic DNA) were cross-linked with 1% formaldehyde for 10 min at room

temperature (~25°C), and glycine (final 0.125 M) was added to stop the fixation. Cells

were collected and washed with ice-cold PBS containing 0.5 mM phenylmethylsulfonyl
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fluoride and a protease inhibitor cocktail (Roche). Cell pellets were then resuspended in

SDS lysis buffer and allowed to swell on ice for 30 min, and nuclei pellets were

collected. Chromatin was enzymatically sheared at 37°C for 10 min to a final size of

500–1500 bp and then incubated with 10 µg of a rabbit anti-SRF antibody (Santa Cruz

Biotech, sc-335X) or an IgG control antibody, and rotated at 4°C for 12–16 h.

Immunoprecipitation was then carried out with protein G magnetic beads, and immune

complexes were eluted. Cross-linking was reversed by heating at 65°C for 2.5 h, and after

treatment with proteinase K for 1 h at 37°C, samples were used directly for PCR.

Standard PCR was carried out using primer sets that amplify the genomic regions

containing Arc SRE1 (forward, 5′-gaagctccttgctgcgtcatgg-3′; reverse, 5′-

gttttcctgctgttctctgcaattcc-3′; 130 bp amplicon), Arc SRE2 (forward, 5′-

ctctgttctagcaatttctctgtttcc-3′; reverse, 5′-cctcaccttgtatcctcagagc-3′; 255 bp amplicon), c-

fos SRE as a positive control (forward, 5'-tccccccttgcgctgcaccctcaga-3'; reverse, 5'-

caacagggaccggccgtggaaacct-3'; 130 bp amplicon), the GAPDH promoter as a negative

control (forward, 5'-aaacaagttcaccaccatgtgaaa-3'; reverse, 5'-ccagggattgaccaaaggtgagtt-3';

180 bp amplicon). The PCR cycle number was selected within the reactions’ linear range

(36-38 cycles), and PCR products were then separated on 1.5% agarose gels.

Electrophoretic mobility shift assays

Nuclear extracts from cortical neurons were prepared by a procedure described

previously98. The binding reaction was carried out in a 16-µl mixture containing 3.75 mM

HEPES (pH 7.8), 3.75 mM MgCl2, 37.5 mM KCl, 0.375 mM DTT, 7.5% glycerol, 8 µg

of Poly(dI-dC), 2 µg of salmon sperm DNA, ~10 µg of nuclear extract protein and 3–5
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fmol of 32P-labeled probe. Probe Z1, corresponding to the portion of Regions F/G

containing the Zeste site #1 (underlined), was synthesized as complementary

oligodeoxyribonucleotide strands (22 bp; 5′-agagggccgtgagtggggggca-3′ and 5′-

tgccccccactcacggccctct-3′) and labeled with 32P-ATP with T4 polynucleotide kinase,

according to standard procedures. Probe mZ1 (containing the point mutant inactivated

Zeste binding site #1) was synthesized as complementary oligodeoxyribonucleotide

strands (22 bp; 5′-agagggccgtatatggggggca-3′ and 5′-tgccccccatatacggccctct-3′). After the

labeled probe was added, the mixture was incubated for 20 min at 25°C. Fifteen

microliters of the binding reaction mixture were then loaded into a 5% TBE Criterion

precast gel (BioRad) and electrophoresed in 0.5X TBE buffer at 85 V for 1.75 h. After

electrophoresis, the gels were dried and exposed to film (BioMax MS Film; Kodak) at

–80°C in a cassette containing enhancer screens.

Statistical analysis

Student’s paired t-tests and one-way ANOVA (analysis of variance) with post-hoc Tukey

t-tests were performed with Prism (GraphPad Software). SEM; standard error of the

mean.
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Chapter 3:

Discussion and Significance
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Summary of findings

This study characterized the mechanisms by which neuronal activity regulates Arc. It first

demonstrated with cultured rat cortical neurons that transcription initiation is a major

mechanism leading to activity-dependent Arc expression. The DHA was then used in

combination with bioinformatics and reporter gene studies to identify two distinct

nucleosome-depleted enhancer regions that contain evolutionarily and functionally

conserved transcription factor binding sites. The regulatory region located ~6.5 Kb

upstream of Arc is sufficient to enhance both BDNF- and forskolin-induced reporter gene

activity. This region contains a conserved SRE that binds SRF in vivo and that is

necessary to mediate this BDNF-induced enhancer activity. The regulatory region located

~850–950 bp upstream of Arc is sufficient to enhance BDNF-, but not forskolin-, induced

reporter gene activity. It contains a conserved, yet non-canonical response element that

mediates in vitro binding of a putative novel transcription factor and that is necessary for

the BDNF-induced enhancer activity of this region. Two additional regulatory regions,

located ~9.3 Kb and ~700–850 bp upstream of Arc, that suppress BDNF-induced

reporter activity were also identified. This study therefore provides novel insights into

the molecular mechanisms underlying the regulation of Arc gene expression as well as

the broader neuronal gene expression repertoire.

The role of SRF in Arc regulation

The identification of a functional SRE within a distal cis-acting regulatory region

resolves a discrepancy in the literature regarding the role of SRF in Arc expression. One

study reported a dramatic Arc expression deficit in the hippocampus and neocortex of an



51

SRF-/- mouse line104. Another study found no such effect in a separately generated SRF-/-

mouse line103. Such contradictory findings could be due to any number of variables

inherent to knockout studies, including the use of different behavioral paradigms or

different compensatory mechanisms during development in response to an SRF

deficiency. Together with a previous study of Arc transcription that was unable to

identify functional SREs within the proximal Arc promoter106, the role for SRF in Arc

expression remained unclear.

The current study now resolves the issue by definitively demonstrating that SRF

binds at a distal Arc enhancer where it plays a direct role in Arc transcription. This central

finding highlights the advantage of using a combined approach, and emphasizes the need

to account for the broader role that distal regulatory regions might play in plasticity-

related neuronal gene expression.

However, the relationship between SRF activity and Arc transcription may be

more complicated than it appears on first inspection. ChIP experiments performed in this

study revealed that, in addition to SRE1, SRF binds to SRE2 at the endogenous Arc

promoter (Figure 2.11). This was somewhat surprising in light of the fact that SRE2 did

not have an apparent functional role in BDNF-mediated reporter activity (although it is

possible that SRE2 could mediate reporter activity in response to other stimuli) (Figure

2.10). What is the physiological significance of SRF binding at SRE2? One possibility is

that it might increase SRF occupancy at the promoter by simply providing another (non-

functional) binding site. By essentially providing a ready store of inactive SRF

homodimers near the functional SRE1 site, rapid exchange of the active SRF/TCF

complex at SRE1 for inactive forms may regulate the rapid termination of Arc
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transcription observed in vivo. Such a mechanism could be facilitated if a higher order

tertiary chromatin structure brings SRE1 and SRE2 into physical proximity (see section

below for more details regarding tertiary chromatin structure).

At the SRE1 site, bound SRF homodimers would likely associate with members

of the ETS transcription factor family135 to form TCFs that regulate gene transcription134,

160. The bioinformatic approach described in this study did, in fact, identify a conserved

consensus binding site for the ETS factor Elk-1 positioned 3 bp downstream of SRE1

(Figure 2.5). BDNF can induce the phosphorylation and activation of Elk-1 in an

ERK1/2-dependent manner to drive SRF-dependent transcription160. Therefore, this Elk-1

consensus binding site may also contribute to the regulation of Arc. However, recent

work has also demonstrated an important role for MAL, a member of the myocardin-

related transcription factor (MRTF) family, as a positively acting SRF cofactor in

neurons161. MAL is regulated by a novel signaling pathway controlled by Rho-family

GTPases162 and by binding to monomeric actin163, 164. Although Elk-1 activity is Ras-

dependent, both of these cofactors can be activated by serum stimulation164, 165. However,

no specific consensus DNA sequence interactions are known to mediate MAL

recruitment to SRF166, so it remains unclear whether MAL plays a role in Arc expression.

Curiously, it was originally reported that Arc can indirectly associate with the actin

cytoskeleton42, which in the nucleus plays a key regulatory role in gene expression167, 168,

and numerous studies have since demonstrated that Arc protein accumulates not only in

dendrites but also in the nucleus58, 169. Intriguingly, Arc itself may play a role in gene

expression, perhaps as part of a negative feedback mechanism that might account for the

transient nature of its own expression or, not mutually exclusively, to mediate the
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subsequent wave of late-onset gene expression that follows.

Bridging the gap between synapse and nucleus

Identifying SRF as a critical regulator of Arc transcription elucidates a key link between

behavior, synaptic activity, and gene expression. In particular, it serves as a molecular

starting point that can be used to build a more complete molecular framework for

interpreting what (and how) specific patterns of synaptic activity regulate the neuronal

gene expression repertoire. This will also help shed light on the significance of Arc

transcription as an in vivo marker for synaptic activity. However, studies such as these

can sometimes end up raising more questions than they answer, and many aspects of

Arc’s transcriptional regulation will need to be examined in further detail.

For example, the transcriptional process underlying the Arc promoter’s response

to forskolin, in particular that mediated by Region B, cannot be explained by a

mechanism involving SRF, which does not directly respond to cAMP-mediated signaling

in current models of neuronal signaling66, 163, 170. Interestingly, the combined approach did

not identify a conserved CRE binding site within Region B or even throughout the

extended Arc promoter surveyed here. An involvement with CREB might have been

expected since it mediates transcription in response to forskolin-induced, cAMP-

mediated signaling171, 172 and is known to regulate many plasticity-related neuronal

genes67. This would suggest the presence of another forskolin-responsive enhancer

element within Region B. However, the bioinformatic analysis of this region did not

identify any other conserved consensus sites for canonical forskolin-response elements,

perhaps suggesting the presence of a novel response element (or elements) that has yet to

be identified. This problem could be addressed in future studies by systematically
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deleting the remaining conserved sequences and assessing their impact on reporter

activity.

The fact that enhancer Region B and Regions F/G respond in a differential

manner to BDNF and cAMP provides a useful tool to dissect out how different signaling

pathways contribute to Arc expression. Specifically, by identifying which transcription

factors within these regions are important for Arc transcription, it will be possible to

understand how such signaling cascades are differentially regulated by specific patterns

of synaptic activity, in particular those associated with learning and memory. Based on

current understanding, TrkB receptor kinase activation by the neurotrophin BDNF leads

directly to the activation of three canonical downstream signaling cascades114 and also

indirectly to at least one other signaling pathway173. Scaffolding molecules physically

associated with specific intracellular domains of BDNF-bound TrkB can subsequently

activate the PLCγ, PI3K, and MAPK signaling pathways114. In comparison, the forskolin-

and IBMX-mediated increase in levels of cAMP, which like calcium serves as an

important second messenger molecule, leads to the specific activation of protein kinase A

(PKA) and the downstream mitogen-activated protein kinase (MAPK) cascade174. Such

qualitative differences in the recruitment of specific signaling pathways might explain the

quantitative differences in Arc expression elicited by these stimuli (Figure 2.1, Figure

2.7). This would require particular transcription factors important for Arc expression to

be activated by BDNF and not forskolin. Another possible explanation for the observed

difference might be that only the MAPK signaling pathway is important for Arc

expression, but that BDNF and cAMP regulate this pathway in quantitatively and/or

qualitatively different manners (e.g., how long the pathway is activated). Previous studies
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from this group and others have demonstrated that the MAPK pathway is necessary for

Arc expression in response to BDNF and forskolin58, 117, but whether MAPK is sufficient

for these processes has not been tested.

The identification and characterization of transcription factors within Region B

and Regions F/G might also lend some insight into several interesting but poorly

understood observations taken from the literature. First, previous work from this group

has shown that decreased levels of AMPAR activity actually increase the rate of Arc

transcription initiation and therefore levels of mRNA expression58. Several other studies

have recently demonstrated that Arc protein functions at the synapse to internalize

AMPARs in a clathrin- and endophilin-dependent manner38, 48. Taken together, this might

suggest some sort of homeostatic feedback mechanism between Arc expression and

AMPAR activity that serves to maintain the proper level of AMPAR activity at the

synapse58. Although this work demonstrated that decreased levels of AMPAR activity

increase Arc transcription through a pertussis toxin–sensitive G protein mechanism, the

downstream signaling mechanisms and transcription factors involved are still unknown.

Second, it is unclear whether transcriptional mechanisms can account for the distinct

kinetics of Arc expression observed within the CA1 and DG hippocampal sub-regions in

vivo 175, 176. Such kinetics seem to be important for how these different sub-regions

process information to coordinate memory retention as well as remote memory recall.

Therefore, it might be possible to learn about how these critical processes are mediated

by understanding the transcriptional regulation of Arc.

Implications for a putative novel neuronal transcription factor

The identification of the distinct proximal enhancer Regions F/G also suggests that Arc
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transcription is a complex, highly coordinated process that cannot solely be explained by

SRF-regulated events. Indeed, Arc expression in vivo is a rapid, robust, and transient

process typically found for genes with key regulatory roles. The non-canonical response

element found within Regions F/G was originally identified as the cognate binding

sequence for the Drosophila transcription factor Zeste143, 154, but there is no known

mammalian ortholog for Zeste (and none could be identified using several bioinformatic-

based approaches with nucleotide and protein database searches, data not shown). This

might then suggest that some mammalian protein underwent convergent evolution to

recognize these Zeste binding sites and coordinate Arc expression. Although the nature of

this mammalian neuronal transcription factor remains unknown, the fact that Zeste1

mediates BDNF-induced enhancer activity has many implications for the regulation of

neuronal gene expression.

BDNF plays important roles in synaptic plasticity115, 177, learning, and memory178

in several brain regions, including the hippocampus. This neurotrophin, which is part of a

family of secreted proteins (e.g., NGF, NT3, and NT4114) is released at synapses by

activity115 and binds to its cognate post-synaptic (tropomyosin-related kinase) TrkB

receptor to initiate intracellular signaling via three canonical pathways (see previous

section). TrkB-mediated signaling regulates a number of processes, including the

transcription of IEGs (such as Arc) important for synaptic plasticity179. Since increased

Arc expression in the hippocampus strongly correlates with periods of spatial task

acquisition53 and is required for the maintenance of LTM39, the putative novel factor

binding to Zeste1 might function as a critical link between synaptic activity- and BDNF-

mediated signaling and gene expression important for LTM. Since Arc expression
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correlates more robustly with periods of spatial task acquisition than the expression of at

least two other IEGs (zif268 and c-fos) generally associated with learning and memory,

knowledge of this putative novel factor might also provide important insights regarding

how distinct IEGs are differentially regulated in response to specific cues, such as BDNF.

Another possibility is that this putative novel factor mediates transcriptional responses for

specific genes, perhaps even in response to other neurotrophins, throughout the central

nervous system and at various stages of development. For example, SRF-mediated

transcription has a clearly defined role in several processes including neuronal

differentiation, survival, and synaptic plasticity66.

The putative novel factor binding to Zeste1 might also be important for some sort

of plasticity-related program of gene transcription. The bioinformatic analysis used to

study the Arc promoter was applied to successfully identify conserved putative Zeste

binding sites within the promoter of the IEG Homer1a (data not shown), which also plays

a key regulatory role in synaptic plasticity180, 181. In the rat, Arc and Homer1a are

expressed within the same hippocampal and neocortical neuronal sub-populations182. The

authors of that study proposed that Arc and Homer1a might function in concert to

mediate structural and functional synaptic modifications as part of an activity-dependent,

adaptive cell-specific genomic program. If true, this would imply that these genes, and

perhaps others, are regulated at least in part by a specific shared set of transcription

factors. In addition, three putative Zeste binding sites were previously identified within a

known enhancer region important for the expression of human BACE1183-185. BACE1-

mediated proteolytic cleavage of APP under physiological conditions enhances learning,

memory, and synaptic plasticity186, 187, and increased BACE1 expression has a well-
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defined pathophysiological role in Alzheimer’s disease188. However, a functional role for

these putative Zeste binding sites in either physiological or pathophysiological expression

of BACE1 has not been evaluated. Although a functional role for the putative Zeste

binding sites found in the Homer1a and BACE1 promoters has not been determined, their

presence may suggest a broad role for a novel transcriptional mechanism involving this

factor in neurons.

Tertiary chromatin structure may be important for Arc expression

The discovery of a functional distal enhancer region in this study suggests a role for

higher order chromatin organization in the regulation of Arc expression. Revised models

of gene transcription support a mechanism whereby large intervening genomic regions

likely form chromatin loops that allow such distal regulatory elements and bound

transcription factors to interact and form a promoter complex92, 100, 108, 149 (Figure 1.6).

Indeed, several additional observations from the work presented here may provide

evidence to support such a mechanism.

The first piece of evidence stems from the experiments where Region B and

Regions F/G were isolated and subcloned upstream of the SV40 promoter to assess their

sufficiency (Figure 2.9). In this paradigm, the raw values observed for the increases in

reporter activity mediated by these enhancers were substantially smaller than the raw

values observed for the decreases in reporter activity when they were individually deleted

from the full-length novel reporter (raw data values not shown). This suggests that in the

context of the full-length reporter, and perhaps in the in vivo chromatin context, these

genomic regions functionally interact with each other or perhaps other portions of the

promoter in a synergistic manner to regulate Arc expression. One potential caveat with
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this interpretation, however, is that the relative distances between some of these

regulatory regions in the novel Arc reporter are significantly reduced in comparison to

their spacing in the endogenous promoter (Figure 2.6). In the context of the reporter,

these regions may not move or physically interact with each other in the same manner as

they might in the endogenous promoter. The subcloning strategy used to transfer these

regulatory regions from the genome and into the reporter was carried out in such a way

that at least some non-conserved “linker” sequence flanking each of these regions

(50–100 bp on each side) was also included into the reporter. Whether this approach

successfully introduced enough flexibility into the reporter to compensate for the reduced

spacing and therefore recapitulate any physical interactions remains unclear. Future work

might utilize transgenic mouse lines that use the full-length promoter (as shown in Figure

2.6) to drive enhanced green fluorescent protein instead of luciferase expression. Once

integrated into the genome, a more direct comparison may be possible between the

expression profiles of the reporter and the endogenous gene, making it possible to

ascertain whether some aspect of Arc transcription is not fully recapitulated by the

reporter. For the time being, however, several other pieces of evidence presented here

support the idea that higher order chromatin structure is involved in the regulation of Arc

expression.

From current models of gene transcription, the functional interactions suggested

by these reporter studies might indicate that some type of physical interaction brings

these regions into a multi-protein “enhanceosome” complex189. An enhanceosome is a

curved chromatin structure or loop, which can either be small (several hundred base

pairs) or large (several hundred kilobase pairs) in scale, that is formed when specifically
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positioned DNA response elements assemble multi-protein regulatory complexes190

(Figure 3.1). Enhanceosomes typically mediate transcriptional synergy by recruiting

transcription factors and co-factors191 that together function to carry out the various

processes required to mediate efficient transcription initiation and elongation (e.g.,

nucleosome acetylation and remodeling192, RNA polymerase II activation193)189, 194. As

mentioned, the EVOPRINTER analysis used in this study identifies nucleotides that are

perfectly conserved for their relative genomic positions, suggesting that they have been

under selective pressure to maintain these positions to mediate some physiologically

important process(es). The fixed positions of the binding sites identified within Region B

and Regions F/G (or perhaps even one of the other conserved regions) could therefore be

ideally suited to assemble such an enhanceosome complex.

Figure 3.1  Enhanceosome regulatory complexes form higher order chromatin structures.

This diagram depicts how DNA within a small-scale enhanceosome, perhaps like what might
exist at Regions F/G, can bend or loop to effect protein-protein interactions between classical
trans-acting proteins (TFX). Conversely, protein-protein interactions between specific
“architectural” transcription factors (ATF) can influence the shape of the DNA based on the
nature of their interactions and the location of their binding sites. Together, all of these different
factors and interactions influence the function of the enhanceosome in gene transcription.
Adapted from Alvarez et al. (2003)190.

Within Regions F/G, the Zeste1 site was shown to be a functional enhancer
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element (Figure 2.12), and preliminary results indicate that the Zeste2 site also serves as

an enhancer element (data not shown). This is consistent with previous work showing

that multiple DNA binding sites are required to facilitate efficient binding of Drosophila

Zeste protein155, 156, 195. In support of this, the Zeste1 site binds in vitro to a nuclear protein

(or proteins) that form variously sized complexes (Figure 2.12). Although the identity of

the mammalian protein(s) that binds to the Zeste1 site remains unknown, this observation

is consistent with work demonstrating that the Drosophila Zeste protein is able to form

large homomeric complexes in vitro158, 159. In vivo, Zeste protein serves as a platform that

recruits other regulatory factors involved in transcription196, consistent with the idea that

such a complex can function as an enhanceosome. The DHA provides another important

observation in support of a functional enhanceosome in Regions F/G. The relatively

closely spaced pattern of HSs that constitute Regions F/G (Figure 2.4) is similar to that

shown for known enhanceosomes in non-neuronal systems148, 197 and in neuronal-like

systems145 and is also similar to HSs – albeit with unknown function – in neuronal

systems129. From these observations, the two Zeste binding sites within Regions F/G may

serve to assemble an enhanceosome complex important for Arc expression.

Preliminary data also support the involvement of the Zeste sites in forming higher

order, large-scale chromatin structures (which may also be considered a type of

enhanceosome) important for Arc expression. An extended bioinformatic analysis of the

entire Arc gene locus identified two additional conserved putative Zeste binding sites

within the 3´ untranslated region (UTR) (one in exon 1 and one in exon 2, data not

shown). Previous work proposed that distal Zeste binding sites, such as the ones located

(upstream) in Regions F/G and (downstream) in the 3´ UTR of Arc, mediate long-
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distance chromatin interactions when Zeste proteins bound to these sites physically

associate into larger aggregates198-200. Although the identity of the mammalian factor

binding to the Zeste sites at the Arc promoter remains unknown, this factor might

function in a similar manner to facilitate the formation of a large chromatin loop. Such a

structure, typically referred to as an active chromatin hub201, could encircle the Arc gene

and serve as a regulatory platform to recruit additional transcription factors important for

Arc expression. If higher order chromatin structure is indeed important for the proper

regulation of Arc expression, then additional mechanisms must in turn regulate or

maintain this chromatin conformation (Figure 1.5). The current understanding of such

tertiary mechanisms is relatively poor, and so the Arc locus may provide a useful system

for future studies of these processes.

Repressor regions are also likely to be important for proper Arc expression

Repressor regions within the Arc promoter might be required to properly regulate the

rapid and transient in vivo expression profile observed for Arc. Indeed, the reporter

studies carried out here demonstrate that Region A (Figures 2.8, 2.9, and 2.12) and a

portion of Regions F/G (Figure 2.12) can function as transcriptional repressors.

Interestingly, the repressor function for Regions F/G was not observed until the genomic

portion containing both of the Zeste sites was deleted, suggesting that some remaining

element(s) were somehow unmasked and able to mediate this process. This observation is

consistent with the idea that an enhanceosome serves as a platform to recruit different

protein factors, which may either function to enhance or repress transcription, into a

larger regulatory complex. Therefore, by deleting the region containing these Zeste

binding sites, the remaining portion of this putative enhanceosome may mediate its effect
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by selectively recruiting transcriptional repressors. Although the identities of the

repressor elements within Region A and Regions F/G remain to be elucidated, they might

help properly coordinate Arc expression by ensuring that basal transcription is maintained

at low levels and/or function as part of some type of negative feedback mechanism

required to ensure Arc’s transient expression profile.

A potential clue regarding this mechanism comes from the observation that the

HSs representing Region A and Regions F/G were atypical since they were detectable in

the DHA regardless of whether exogenous DNaseI was present (Figure 2.4). This

observation may simply be explained by an increased susceptibility of these specific

regions to endogenous DNaseI activity or perhaps some random artifact of sample

handling (as controlled for in the naked DNA experiments). Another possibility,

however, is that these open regions function as matrix attachment regions (MARs)128, 202.

MARs are thought to physically anchor specific genomic regions to defined areas within

the nucleus by attaching to the nuclear cytoskeleton matrix, and may be more likely to

shear under mechanical stress during handling of the nuclei and genomic DNA (and thus

appear as “atypical” sites). One function of MARs is to regulate whether a particular

genomic region comes into close proximity or merges with transcriptional hot-spots

referred to as RNA “factories” that are positioned throughout the nucleus203. In this

manner, MARs could repress Arc transcription by moving its locus away from such

factories when required. Another possibility, not mutually exclusive, is that these MARs

serve as insulators to maintain the generally more accessible form of chromatin, known

as euchromatin, that must exist at the Arc gene locus to facilitate transcription. An

extended analysis of this locus shows that there are no additional protein-coding open
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reading frames at least 45 Kb upstream and 40 Kb downstream of Arc. If these

surrounding regions are condensed into more tightly packed heterochromatin, then an

insulator in Region A would likely prevent the upstream heterochromatin structure from

spreading into the Arc locus204. The DHA also revealed a similar atypical HSs located

downstream of the Arc locus (Figure 2.4; also found in RCNs, data not shown), which

may function in a similar manner to prevent any downstream heterochromatin structure

from spreading into or influencing the euchromatin structure at the Arc locus. It will be

important for future work to identify which DNA elements, and therefore which bound

protein factors, within Region A and Regions F/G are responsible for the observed

repressor activity. This will reveal whether these regions are in fact MARs and by which

mechanism(s) they repress Arc transcription.

A powerful combinatorial approach for the study of neuronal gene expression

A survey of the literature indicates that this work is the first application of the DHA, and

in particular this type of combined approach, to the study of a neuronal IEG. Several

recent studies from The ENCyclopedia Of DNA Elements (ENCODE) Project

Consortium, which has the stated goal of identifying all functional regulatory elements in

the human genome sequence, indicate that these are the types of comprehensive

approaches that will be required to gain a more complete understanding of the

mechanisms regulating gene transcription79, 205, 206 (Figure 3.2). Indeed, the work presented

in this dissertation highlights the advantages of applying multiple distinct approaches that

are able to account for the contribution of distal regulatory regions and chromatin

architecture to transcriptional regulation. Extending this type of multi-faceted approach to

other neuronal genes in the future will greatly facilitate the discovery of novel



65

mechanisms underlying plasticity-related gene expression.

Figure 3.2  A comprehensive approach to the study of gene transcription.

The methods indicated here are being used by The ENCODE Project Consortium to identify and
catalogue different types of functional elements in the human genome. Several of these
techniques, including qfRT-PCR, computational predictions, DNaseI digestions, reporter gene
assays, and ChIPs, were incorporated in this study of Arc transcription. Adapted from The
ENCODE Project (2004)206.

The novel findings from this study will help provide important insights into both

the regulation and role of Arc in neuronal function. In particular, this work will elucidate

the role that Arc plays in various forms of synaptic plasticity, including LTP39, 40,

metaplasticity44, 57, and homeostatic synaptic scaling38, that are likely to be important for

various forms of LTM. Such work will also help shed light on whether Arc expression

might be altered by, or perhaps even contribute to, maladaptive processes that occur in

addiction207-209, injury210-212, and certain neurodegenerative conditions1, 213, 214. Furthermore,

the findings presented here add to the biological significance of studies that use Arc

mRNA as a marker to track the temporal and spatial history of recent, behaviorally

relevant synaptic activity in vivo45, 54, 56, 215. In the larger scheme, a more clearly defined
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mechanistic understanding of Arc transcriptional regulation will help build a molecular

framework for interpreting what (and how) specific patterns of synaptic activity regulate

the neuronal gene expression repertoire, ultimately leading to a deeper understanding of

the neural basis for higher order processes such as learning, memory, and cognition.
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