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Activity-dependent Regulation of Arc and Protein Kinase D in Neurons

by

Vikram Ramnath Rao

Robert H. Edwards

Committee Chair

Abstract

The remarkable ability of the brain to convert transient experiences into enduring memories

has long been attributed to activity-dependent changes in synaptic strength. Long-lasting

changes in synaptic strength essential for learning and memory require neuronal gene

expression, but the underlying mechanisms are unclear. In particular, the mechanisms by

which synaptic activity triggers neuronal gene expression, and by which gene products act

specifically at synapses that triggered their expression, are poorly understood. To gain insight

into these mechanisms, we investigated the activity-dependent regulation of Arc, an

immediate-early gene essential for synaptic plasticity. We found that neurons regulate Arc

expression at multiple levels, and that pathways that control Arc transcription integrate

signals from NMDA and AMPA receptors. A role for AMPA receptors in regulating Arc

expression is particularly surprising in light of the prevailing view that AMPA receptors
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mediate fast excitatory synaptic transmission and effect short-term plasticity, but do not

directly regulate neuronal gene expression. We examined the mechanism by which AMPA

receptors control Arc transcription and identified a role for pertussis toxin-sensitive G

proteins. This finding adds to a growing body of evidence that AMPA receptors are cell

surface signal transducers, not just passive conduits for current flux. We also provide

preliminary evidence that another molecule, protein kinase D (PKD), may play a critical role

in activity-dependent neuronal gene expression. PKD regulates histone deacetylase (HDAC)-

mediated gene expression in cardiomyocytes and lymphocytes, but virtually nothing is

known about its role in neurons. We found that NMDA receptor stimulation induces PKD

activation and dendritic translocation. NMDA receptors also regulate the nucleocytoplasmic

distribution of HDACs, suggesting that PKD may mediate a novel synapse-to-nucleus signal

transduction pathway. Indeed, protein microarray experiments identified neuronal substrates

of PKD that are known to regulate synaptic function. Thus, our investigation of Arc and PKD

uncovered novel mechanisms by which neuronal activity couples to gene expression. The

diversity of mechanisms that regulate Arc and PKD likely reflects the complexity of neuronal

adaptive responses to synaptic activity.

:
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Chapter 1:

From Molecules to Memories
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Learning and memory

Encoding and storage of information by the nervous system has captivated more intellectual

disciplines—philosophy and psychology, anatomy and physiology, biochemistry and

molecular biology, cell biology and computational neuroscience—than virtually any other

area of biology. Learning—the ability to acquire new information from experience—and

memory—the retention of this information over time—are essential for human activity and

integral to our sense of what it means to be human. With unprecedented clarity, modern

neuroscience peers into the inner workings of how we learn and remember. In some cases,

the ultimate reductionist fantasy has been fulfilled: transgenic mice engineered to have a

single amino-acid substitution at a crucial kinase autophosphorylation site show no spatial

memory in a water maze test'. At the same time, as our appreciation of the brain's

complexity grows, an alarming possibility gnaws at us ever more: that our efforts are akin to

trying to explain how a door works by molecular analysis of the hinge”. Ofcourse, molecular

analysis has powered the great triumphs of biology over the past 50 years, but can molecules

explain memory” Only time will tell, and so we proceed. For inspiration and optimism, it is

worth considering the remarkable successes of those who came before us.

Historical perspective

Attempts to explain the biological basis of learning and memory go back at least to the

ancient Greek philosophers. Plato likened the mind to a ball of wax that becomes impressed

with grooves (knowledge) as we learn and recall information over the same pathways.



Aristotle proposed that the heart was the source of memory and that the brain served to cool

the blood; Herophilius later challenged this notion, identifying the brain as the seat of

intelligence.

Theories pertaining to learning and memory remained the province of philosophy until

the nineteenth century. In 1893, Italian anatomist Eugenio Tanzi advanced the idea that

contact points between cells in the brain were the locus of change that encodes experience".

Santiago Ramón y Cajal, the brilliant Spanish anatomist and foremost advocate of the neuron

doctrine, seized upon this idea and integrated it with his observations of neuronal numbers

and patterns of connectivity. Cajal knew that in most regions of the mammalian brain no

additional neurons are generated in postembryonic development, and that the patterns of

connectivity that are laid down during development are, of necessity, highly specific”. With

typical clairvoyance, Cajal proposed a possible solution to these problems in his 1894

Croonian Lecture to the Royal Society".

“These observations ... have suggested to us an hypothesis which will enable us to
understand ... intelligence acquired by good mental training ....

Mental training cannot better the organization of the brain by adding to the number of
cells; we know that nervous elements have lost the property of multiplication past embryonic
life; but it is possible to imagine that mental exercise facilitates a greater development of the
protoplasmic apparatus and of the nervous collaterals in the part of the brain in use. In this
way, pre-existing connections between groups of cells could be reinforced....”

Cajal thus anticipated that biochemical and structural changes at synapses might underlie

memory formation. Some fifty years later, Donald Hebb formalized this notion, postulating

that synaptic efficacy may be changed as a result of activity, and provided a specific neuronal

basis for such changes':

“When an axon of cell A ... excite■ s] cell B and repeatedly and persistently takes part in
firing it, some growth process or metabolic change takes place in one or both cells so that A's
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efficiency as one of the cells firing B is increased.”

The idea that synapses could undergo plastic, activity-dependent alterations in strength that

persisted over time was hugely influential", as it immediately suggested a cellular basis for

memory storage. Experimental validation of this idea, however, awaited the discovery of

long-term potentiation.

Long-term potentiation

In the early 1970s, Tim Bliss and Terje Lomo recorded extracellular field potentials in the

hippocampus evoked by stimulation of the perforant path of anesthetized rabbits. They found

that repetitive stimulation resulted in a persistent increase in synaptic efficacy” (Figure

1.1), a phenomenon which came to be known as long-term potentiation (LTP).
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Figure 1.1 Long-term potentation of synaptic transmission.

Illustration showing that the efficacy of synaptic transmission, as measured by the slope of the excitatory
postsynaptic potential (EPSP), is persistently enhanced following a short, high-frequency volley of stimuli,
called a tetanus. Early and late phases are indicated. Adapted from Martin et al. (2000)".

Over the next 30 years, LTP emerged as an almost ubiquitous property of excitatory
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synapses in the mammalian brain”. It is now widely accepted that reversible physiological

changes in synaptic transmission, like LTP, occur during learning, and that these changes

must be stabilized or consolidated in order for memory to persist”. A correlate of this idea is

that the engram, or memory trace, is encoded by the distribution of synaptic weights in a

neural network. Elucidation of the mechanisms underlying LTP is a major goal of efforts to

understand the cellular basis of learning and memory". Importantly, little evidence exists to

indicate that synaptic plasticity is sufficient for memory formation, and the notion that ‘LTP

equals memory' is almost certainly too simplistic”. Nevertheless, LTP has captured the

imagination of many scientists, as evidenced by the exponential increase in number of

publications dealing with LTP over the past 30 years” (Figure 1.2).

3000

2000

1000

0
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Figure 1.2 Exponential increase in papers published on LTP.

Results of a PubMed search using the search term ‘LTP or long-term potentiation’ for specific years. Adapted
from Malenka (2003)”.

Several physiological properties of LTP have contributed to its establishment as the likely

cellular correlate of learning and memory”. First, LTP occurs on a time-scale long enough
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to be potentially useful for information storage”. Second, the expression of LTP is synapse

specific, such that groups of synapses converging on a single neuron can be potentiated

independently", within certain limits”. In principle, this specificity confers upon a neuron

the ability to process and store thousands of bits of information”. Third, LTP has the

Hebbian property believed to underlie associative learning: presynaptic activity must be

temporally coincident with postsynaptic depolarization for synaptic strengthening to occur.

Fourth, LTP can be induced by physiological patterns of neural activity, such as the

hippocampal theta rhythm". Fifth, like memory, synaptic plasticity occurs in both short-and

long-lasting forms. These two forms of plasticity are mechanistically separable, with short

term changes in synaptic strength involving the covalent modification of pre-existing

proteins, and long-lasting changes requiring gene transcription and mRNA translation”

(but see Fonseca et al. (2006)”). The late, protein synthesis—dependent phase of LTP is of

particular interest as a candidate mechanism of information storage. Since molecular changes

are transient, it is generally believed that structural changes in synaptic morphology are also

required for long-term memory”.

Synapse-specific plasticity

Transcription of mRNA from genomic DNA is necessarily a nuclear event, but LTP can be

induced at synapses in distal regions of the dendritic arbor, often several hundred microns

from the neuronal cell body. The large spatial separation between synapse and nucleus

creates a cell biological problem for the neuron": how do the products of transcription and/or
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translation selectively reach synaptic sites whose activation history merits a change in

synaptic strength? At least three models have been advanced to explain how gene

expression—dependent synaptic plasticity can occur in a synapse-specific manner (Figure

1.3)”. In the first model, called ‘selective transport,’ synaptic activity initiates a signal that

travels to the nucleus”, triggers gene expression, and targets newly synthesized proteins back

to the activated synapses”. According to a second model, called ‘selective capture,” the

products of gene expression are delivered throughout the neuron, but modify only those

synapses that have been tagged' in an activity-dependent manner”. A third model, called

‘local production,’ which has only recently gained experimental support, involves local,

activity-dependent translation of dendritic mRNAs near active synapses”. In this view, the

extreme functional and morphological polarity of neurons necessitates decentralized protein

production. Recentreports that RNA splicing can occur in dendrites” and that the ubiquitin

proteasome system operates in both pre- and postsynaptic compartments” suggest that

synapses may be more autonomous with regard to gene expression than previously thought.

Synapse-specific modifications dependent on new proteins, therefore, could be achieved

through the micromanagement of gene expression in postsynaptic compartments”.
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Figure 1.3 Models for synapse-specificity during long-term information storage.

(a) Selective transport. A synapse-to-nucleus signal triggers gene expression, and gene products are
specifically targeted to appropriate synapses. (b) Selective capture. Synaptic activity sets up a local tag
that serves to capture gene products delivered throughout the cell. (c) Local production. Synaptic activity
regulates dendritic mRNA translation to produce proteins locally. Adapted from Schuman (1997)”.

These models, which are not mutually exclusive, all leave a fundamental question

unanswered: what are the gene products whose synthesis is required for late-phase LTP2 At

the time the research in this dissertation was begun, over 100 molecules had been suggested

to be causally associated with LTP in the hippocampus alone'. Many more have been added

since, but focus is gradually shifting away from implicating additional molecules and

moving toward understanding which molecules are most critical”. In addition, how synaptic

activity triggers gene expression” and how gene products act specifically at synapses that

triggered their expression” are questions of great current interest. One molecule that may

provide insight into these questions is the activity-regulated cytoskeleton-associated (Arc)

protein”.
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The immediate-early gene Arc

In 1995, Arc (also called arg■ . 1) was independently isolated by two groups who performed

differential screening to identify seizure-induced immediate-early genes (IEGs) in the rat

hippocampus”. IEGs are the first genes induced in response to robust synaptic activity, and

denovo protein synthesis is not required for their expression”. Arc is unique among IEGs

in that nascent Arc transcripts are rapidly trafficked into neuronal dendrites”, possibly

owing to dendritic targeting elements in the mRNA 3'-untranslated region". Traveling at

~300 um/h, Arc transcripts reach the distal ends of most dendrites in less than 1 h". Once in

dendrites, Arc mRNA selectively localizes near activated synapses". This remarkable

property was demonstrated by stimulating select groups of perforant path fibers, which

terminate topographically in the hippocampus on dendrites of dentate gyrus granule cells, and

showing that Arc mRNA in the granule cells localizes to the stimulated dendritic laminae

(Figure 1.4)". NMDA receptor activation, which is required for most”, but not all”, forms

of LTP, is necessary and sufficient for Arc induction and synaptic targeting”. Large amounts

**, in the first few hours afterof Arc protein are synthesized, possibly in dendrites

induction"—approximately the same time period in which protein synthesis-dependent

Synaptic modifications are occurring”—and, like the mRNA, Arc protein becomes

enriched at recently activated synapses”. Here, Arc protein may integrate into postsynaptic

signaling assemblies, such as the NMDA receptor multiprotein complex”, and may regulate

synaptic strength by modulating AMPA receptor trafficking”. Correlative data suggest that

Arc may play a role in synaptogenesis”, but the precise function of Arc remains unclear.
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Figure 1.4 Arc localizes to activated postsynaptic sites on dendrites.

Arc mRNA induced by seizure fills granule cell dendrites; stimulation of a select layer of topographically
projecting perforant path afferents induces Arc relocalization to the corresponding dendritic lamina. Based on
Steward et al. (1998)”.

The reported Arc knockout mouse fails to gastrulate and dies during embryonic

development”, so the contribution of Arc to synaptic plasticity has not been explored in

genetic models. However, several lines of evidence indicate that Arc is critical for learning

and memory. Antisense-mediated knockdown approaches in adult animals have revealed that

Arc is required for maintenance of synaptic potentiation and long-term consolidation of

memory”. Neural activity associated with LTP” and learning” induces Arc expression,

and hippocampal Arc expression levels correlate with performance in a spatial learning

paradigm". Exposure to a novel environment induces Arc expression" in neuronal

ensembles that are activated specifically in that environment”, suggesting a role for Arc in a

network mechanism for encoding spatialand contextual information”. Taken together, Arcis

an attractive candidate to mediate synapse-specific long-term plasticity and at least some

forms of learning and memory (Figure 1.5).
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2- Arc
Novel Neuronal Early-phase Late-phase Consolidated

Experience Activity LTP LTP Learning/Memory

Figure 1.5 A model for the role of Arc in learning and memory.

Experience-dependent synaptic activity induces Arc expression and early-phase LTP. Arc facilitates
establishment of late-phase LTP, which underlies learning and memory.

The close relationship between neural activity and Arc expression has been exploited to

74-79 -and indissect the role of different brain regions in processing behavioral experience

- 80 - - - -spatial memory recall”, as well as to monitor the recovery of polysynaptic circuits after

trauma". Arc is also used as a histological marker of neuronal activation in studies on
82–85subjects as diverse as Alzheimer's disease”, stroke", odor processing in the olfactory

- - - - - –9 - - - . 9bulb", neural processing in avian species”, circadian rhythms”, spermiogenesis”, the
95-98 99-103efficacy of antidepressant therapies”, and the effects of drugs of abuse and other

neurotoxic insults”. Understanding how synaptic activity couples to Arc expression is

critical to interpret the use of Arc as a marker. For example, Arc expression levels can be

modified by recent behavioral history: animals repeatedly exposed to the same environment

exhibit similar patterns of neural activity but decreasing Arc induction upon each

exposure". This phenomenon, a form of metaplasticity", suggests that the coupling

between synaptic activity and Arc transcription is plastic and behavioral state—dependent.

Therefore, elucidating the molecular mechanisms that regulate Arc expression may provide

insight into how Arc reports neuronal activity, and may help bridge the chasm between

intracellular signal transduction and whole-animal behavior.

---
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Protein kinase D

After a decade of investigation, Arc is now firmly entrenched as a molecule that is critical for

learning and memory. Interest in Arc as a plasticity-related molecule originally stemmed

from its unique subcellular distribution following induction by synaptic activity—Arc

localizes near activated synapses, so it is in the right place at the right time to mediate

synapse-specific plasticity. Another molecule whose dynamic intracellular localization

suggests a role in synaptic function is protein kinase D (PKD). Though it receives

considerably less attention than Arc in neurobiology circles, PKD is well-suited to temporally

and spatially disseminate signals from the plasma membrane, suggesting a potential role in

synapse-to-nucleus signaling and synaptic plasticity.

PKD is a serine/threonine kinase that was independently cloned by two laboratories in

1994". Subsequently, two additional kinases sharing extensive overall homology to PKD

were identified, termed PKD2" and PKD3". Although PKDs were originally classified as

atypical PKC isoforms—PKD and PKD3 were previously termed PKCu and PKCw,

respectively—the domain structure (Figure 1.6) and functional properties of the PKDs

indicate that they represent a distinct kinase family' * First, although PKDs have two N

terminal cysteine-rich zinc-finger domains (CRDs) homologous to the diacylglycerol (DAG)-

binding C1 domains of PKCs, they lack the C2 domain responsible for the Ca” sensitivity of

PKCs”; thus, PKDs are considered Caº-independent enzymes. Second, PKDs have a
114pleckstrin homology (PH) domain reminiscent of protein kinase B (PKB)/Akt" and not
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found in any PKC". Third, the PKD catalytic domain is unlike that of the PKCs and is

instead distantly related to the Ca”/calmodulin-dependent kinases (CaMKs)". Fourth,

PKDs are insensitive to PKCinhibitors" and show a unique substrate specificity”, strongly

preferring serine sites with leucine in the –5 position over sites flanked by basic residues, as

favored by PKCs. Fifth, although the CRD and PH domains of PKD are inhibitory to kinase

activity”, PKDs lack the autoinhibitory pseudosubstrate region found in PKCs”. Thus,

PKDs represent a novel family of second-messenger-stimulated protein kinases in the AGC

superfamily, joining protein kinase A (PKA), PKB/Akt, PKC, and the CaMKs.

PKDWPKCu
203 2.3a rºarº 916

f

AP cys: " " cysz Ac |
PH car ºf f *{He-e O+o-ºm-H

PKD2

P CYS1 S CYS2 AC PH CAT

PKD3/PKCV

CYS1 CYS2 AC PH CAT

Figure 1.6 Domain structure of members of the protein kinase D family.

Abbreviations: AP, alanine- and proline-rich domain; P, proline-rich domain; S, serine-rich domain; CYS1 and
2, cysteine-rich zinc-finger domains (also called Cla and C1b, respectively); AC, acidic domain; PH, pleckstrin
homology domain; CAT, kinase catalytic domain. Arrow indicates caspase-cleavage site. Arrowheads and
numbers indicate location of phosphorylated serine residues in PKD. Figure not drawn to scale. Adapted from
Van Lint et al. (2002)”.

PKD activation can occur through at least four general mechanisms”. In the first,

--->
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receptor tyrosine kinase (RTK) activation or G-protein coupled receptor (GPCR) stimulation

leads to activation of phospholipase C (PLC) and production of DAG. DAG activates ‘novel’

PKCs (6, e, m, and 6)" that then activate PKD by phosphorylation of serines 744 and 748 in
121,122its activation loop (Figure 1.6). A plethora of stimuli can activate PKD through the

activation of PKCs, including phorbolesters and DAG analogs”, neuropeptides and growth

factors”, bryostatin”, reactive oxygen species” , and agents that induce antigen

receptor crosslinking”. In a second mechanism, G-protein 3ysubunits can activate PKD

by directly binding to its PH domain”, which may relieve the inhibitory effect normally

exerted by the PH domain on kinase activity. A third mechanism of activation involves

caspase-mediated cleavage of PKD", an event that liberates the PH and catalytic domains

from the rest of the molecule (Figure 1.6). Finally, a fourth mechanism has been proposed in

which 14-3-3 proteins activate PKD by binding to phosphorylated serines in the linker region

between the N-terminal CRDs” (Figure 1.6). The variety of activation mechanisms

suggests that PKD can integrate multiple signals to coordinate diverse cellular processes.

A striking feature of PKD activation is that it involves a dynamic series of translocations

between intracellular compartments” . Each translocation step is mediated by a particular

domain within PKD". PKD is found predominantly in the cytoplasm of unstimulated cells

but rapidly translocates to the plasma membrane in response to receptor activation”. PKD

then returns to the cytoplasm”, with kinase activity sustained", and subsequently

translocates to the nucleus". Finally, PKD completes the cycle, returning to the cytoplasm

by CRM1-mediated nuclear export". Thus, PKD transduces a transient signal at the

14



membrane into a sustained signal that travels to distant regions of the cell.

The signal-integration capacity and intracellular mobility of PKD are critical for many

131-135fundamental biological processes, including immune cell regulation , the oxidative

127-130 138,141-143
3.stress response , mitogen-activated protein kinase (MAPK) signaling and

136,144-147secretory vesicle trafficking , as well as cell survival”, migration”,
149,150

differentiation , and proliferation”. Many of these functions were originally inferred

from PKD localization to specific subcellular compartments, such as the trans-Golgi

network”, mitochondrial membranes”, or the invadopodia of metastasizing cancer cells”.

Indeed, the prevailing model holds that PKD is targeted to various intracellular destinations

where it recruits different effector proteins that determine its function locally”. In this view,
140the nucleocytoplasmic shuttling" of PKD implies a function in the nucleus—regulating

DNA synthesis, for example” —but, until recently, the role of nuclear PKD was unknown.

Several reports now suggest that nuclear translocation of PKD may be functionally relevant

for coupling extracellular cues to chromatin modifications that determine patterns of gene

expression”. This coupling is achieved by PKD-mediated regulation of histone

deacetylases (HDACs), chromatin-modifying enzymes that function as transcriptional

repressors.

Covalent modification of nucleosomal histones has emerged as a central mechanism in

the control of gene transcription”. Histone acetylation by histone acetyltransferases

promotes transcription by relaxing chromatin structure, whereas histone deacetylation by

HDACs reverses this process, resulting in transcriptional repression. Class IIa HDACs

15



(HDAC4, 5, 7, and 9) display restricted tissue expression patterns and contain an N-terminal

extension that mediates interactions with transcription factors, like MEF-2, and confers

responsiveness to upstream signaling pathways”. Phosphorylation of the N-termini of class

IIa HDACs creates docking sites for 14-3-3 proteins, which promote HDAC nuclear export

through a CRM1-mediated mechanism”. PKD directly phosphorylates and induces nuclear

export of HDAC5 in cardiomyocytes”, HDAC7 in T cells”, and both HDAC5 and

HDAC7 in B cells”. Nuclear export functionally inhibits HDACs, disrupting HDAC-MEF2

interactions and allowing MEF2-dependent gene transcription to occur. PKD/HDAC

mediated transcriptional derepression induces cardiac hypertrophy in cardiomyocytes and

apoptosis in T cells. Thus, by regulating HDACs, PKD can control large sets of genes and

effect profound cellular changes.

The cellular changes induced by PKD have been demonstrated in a wide variety of cell

26, 143 1130,160types, including fibroblasts' , intestina and kidney” epithelial cells, smooth
154,162 163 133-135,155,164muscle cells", cardiomyocytes , osteoblasts”, B and T lymphocytes , maSt

135cells”, platelets”, and neoplastic cells”. Remarkably, only two reports have
167,168investigated the role of PKD in neuronal cells , and only a single neuron-specific PKD

substrate is known” . Thus, whereas the importance of PKD in other cell types has been

firmly established, virtually nothing is known about the role of PKD in neurons. For

example, although HDACs mediate activity-dependent gene expression in neurons", the

role of neuronal PKD in this process is unknown. Similarly, neurons express several A

172,173kinase anchoring proteins (AKAPs) , large molecules which form multiprotein
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complexes that facilitate PKD activation", but the relationship between AKAPs and PKD in

neurons has not been explored. A role for PKD in the nervous system is suggested by the fact

that PKD was identified in a screen for genes involved in synaptic function in

Caenorhabditis elegans". A particularly tantalizing prospect is that PKD plays a role in

gene expression—dependent forms of synaptic plasticity. The stimulus-dependent

translocation of PKD from cytoplasm to membrane to nucleus seems well-suited to translate

synaptic activity into a nuclear response. Such a mechanism would obviously require that

PKD translocates to synaptic sites and is activated by synaptic stimuli.

Elucidation of the function of PKD in neurons would be facilitated by knowledge of

specific PKD substrates which mediate downstream responses” . Relatively few substrates

of PKD are known in any cell type, and only a subset of these are expressed in the nervous

system: kinase D-interacting substrate of 220 kDa (Kidins220)", a lipid raft—associated

integral membrane protein; Ras and Rab interactor 1 (RIN1)*, a Ras effector; HDAC5'”

and HDAC7”; vanilloid receptor 1 (VR1)”, a polymodal nociceptor; and E

cadherin", a cell adhesion molecule. Given the large number of cellularresponses attributed

to PKD, it seems likely that numerous other neuronal substrates exist but have yet to be

discovered. PKD substrates that are localized to synapses or that function in dendritic spines

would be of particular interest.

Main findings of the dissertation

Despite widespread use of Arc as a marker of neural circuits, the activity-dependent
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mechanisms that regulate Arc expression are poorly understood. For example, Arc induction

and synaptic targeting require NMDA receptor activation”, but potential regulatory roles of

other glutamate receptors are virtually unexplored. Additionally, although several

82,177-182extracellular stimuli are capable of inducing Arc expression , the mechanisms

involved are unknown. In part, this is because previous work has been performed either in

96,181,183,184 178,180,182 andvivo , where mechanistic studies are challenging, or in cell lines

79synaptoneurosomes” , where neuronal regulatory mechanisms may be absent. In

experiments described in Chapter 2, we established a primary neuronal culture system that

recapitulates essential features of Arc regulation in vivo. Using this system, we uncovered a

novel role for AMPA receptors in regulating Arc transcription. Additionally, we identified a

signaling mechanism that involves a pertussis toxin-sensitive G-protein. These findings,

which provide insights into the activity-dependent mechanisms of Arc expression, are

surprising in light of the prevailing view on the role of AMPA receptors in synaptic

plasticity: changes in AMPA receptor surface expression effect short-term plasticity, but

AMPA receptors do not directly regulate genes required for long-term plasticity.

The experiments described in Chapter3 focus on PKD and provide preliminary evidence

for its role in neuronal function. We imaged live neurons expressing fluorescent protein–

fused versions of PKD and found that phorbol ester treatment induces CRD-dependent

membrane translocation of PKD, as in other cell types”. Remarkably, NMDA receptor

stimulation induced PKD activation and translocation into dendrites. NMDA receptor—

dependent PKD activation occurred with rapid kinetics, distinct from PKD activation by

18



other calcium channels, and may involve tethering of PKD to the NMDA receptor by an

AKAP, Yotiao". Consistent with a previous report, we found that NMDA receptor

stimulation induced nuclear export of HDAC5, suggesting the existence of a NMDA

receptor—PKD–HDAC signaling pathway that regulates neuronal gene expression. Finally,

we used a protein microarray to identify novel PKD substrates, including a number of

proteins involved in dendritic spine morphology and synaptic function.
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Chapter 2:

AMPA Receptors Regulate Arc Transcription
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Abstract

Learning and memory depend critically on long-term synaptic plasticity, which requires

neuronal gene expression. In the prevailing view, AMPA receptors mediate fast excitatory

synaptic transmission and effect short-term plasticity, but do not directly regulate neuronal

gene expression. By studying regulation of Arc, a gene required for long-term plasticity, we

uncovered a new role for AMPA receptors in neuronal gene expression. Spontaneous

synaptic activity or activity induced by brain-derived neurotrophic factor (BDNF) elicited

Arc expression in cultures of primary neurons and organotypic brain slices. Surprisingly,

inhibiting AMPA receptors markedly potentiated activity-dependent Arc expression.

Moreover, we found that AMPA receptors negatively regulate Arc transcription, but not

translation or stability, through a mechanism involving a pertussistoxin-sensitive G-protein.

These results provide insights into the activity-dependent mechanisms of Arc expression and

suggest that, in addition to effecting short-term plasticity, AMPA receptors may regulate

genes involved in long-term plasticity.

:

21



Introduction

Activity-dependent changes in synaptic strength are likely required for the brain to form

enduring memories of transient experiences”. Neurons achieve short-term changes in

synaptic strength through the reciprocal actions of two types of glutamate-gated ion channels,

AMPA receptors and NMDA receptors. During bouts of synaptic activity, AMPA receptors

depolarize the postsynaptic membrane, facilitating activation of NMDA receptors. NMDA

receptors, in turn, initiate signaling pathways that modulate AMPA receptor conductance and

surface expression to produce short-term changes in synaptic strength”. Long-term

consolidation of short-term changes triggered by synaptic activity requires new gene

21,185expression . How activity induces gene expression and how gene products act

specifically at synapses that triggered their expression are questions of great current

interest”.

One molecule that may provide insight into these questions is the activity-regulated

cytoskeleton-associated (Arc) protein, an immediate early gene (IEG) product". After

induction by synaptic activity, Arc mRNA is rapidly trafficked into dendrites”. Elegant

work from Steward and Worley showed that Arc mRNA selectively localizes to activated

dendritic regions", and Arc protein is enriched at recently activated synapses”. The precise

function of Arc at synaptic sites is unknown, but Arc may regulate synaptic strength by

58-61modulating AMPA receptor trafficking”. Neural activity associated with synaptic

66-68potentiation” and learning induces Arc expression”, and Arc is required for maintenance

of synaptic potentiation and long-term consolidation of memory”.
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The close relationship between neuronal activity and Arc expression has made Arc a

useful marker of neural circuits”. However, the activity-dependent mechanisms that

regulate Arc expression are poorly understood. For example, Steward and Worley

convincingly demonstrated that Arc induction and synaptic targeting require NMDA receptor

activation”, but potential regulatory roles of other glutamate receptors are virtually

unexplored. In part, this is because previous work has been performed either in

96, 181,183,184 178,180,182
80, 18 andvivo , where mechanistic studies are challenging, or in cell lines

”, where neuronal regulatory mechanisms may be absent.synaptoneurosomes

To overcome these limitations, we investigated Arc expression in primary neuronal

cultures that recapitulate many features of Arc regulation in vivo. Our findings provide

insight into the activity-dependent mechanisms of Arc expression and reveal an unexpected

role for AMPA receptors in regulating neuronal gene expression.
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Results

An in vitro model for elucidating mechanisms of Arc regulation

To study mechanisms of Arc regulation, we developed an in vitro model that recapitulates

key features of Arc regulation discovered in vivo: (1) Arc is induced by synaptic activity in an

NMDA receptor-dependent manner”, (2) Arc mRNA is trafficked into dendrites”,

and (3) Arc is induced by BDNF in a manner that depends on mitogen-activated protein

kinase (MAPK)”.

We induced synaptic activity in cultured cortical neurons with two protocols and

examined the effects on Arc expression. In the first protocol, synaptic activity was suppressed

for 2 d with tetrodotoxin (TTX), a sodium channel antagonist. Then, neurons were washed

into drug-free medium, producing a rebound of enhanced synaptic activity”. Arc mRNA

levels increased -200-fold over control (Figure 2.1a), and Arc protein expression was also

strongly induced (Figure 2.1b). Re-addition of TTX completely suppressed rebound activity

(Figure 2.2) and Arc expression (Figure 2.1a,b).

In the second protocol, Arc mRNA and protein were strongly induced with bicuculline, a

GABAA receptor antagonist that disinhibits and thereby enhances ambient synaptic activity”

(Figure 2.1c; data not shown). Arc induction by synaptic activity with either protocol was

blocked by AP5 (Figure 2.1a–c), indicating that NMDA receptor activation was required, as

observed in vivo.

To localize Arc mRNA subcellularly, we used fluorescence in situ hybridization (FISH).

In unstimulated neurons, Arc mRNA was undetectable. After application of BDNF, Arc
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Figure 2.1 Primary cultured neurons recapitulate essential features of Arc regulation.

(a) Arc mRNA is strongly induced by washout of TTX (2 p.M., 48 h; TTXPretreated) but not vehicle (Control).
Arc induction, measured 8 h after washout, was inhibited by TTX (1 HM) or AP5 (100 puM) added after
washout. Data are plotted as fold inductions relative to unwashed controls (n=4 independent preparations of
cells). (b) (left) Western blots showing that Arc protein is induced by TTX washout and inhibited by TTX or
AP5 that was added subsequently. In this and subsequent Western blots, membranes were stripped and re
probed for tubulin to verify protein loading. (right) Signal intensities of blots as percent of maximum (n=4). (c)
Arc protein expression induced by bicuculline (40 nM, 8 h) is inhibited by AP5. (d) FISH reveals progressive
movement of Arc mRNA (red) from nucleus (blue) to cytoplasm over 60 min after stimulation with BDNF (100
ng/ml). (e) FISH combined with immunostaining for MAP2 (green) reveals Arc mRNA granules (red) in
dendrites (arrows) of cultured neurons. (f, g) Arc mRNA (f; data plotted as fold relative to controls) and protein
(g) levels induced by treatment with BDNF are inhibited by U0126 (20 HM) (n=4). Quantitative analysis of Arc
protein expression (g, right) in arbitrary units. Error bars in this and subsequent figures represent standard
deviations, unless otherwise stated. ***, p<0.001 versus control.
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Figure 2.2 Activity induced by TTX washout enhances calcium oscillations in cultured neurons.

Intracellular calcium oscillations (dashed lines) in cells after TTX washout (lower graph) were enhanced
relative to control cells (upper graph), indicating increased synaptic activity”. Calcium oscillations in both
conditions were inhibited by TTX (1 HM; solid lines) applied just before imaging. Scale bar, 1 min. Data are
plotted as mean + s.e.m. (n=50 cells per timepoint).

mRNA appeared in discrete intranuclear foci within 5 min and had translocated into the

cytoplasm by 30 min (Figure 2.1d), as reported”. By 60 min, Arc mRNA granules had co

localized with MAP2-positive dendrites (Figure 2.1e). BDNF induced Arc mRNA to levels

~25-fold greater than controls (Figure 2.1 f) and also strongly upregulated Arc protein levels

(Figure 2.1 g). BDNF-induced increases in Arc mRNA and protein levels were blocked by

two inhibitors of the MAPK pathway, U0126 (Figure 2.1 fg) and PD98059 (data not shown).

Arc protein can be expressed by glia” but was undetectable in pure glial cultures
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stimulated with BDNF (Figure 2.3). Cultures maintained in medium that promotes a nearly

pure neuronal population” showed robust Arc expression in response to BDNF (Figure 2.3).

Thus, neurons, not glia, are responsible for BDNF-induced Arc expression. Taken together,

we conclude that this in vitro model recapitulates critical features of Arc expression observed

in vivo and is useful for elucidating molecular mechanisms that regulate Arc in neurons.

a - BDNF b - BDNF

Arc, Arc tº
GFAP ww tubulin seems

Figure 2.3 BDNF induces Arc protein expression in neurons, not glia.

(a) Western blot showing that Arc expression is undetectable in pure glial cultures stimulated with BDNF (100
ng/ml, 8 h). Blots were re-probed for GFAP, a glial-specific protein, to verify protein loading. (b) Western blot
showing that BDNF induces Arc expression in cultures maintained in Neurobasal medium, which promotes a
nearly pure neuronal population”. Western blots are representative of results from at least three independent
experiments.

Full BDNF-induced Arc expression requires synaptic activity

BDNF and synaptic activity are tightly intertwined”. BDNF promotes synaptic activity”

and synaptic activity promotes BDNF release”. Since both potently induce Arc in our

system (Figure 2.1), we determined if the mechanism of Arc induction is either by synaptic

activity—induced BDNF release or by BDNF-induced synaptic activity.

We blocked endogenous BDNF signaling with TrkB-IgG, a soluble form of the BDNF

receptor”, which competes with endogenous TrkB for binding to BDNF". TrkB-IgG (10

pg/ml) completely blocked Arc protein induction by exogenous BDNF (100 ng/ml; data not
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Figure 2.4 Synaptic activity is required for a component of BDNF-induced Arc expression.

(a) TrkB-IgG (10 pg/ml) does not inhibit Arc protein expression induced by TTX washout (see Fig. 1a,b).
Signal intensities of Western blots as percent of maximum (n=4). (b) (left) Calcium oscillations recorded in the
presence of BDNF (100 ng/ml) are inhibited by TTX (1 mM). The average response (F/Fo; see Methods) of 50
randomly selected cells is plotted at each timepoint (mean + s.e.m.), so oscillations above baseline indicate
synchronous responses. Scale bar, 1 min. (right) Quantitative analysis of calcium oscillations showing frequency
per 5 min (n=7 imaging runs using cells from three independent preparations). (c., d) TTX partially inhibits
BDNF-induced increases in Arc mRNA (c) and protein (d) levels (n=4). Data in c and d are plotted as percent
of Arc expression induced by BDNF alone to highlight the -50% inhibition by TTX. n.s. = not statistically
significant; *, p<0.05; ***, p<0.001 versus control.

shown) but had no effect on Arc induction after TTX washout (Figure 2.4a). In contrast,

inhibiting BDNF-induced synaptic activity (Figure 2.4b) with TTX reduced BDNF-induced
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increases in Arc mRNA (Figure 2.4c) and protein (Figure 2.4d) levels by ~50%. Thus,

endogenous BDNF is not required for synaptic activity to induce Arc expression but a

component of BDNF-induced Arc expression requires synaptic activity.

Bidirectional regulation of Arc by NMDA and AMPA receptors

Synaptic activity produces currents and intracellular calcium rises that depend on

postsynaptic glutamate receptors. To determine how synaptic activity couples to Arc

expression, we pharmacologically dissected synaptic activity with specific antagonists of

glutamate receptors.

We stimulated neurons with BDNF in the presence of AP5 and measured Arc mRNA and

protein levels. Like TTX (Figure 2.4c,d), AP5 inhibited BDNF-induced increases in Arc

mRNA and protein by ~50% (Figure 2.5a,b) and occluded the effects of TTX (data not

shown), suggesting that NMDA receptors are essential only for the activity-dependent

component of BDNF-induced Arc expression. MCPG, a potent mGluR antagonist, had no

effect on BDNF-induced Arc expression (Figure 2.5a,b).

To determine the role of AMPA receptors, we used NBQX and GYKI, highly selective

AMPA receptor antagonists that are structurally and mechanistically distinct”.

Unexpectedly, both drugs strongly potentiated BDNF-induced increases in Arc mRNA and

protein levels (Figure 2.5a,b). That two different AMPA receptor antagonists affect BDNF

induced Arc expression so similarly is strong evidence against non-specific effects of these

drugs. Additionally, AMPA receptor antagonists have no effect on neurotrophin-induced Arc
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Figure 2.5 AMPA receptor inhibition selectively potentiates BDNF-induced Arc expression in cultured
neurons and brain slices.

(a,b) Effects of glutamate receptor antagonists (in HM: 10 NBQX, 15 GYKI, 100 AP5, 100 MCPG) on BDNF
induced Arc mRNA (a) and protein (b) levels. Data in a and b are plotted as percent difference from BDNF
alone to highlight the bidirectional effects of AMPA and NMDA receptor antagonists (n=8), (c,d) BDNF
induced expression of Fos mRNA (c; data plotted as fold relative to controls) and protein (d) is not potentiated
by NBQX, indicating that AMPA receptor inhibition does not non-specifically increase gene expression (n=4).
Quantitative analysis of Fos protein expression (d, right) in arbitrary units. (e) (left) Western blot showing that
NBQXpotentiates BDNF-induced Arc protein expression in organotypic brain slices (three representative slices
per condition shown). (right) Quantitative analysis of Arc protein expression in arbitrary units (n = three
different animals, six slices per stimulation condition). n.s. = not statistically significant; *, p<0.05; **, p<0.01;
***, p<0.001 versus control.

expression in undifferentiated PC12 cells (data not shown), which only express low levels of

GluR2 subunits” and therefore essentially lack functional AMPA receptors”. Potentiation

of BDNF responses by NBQX was blocked by TTX, confirming that only the activity
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dependent component of BDNF-induced Arc expression was regulated by AMPA receptors

(data not shown). Additionally, NBQX did not affect BDNF-induced expression of Fos

(Figure 2.5c,d), an IEG used as a control for Arc-inducing stimuli.”, indicating that gene

expression was not globally upregulated.

Although our primary neuronal culture system recapitulates many key features of Arc

regulation in vivo (Figure 2.1), we wondered whether AMPA receptor inhibition would

potentiate Arc expression in a more physiological context. To test this, we stimulated

organotypic brain slice cultures” with BDNF in the presence or absence of NBQX. BDNF

upregulated Arc protein expression in cultured slices by threefold (Figure 2.5e), consistent

with in vivo findings”. As in primary neurons, NBQX strongly potentiated BDNF

induced increases in Arc protein levels (Figure 2.5e).

Specific patterns of activity-dependent gene expression are often determined by calcium

signaling”. AMPA receptor antagonists should limit postsynaptic depolarization,

inhibiting voltage-sensitive membrane events such as activation of L-type voltage-sensitive

Ca” channels (L-VSCCs). Since L-VSCCs can couple synaptic activity to neuronal gene

expression” and since the loss of Ca" entry through L-VSCCs can influence gene

expression”, we determined whether L-VSCC inhibition mimics the effect of AMPA

receptor inhibition. Nimodipine, an L-VSCC antagonist, did not significantly affect Arc

protein expression induced by BDNF (Figure 2.6). Although dihydropyridines like

nimodipine are poor blockers of L-VSCCs under some conditions”, nimodipine inhibited

Arc protein expression induced by direct activation of L-VSCCs with high KCl (Figure 2.6).
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Figure 2.6 An L-VSCC antagonist does not potentiate BDNF-induced Arc protein expression.

(a) Western blots showing that L-VSCC inhibition with nimodipine (Nim) blocks Arc protein expression
induced by high KCl (55 mM, 8 h) but does not mimic the effect of AMPA receptor inhibition on BDNF
induced Arc expression (compare to Fig. 3b). (right) Signal intensities of blots plotted as percent difference
from BDNF alone (n=3). n.s. = not statistically significant compared to control.

In addition to regulating calcium entry through L-VSCCs, a subset of AMPA receptors

are themselves calcium-permeable and can signal to the nucleus”. Approximately 15% of

neurons in cortical cultures possess calcium-permeable AMPA receptors”". To test

whether blockade of these AMPA receptors potentiates BDNF-induced Arc protein levels,

we used Joro spider toxin (JSTX), a specific antagonist of calcium-permeable AMPA

receptors”. JSTX inhibited calcium-permeable AMPA receptors in heterologous cells,

but did not potentiate BDNF-induced Arc protein expression in neurons (Figure 2.7). Thus,

calcium-impermeable AMPA receptors are the ones that regulate BDNF-induced Arc
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a L. Control
O AMPA

1.10- A AMPA+JSTX

BDNF
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Arc - *

Tubulin -ºº-ºº |
BDNF

Figure 2.7 A specific antagonist of calcium-permeable AMPA receptors does not potentiate BDNF
induced Arc protein expression.

(a) HEK293T cells expressing homomeric, calcium-permeable AMPA receptors were produced by transient
*ansfection of GluR1. Joro spider toxin (JSTX; 1 AM) inhibits calcium responses induced in transfected cells
by AMPA (50 HM; added at time point indicated by arrow). The average response (F/Fo; see Methods) of 50
"ansfected cells is plotted at each time point (mean + s.e.m.). AMPA did not induce calcium responses in
*transfected cells (data not shown). (b) (left) Western blot showing that JSTX does not affect BDNF-induced

° Protein expression in neurons. (right) Signal intensities of blots plotted as percent difference from BDNFal
- - - - - -one (n ~4). n.s. = not statistically significant compared to control.

*NMDA:AMPA ratio determines Arc expression

Given the opposing effects of NMDA and AMPA receptor antagonists, we hypothesized that

*Vity-dependent Arc expression is determined by the balance between these receptor
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activities.

BDNF-induced Arc protein levels were unaffected by simultaneous addition of AP5 and

NBQX (Figure 2.8a,b), a striking contrast to the effects of each antagonist singly applied

(Figure 2.5b and Figure 2.8a,b). We stimulated neurons with the endogenous

neurotransmitter glutamate, predicting that net Arc expression after simultaneous activation

of both NMDA and AMPA receptors would below. Indeed, glutamate produced only modest

increases in Arc mRNA and protein levels (Figure 2.8c; data not shown). However, AP5

inhibited and NBQX potentiated glutamate-induced Arc expression (Figure 2.8c, data not

shown).

We next determined the effect of blocking NMDA or AMPA receptors on Arc expression

under more physiological conditions. Spontaneous synaptic activity can trigger nuclear gene

expression” and may be critical for the establishment of functional neuronal circuits in

vivo”. TTX inhibited the low basal expression of Arc mRNA in our cultures (Figure 2.8d),

indicating that spontaneous synaptic activity induces ongoing Arc expression. Arc mRNA

levels induced by ambient activity were increased by NBQX and decreased by AP5, but were

*affected by simultaneous addition of both drugs (Figure 2.8d). These data suggest that the

*lative extent of NMDA and AMPA receptor activation is a critical determinant of Arc

*pression.
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Figure 2.8 The relative extent of NMDA and AMPA receptor activation determines Arc expression.

(a) Western blots showing that simultaneous blockade of NMDA and AMPA receptors with NBQX+AP5 has
no effect on BDNF-induced Arc protein expression. Effect of NBQX shown for comparison. (b) Signal
intensities from blots in a plotted as percent difference from BDNF alone (n=4). (c) Arc mRNA levels induced
by simultaneous activation of NMDA and AMPA receptors with glutamate (30 AM, 6 h). Glutamate-induced
Arc levels are increased by NBQX and decreased by AP5. Data are plotted as fold induction relative to
unstinulated controls (n=4). (d) NMDA and AMPA receptors bidirectionally regulate Arc mRNA levels in the
absence of exogenous BDNF or glutamate. Effect of TTX indicates that spontaneous synaptic activity in the
°ulture induces ongoing Arc expression. Arc levels induced by ambient activity are increased or decreased by
NBQx or AP5, respectively. Data are plotted as percent difference from control (n=4). n.s. = not statistically
significant; *, p<0.05; ***, p<0.001 versus control.

Metabotropic signaling by AMPA receptors regulates Arc expression

NMDA receptors are well-known mediators of gene expression”", but a prevailing view

holds that AMPA receptors are effectors, not mediators, of activity-dependent plasticity”.
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Therefore, the ability of AMPA receptor inhibition to potentiate Arc expression was

unexpected, and we focused on elucidating the mechanisms by which AMPA receptors

regulate Arc.

A growing body of evidence indicates that AMPA receptors are cell-surface signal

transducers, not just passive conduits for current flux”. We hypothesized that AMPA

receptor inhibition potentiates Arc expression by limiting activation of signaling molecules

which associate with the channel, including a Src-family tyrosine kinase, Lyn”, and a G

protein”. Therefore, we determined whether specific inhibition of these effector

molecules mimics the effect of AMPA receptor inhibition on Arc expression. PP2, a Src

family tyrosine kinase inhibitor, had no effect on BDNF-induced Arc protein expression

(Figure 2.9a), suggesting that Lyn may not be required for AMPA receptor-mediated control

of Arc expression. However, pertussis toxin (PTX), which inhibits a G-protein activated by

AMPA receptors in cortical neurons”, potentiated basal- and BDNF-induced Arc expression

(Figure 2.9b,c) and occluded the effect of NBQX (Figure 2.9b,c). Cholera toxin (CTX),

which has a catalytic activity similar to that of PTX but activates G-proteins, had no effect

°nbasal- or BDNF-induced Arc expression (Figure 2.9b,c). PTX-induced increases in basal

Arc expression were inhibited by TTX (Figure 2.9q), suggesting that PTX-sensitive G

P"eins, but not Src-family kinases, mediate an activity-dependent signaling mechanism

linking AMPA receptors and Arc expression.
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Figure 2.9 Pertussis toxin-sensitive G-proteins, but not Src-family kinases, may mediate regulation of
Arc expression by AMPA receptors.

(a)(left) western blot showing that neither PP2 (1 MM), a Src-family kinase inhibitor, nor its inactive analog,
PP3 (1 AuM), affect Arc protein levels induced by BDNF. (right) Quantitative analysis of Arc protein expression
Pºted as percent difference from BDNF alone (n=6), (b,c) Pertussis toxin (PTX; 200 ng/ml, 20 h pre
*ation), but not cholera toxin (CTX; 1 ug/ml, 20 hpre-incubation), potentiates basal- and BDNF-induced
Arc mRNA (b) and protein (c) expression. PTX occludes the effect of NBQX on BDNF-induced Arc
*Pression. Data are plotted as percent of response to BDNF (b; n=7) or in arbitrary units (c; n=6). Lanes of
Western blot shown in (c) align with symbols above indicating drug combinations. (d) (left) Western blot
showing that Arc protein levels induced by PTX are inhibited by TTX (1 mM) (n=3). (right) Quantitative
ºsis of Arc protein expression in arbitrary units. n.s. = not statistically significant; ***, p<0.001 versusontrol.

AMPA receptors do not regulate major TrkB signaling pathways

We next sought to determine the level at which AMPA receptor signaling regulates BDNF
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induced expression of Arc. TrkB is a receptor tyrosine kinase that binds BDNF and then

initiates downstream signaling, including phosphatidylinositol 3-kinase (PI3K),

phospholipase Cy (PLC), and MAPK pathways”. TrkB localizes to the postsynaptic
o - - -*. Here, surface expression and activation of TrkB aredensity of glutamatergic synapses

regulated by synaptic activity”, and TrkB signaling can be modulated by G-proteins”.

Thus, one possibility is that AMPA receptor inhibition potentiates BDNF-induced Arc

expression by affecting the activation of TrkB or downstream signaling molecules.

Levels of phosphorylated, active Trk receptor increased rapidly after treatment with

BDNF (Figure 2.10). Trk phosphorylation was blocked by K252a, a Trk kinase inhibitor, but

unaffected by NBQX (Figure 2.10). Levels of phosphorylated extracellular signal-regulated

kinase (ERK) also increased and were inhibited by U0126, a MAPK/ERK-kinase inhibitor

(Figure 2.10). NBQX inhibited ERK phosphorylation induced by AMPA but not BDNF

(Figure 2.10). Tyrosine phosphorylation of immunoprecipitated PLCY1 was similar in

neurons stimulated with BDNF or BDNF+NBQX (Figure 2.10), indicating similar levels of

activation. PI3K pathway activation was determined at the level of a downstream effector,

*t. BDNF-induced Akt phosphorylation was sensitive to LY294002, a PI3K inhibitor, but

"naffected by NBQX (Figure 2.10).

An effect of AMPA receptor inhibition on TrkB signal transduction in the previous

*Periments might have gone unnoticed because of subtle differences in the activation time

°ourse of the signaling pathways we tested. To address this issue, we transfected neurons

with a plasmid carrying the Photinus luciferase gene driven by the serum response element
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(SRE), a MAPK pathway target sequence upstream of many activity-dependent genes” 1233.

BDNF was applied to transfected cells for several hours, and TrkB signaling was measured

as cumulative luciferase expression, a sensitive downstream endpoint that integrates changes

in upstream signaling pathways over time. BDNF-induced luciferase expression was

inhibited by U0126 but not significantly affected by NBQX (Figure 2.10). Thus, AMPA

receptors do not detectably regulate major TrkB signaling pathways and instead may directly

regulate Arc synthesis and/or turnover.

8 b BDN
BDNF BDNF F AMPA

- BDNF +K2522 NBOX +NBOX - - U0126 NBOX - NBOX

P-Tºk - - - P-ERK - ----

pan-ºk - - - - - pan-ERK ====E.

C d

BDNF BDNF BDNF
- BDNF + NBOX - BDNF +LY294.002 NBQX +NBOX

P-Tyr - - P-Akt -- -

PLcy!- pan-Akt-----

P:PLCY1
- - UO126 NBQX

BDNF

Figure 2.10 AMPA receptors do not regulate signals sent by TrkB.

(*)Westernblots showing that Trk phosphorylation (P-Trk) induced by BDNF (100 ng/ml, 10 min) is blocked
by K2s 2a (400 nM) but unaffected by NBQX (10 mM). (b) Western blots showing that phosphorylation of
ERK 1/2 (P-ERK) induced by 5 min of stimulation with BDNF is blocked by U0126 (20 pm) but unaffected by
NBQX. Verifying its efficacy, NBQX inhibited ERK phosphorylation induced by AMPA (1 mM, 5 min). (c)
Western blots showing that tyrosine phosphorylation (P-Tyr) of immunoprecipitated PLCY1 is similar in cells
*mulated with BDNF (100 ng/ml, 1 h) or BDNF+NBQX. (d) Western blots showing that phosphorylation of

CP-Akt) induced by 10 min of stimulation with BDNF is blocked by LY294002 (10 uM) but unaffected by
NBQX. (e) BDNF-induced expression of a SRE reporter gene construct is inhibited by U0126 but unaffected by
NBQX. Normalized luciferase activity (see Methods) is plotted as fold induction relative to unstimulated
Controls (n=5). Western blots in a-d are representative of results from at least three independent experiments
and Were reprobed for total (pan) levels of TrkB, ERK, PLCY1, or Akt to verify protein loading. n.s. = not
statistically significant; **, p<0.01 versus control.
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AMPA receptors are not major regulators of Arc translation

Translational control has emerged as a critical mechanism in long-term synaptic

:a:... .37,234-236
- - - - - - -plasticity’ , but the evidence for translational regulation of Arc is mixed: some studies

53 °, while another failed to detect Arcsuggest that Arc may be translated near synaptic sites

in a screen for mRNAs that associate with polysomes in response to BDNF". Given these

conflicting reports, we tested directly whether AMPA receptors regulate Arc translation

Cis-acting regulatory elements mediating translational control are often found in the

untranslated regions (UTRs) of mRNA transcripts” °, and these elements can be targeted by

signaling cascades involved in plasticity processes”. Translational control mediated by these

elements is commonly studied using plasmids in which the 5' and/or 3' UTRs from the gene

of interest are fused to a reporter gene”. We synthesized an Arc reporter mRNA

Comprising the Photinus pyralis luciferase coding sequence flanked by the 5' and 3' UTRs

from the rat Arc gene (Figure 2.11a). Using an RNA-based translation reporter avoids

°onfounding effects from stimulus-induced transcription. We controlled for global effects of

BDNF on translation” by co-transfection of a Renilla reniformis luciferase mRNA

lacking UTRs (Figure 2.11a). Neurons co-transfected with both mRNAs were stimulated and

**ayed for Photinus and Renilla luciferase expression. The Arc UTRs enhanced BDNF

induced translation (Figure 2.11b), providing direct evidence for post-transcriptional

*šulation of Arc by BDNF. NBQX alone induced a slight increase in Arctranslation (Figure

2.1 lb), possibly reflecting enhanced dendritic protein synthesis resulting from blockade of
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miniature excitatory synaptic events (minis)”. However, BDNF-dependent translation was

not potentiated by NBQX (Figure 2.11b).

a

Arc Reporter RNA

5'-CAP-15' UTR Firety Luc 3’ UTR IAAA-3'

Control RNA

5'-CAP– Renilla-Luc AAA-3'

1 5 0

1 2 5| 10 O

75

O
BDNF - + - +
NBQX - – 4 +

Figure 2.11 AMPA receptor inhibition does not affect BDNF-induced Arc translation.

(a) A Schematic (not drawn to scale) illustrates the design of RNA reporters used for assaying translation
mediated by Arc UTRs. (b) BDNF-induced translation of an Arc reporter RNA is not significantly affected by

QX. NBQX alone induces a slight increase in Arc reporter expression. Normalized luciferase activity is
Plotted as percent of unstimulated controls (n=4). n.s. = not statistically significant; *, p<0.05; **, p<0.01 versus
Control.

AMPA receptors do not regulate Arc protein turnover

*tivity-dependent and brain region—specific changes in Arc stability have been proposed as

*Shanisms for regulation of Arc expression”. In neurons, most regulated protein turnover

is handled by the ubiquitin-proteasome system (UPS)”. AMPA receptors can regulate
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UPS-dependent protein degradation”, but the endogenous substrates have not been

identified”. We examined whether AMPA receptors inhibit proteasome-dependent Arc

degradation, thereby potentiating the levels of Arc that accumulate after induction by BDNF.

BDNF-induced Arc protein levels were potentiated by two proteasome inhibitors, MG

132 (Figure 2.12a) and ALLN (data not shown), suggesting that Arc protein is a proteasome

substrate. To test whether AMPA receptors regulate proteasome-dependent degradation, we

used a fluorescent protein reporter of the UPS, GFP". Consisting of a degron peptide fused

to green fluorescent protein, GFP"undergoes rapid turnover by the UPS (t2=20–30 min)”,

allowing inhibition of proteasome function to be visualized in live transfected cells by

increases in green fluorescence. Weimaged the same population of GFP"-expressing neurons

before and after treatment with MG-132, AMPA receptor antagonists, or vehicle control. All

treatments included cycloheximide (CHX), a protein synthesis inhibitor, to isolate effects on

the pre-existing intracellular pool of GFP". GFP" fluorescence was stable in the presence of

MG-132 but not AMPA receptor antagonists (Figure 2.12b), indicating that AMPA receptor

inhibition does not lead to general inhibition of the UPS.

AMPA receptor inhibition might still reduce Arc protein turnover by acting on some

upstream component of the UPS. For example, a putative kinase or E3 ubiquitin ligase could

modify Arc and target it for degradation without globally affecting UPS function. To test

whether AMPA receptor inhibition blocks degradation of endogenous Arc protein, we first

induced Arc expression by stimulating neurons with BDNF or BDNF+NBQX. Then, either

MG-132 or NBQX was added to the medium, along with CHX to prevent additional Arc
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Figure 2.12 AMPA receptor inhibition does not stabilize Arc protein.

(a)(left) Western blot showing that BDNF-induced Arc protein expression is potentiated by MG-132 (50 pm),
a proteasome inhibitor. (right) Signal intensities of blots plotted as fold induction relative to BDNF alone (n=3).
(b) GFP" (normalized by mRFP1; see Methods) is stabilized in the presence of MG-132 but not AMPA receptor
antagonists (n=208 cells). In cells treated with MG-132, fluorescence fold changes greater than 1 likely reflect
maturation of GFP"molecules that were translated but incompletely folded at the time of CHX addition. (c) Arc
protein induced during a 5-hpre-treatment (represented by arrow) with BDNF or BDNF+NBQX is stabilized by
MG-132 but not AMPA receptor antagonists after addition of CHX. n.s. = not statistically significant; *,
p-0.05; **, p<0.01 versus control.
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synthesis, and Arc protein levels were measured at times thereafter. If AMPA receptor

blockade inhibits the turnover of Arc protein, Arc levels should decline more slowly in

NBQX-treated cells than in control cells. Arc levels were stable in MG-132-treated cells, but

in NBQX-treated cells, as in control cells, Arc levels declined to baseline over the course of

3 h (Figure 2.12c). Thus, although the UPS rapidly degrades Arc protein, changes in UPS

function do not mediate AMPA receptor regulation of Arc protein levels.

AMPA receptors regulate Arc transcription, but not mRNA stability

Increased Arc protein expression could result from a primary effect of AMPA receptor

inhibition on Arc mRNA levels. IEG expression in neurons is tightly controlled and mRNAs

transcribed from these genes are often short-lived. For example, Fos mRNA has an

intracellular half-life of 10-15 min", and transcript stability is one mechanism by which

activity regulates Fos expression”. Therefore, we determined whether AMPA receptors

potentiate levels of Arc mRNA by stabilizing Arc transcripts.

First, Arc mRNA was induced in cultured neurons by treatment with BDNF. Then, either

NBQX or vehicle was added along with actinomycin D (Act D), a potent transcriptional

inhibitor that prevents synthesis of additional Arc mRNA. At various times, total Arc mRNA

levels were determined by qfRT-PCR (Figure 2.13a) and Northern blotting (data not shown).

By fitting these data to single-exponential decay equations, we estimated an intracellular

half-life for Arc mRNA of 47 min, considerably shorter than a previous estimate of 1.26h for

Arc mRNA induced by KCl depolarization”. Importantly, NBQX did not significantly affect
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the decay kinetics of Arc mRNA (Figure 2.13a; data not shown).

Although AMPA receptor inhibition produced no overall effects on Arc mRNA stability,

we worried that we might have missed important effects on the stability of subcellular pools

of Arc. For example, local enhancement of Arc transcript stability has been proposed to

underlie the enrichment of Arc at activated synaptic sites”. Therefore, we assessed Arc

transcript stability by FISH, a method that can reveal effects on mRNA stability in different

subcellular compartments” 3.

Cells were treated as before (Figure 2.13a) and fixed at various times after addition of

Act D. As observed by qfRT-PCR (Figure 2.13a), total Arc mRNA levels returned to

baseline by 2 h (Figure 2.13b). Imaging cells at higher magnification failed to reveal

preferential stabilization of Arc mRNA in any subcellular region (data not shown),

confirming that AMPA receptors do not regulate Arc mRNA stability. Thus, AMPA

receptor-mediated regulation of Arc mRNA expression may occur principally by a

transcriptional mechanism.

Transcription of some IEG's, like Fos, is known to be highly regulated through multiple

mechanisms”". By contrast, the mechanisms controlling Arctranscription have only begun

to be explored” 3.

The rat Arc gene has two short introns, located within the 3'UTR, which are presumably

spliced out during transcript maturation. We sought to monitor Arc transcription by

measuring levels of nascent, unspliced Arc transcript, an approach that compares favorably

with nuclear run-on assays for assessment of rapid changes in neuronal genetranscription”.
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Figure 2.13 AMPA receptors regulate Arc expression at the level of transcription, but not mRNA
stability.

(a) Relative to vehicle control, NBQX does not stabilize BDNF-induced Arc mRNA. Data are plotted as percent
of Arc mRNA levels immediately after addition of Act D (1 mM). Decay curves were not significantly different
and, when fit to single-exponential decay equations, indicated a half-life for Arc mRNA of 47 min. (b) FISH
reveals that NBQX does not stabilize BDNF-induced Arc mRNA in any subcellular region after addition of Act
D. Epifluorescence images of Arc mRNA signal are shown along with corresponding phase contrast images
from 20x fields of cells. (c) Schematic (not drawn to scale) illustrating the putative organization of nascent Arc
transcripts. Intron 1 (235 bases) and intron 2 (179 bases) are located within the -1.6-kb 3'UTR. Arrowheads
indicate positions of qfRT-PCR primers. (d) qfRT-PCR with intronic primer pairs reveals that NBQX
potentiates BDNF-induced increases in nascent Arc transcript levels, indicating an effect of AMPA receptor
inhibition on Arc transcription. Nascent transcript levels are plotted as fold induction over unstimulated controls
(n=5). n.s. = not statistically significant; **, p<0.01 versus control.
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To do this, we designed two qfrT-PCR primer pairs, which anneal either entirely within

intron 1 or, to ensure detection of introns before they are spliced out, across an intron 2/exon

boundary (Figure 2.13c). We stimulated neurons with BDNF with and without NBQX.

NBQX potentiated BDNF-induced increases in nascent Arc transcript levels, with both

intronic primer pairs producing similar results (Figure 2.13d), indicating that AMPA

receptors regulate Arc transcription. The lower-fold induction of BDNF-induced Arc

transcript levels measured using intronic primers as opposed to exonic primers, which detect

all Arc transcripts (compare Figure 2.1 f and Figure 2.13d), may reflect rapid splicing of

nascent Arc transcripts. Comparable potentiation of BDNF-induced Arc transcript levels by

NBQX was observed with both intron and exon primers (~threefold; compare Figure 2.5a

and Figure 2.13d).

Taken together, these results demonstrate that although Arc mRNA is rapidly turned over

within the cell, AMPA receptors regulate Arc levels primarily through a transcriptional

mechanism.
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Discussion

Here we investigated the activity-dependent regulation of Arc expression. Arc is critical for

long-term plasticity and memory consolidation”, and its expression marks neuronal

circuits activated during learning”. This suggests that Arc expression is tightly regulated

by neuronal activity, but the underlying mechanisms are unclear. In our investigation, we

unexpectedly found that AMPA receptors regulate Arc. Inhibiting AMPA receptors strongly

increased activity-dependent Arc expression in cultures of primary neurons and organotypic

brain slices. We found that AMPA receptors negatively regulate Arc transcription, but not

translation or stability, through a mechanism involving G-protein signaling. These findings,

which provide insights into the activity-dependent mechanisms of Arc expression, are

surprising in light of the prevailing view on the role of AMPA receptors in synaptic

plasticity: changes in AMPA receptor surface expression effect short-term plasticity, but

AMPA receptors do not directly regulate genes required for long-term plasticity.

Some recent results have hinted at the possibility that AMPA receptors may play

additional roles regulating synaptic plasticity, beyond those required for short-term plasticity.

For example, chronic suppression of neuronal activity with TTX increases synaptic AMPA

256-258 257-259receptor expression and the amplitude of minis , suggesting that AMPA receptors

can undergo long-term homeostatic changes that counteract global changes in activity.

In fact, neurons co-regulate AMPA and NMDA receptors at synapses during changes in

synaptic strength so that the ratio of currents through these channels remains relatively

fixed”. Homeostatic regulation of the NMDA:AMPA ratio may help preserve the
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information content of synaptic transmission”. Another possibility, not mutually exclusive,

is that the NMDA:AMPA ratio is critical for coupling synaptic activity to long-term adaptive

responses that require gene expression. Consistent with this possibility, we found that Arc

expression is determined by the relative extent to which NMDA and AMPA receptors are

activated. This suggests a novel mechanism in which the pathways that control Arc

transcription integrate signals from NMDA and AMPA receptors. One speculative

explanation for the existence of this mechanism is that it allows negative feedback control of

Arc expression: First, synaptic activity triggers Arc expression and induces AMPA receptor

surface delivery. Then, the decreased NMDA:AMPA ratio inhibits excessive Arc

transcription. Finally, a delayed NMDA receptor potentiation” resets the ratio and allows

subsequent Arc expression and synaptic plasticity. Thus, Arc may regulate surface expression

of AMPA receptors” and AMPA receptors, together with NMDA receptors, may regulate

expression of Arc.

Our findings may help address an unresolved paradox in the Arc literature: NMDA

receptor antagonists block Arc expression induced by synaptic stimulation in vivo, but

AMPA receptor antagonists are relatively ineffective”. This observation was attributed” to

poor diffusion of the AMPA receptor antagonist, CNQX, a less specific drug than either

NBQX or GYKI 52466 that partially inhibits NMDA receptors”. We suggest that the

apparent insensitivity of Arc expression to CNQX may represent the net result of potentiation

from AMPA receptor blockade and inhibition from NMDA receptor blockade.

How might AMPA and NMDA receptors cooperate to regulate Arc expression? We
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found that a pertussis toxin-sensitive G-protein may mediate the effects of AMPA receptor

inhibition on Arc expression. AMPA receptor-mediated G-protein signaling results in

prolonged activation of MAPK'". By contrast, NMDA receptor stimulation leads to rapid
264,265

but transient MAPK activation . Since the MAPK pathway is essential for Arc

” (Figure 2.1 fg), one possibility is that differences in the extentortime courseexpression

of MAPK activation, determined by the relative activity of AMPA and NMDA receptors,

produce corresponding differences in Arc expression.

Another possibility is suggested by the regulation of the CaMKII holoenzyme, a

heteromeric complex composed primarily of oand 3 subunits”. Expression of ocal■ ki■

is inhibited by NMDA receptor blockade, while expression of 3CaMKII is potentiated by

AMPA receptor blockade”. NMDA receptors are known to regulate ocal■ ki■ expression at

241,269,270 268dthe level of dendritic translation , and it has been proposed”, but not directly shown,

that AMPA receptors regulate 3CaMKII expression at the level of nuclear transcription.

Based on our results, it is tempting to speculate that Arc expression is regulated through

similar mechanisms (though some differences must exist, since NMDA receptor blockade

affects levels of both Arc mRNA and protein). Alternatively, Arc expression could be

regulated by CaMKII itself, which, by virtue of changes in its subunit composition, reads-out

the relative activity of NMDA and AMPA receptors. Supporting this possibility, the subunit

271composition of CaMKII determines its functional properties", CaMKII interacts directly

with Arc’, and Arc is only expressed in neurons that also express CaMKII”. More work is

needed to elucidate what role, if any, CaMKII plays in regulating Arc expression.
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AMPA receptors may also regulate synaptic plasticity through non-homeostatic

mechanisms. Tsien and colleagues” found that chronic (~24 h) blockade of AMPA

receptors with NBQX induces pre- and postsynaptic changes that alter the rules governing

plasticity, a phenomenon known as metaplasticity. Importantly, these changes are NMDA

receptor-independent and are mimicked and occluded by L-VSCC blockade”. The idea that

AMPA receptor-mediated depolarization can trigger adaptive responses mediated by L

VSCCs is not new: calcium entry through L-VSCCs regulates the expression of genes

required for neuronal growth, survival, and plasticity” . By contrast, our findings that AMPA

receptors regulate gene transcription on a short timescale (~6 h) and by mechanisms that are

NMDA receptor—dependent and not mimicked by either TTX or L-VSCC antagonists are

unexpected. That AMPA receptors utilize this pathway to regulate transcription of Arc, a

gene implicated in maintenance of synaptic plasticity", further supports a new role for

AMPA receptors as mediators of long-term, activity-dependent synaptic changes. However,

as we have not yet determined whether AMPA receptors regulate Arc expression in vivo, it

will be important for future studies to test this in intact animals.

Finally, our study shows that primary cultured neurons are a powerful model system for

mechanistic investigations of Arc biology. Much of the previous work on Arc was performed

either in vivo, where mechanistic studies are challenging, or in cell lines and

synaptoneurosomes, where neuronal regulatory mechanisms may be absent. Our cell-culture

system addresses this technical gap, recapitulating critical features of Arc expression

observed in vivo. Using this system, we found that Arc mRNA and protein are short-lived in
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neurons. Rapid turnover is a common feature of intracellular molecules with key regulatory
º

º

functions, such as IEGs. We showed that Arc protein, like Fos”, is subject to proteasome- º

dependent degradation, possibly owing to its carboxy-terminal PEST sequence (residues
-

351–392; PESTfind Analysis Webtool: https://emb1.bc.c.univie.ac.at/content/view/21/45/). In A

contrast, Arc but not Fos is regulated by AMPA receptor inhibition (Figure 2.5c,d). That

these and other IEGs are controlled by multiple mechanisms, which are only partly

overlapping, expands the complexity of the adaptive responses that their expression can

produce in response to synaptic activity.
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Materials and Methods

Plasmids

GFP" and mRFPI” were subcloned into plasmid pCWI-CMV (British Biotechnology;

Oxford, UK) for higher expression in neurons. Plasmid pHSII(KS)-5'-luciferase-3' was

constructed as follows. First, PCR was used to amplify the Arc 5'UTR (primers: 5'-

tattataagcttagtgctctggcgagtagtcctC-3' and 5'-tattatgaattctettctaccggtctgctcgc.cggggttacggttc-3')

and 3'UTR (primers: 5'-aggggccagcc.cagg-3' and 5'-atttatgctagocgtaatacgactcactataggg.cgaa-3')

from oligo-dT-primed rat cDNA. Photinus luciferase was excised from plasmidp0L3-Basic

(Promega; Madison, WI). These three fragments were assembled in plasmid pBSII(KS)

(Stratagene; Cedar Creek, TX). PlasmidpSRE-Luc was from Stratagene. A ‘promoter-less’

Renilla luciferase plasmid (pKL0-Renilla) was constructed by removing SV40 promoter

elements from pKL-SV40 (Promega). Enzymes used for cloning were from New England

Biolabs (Beverly, MA).

Cell culture

Cortical neurons from P0 rat pups were dissociated and cultured using a modified version of

a previously described protocol” . Pups were sacrificed by CO2 inhalation, cerebral cortices

were rapidly isolated, and meninges were removed. Dissection was performed with tissue

submerged in ice-cold HEPES-buffered dissociation medium (in mM: 81.8 Na2SO4, 30

K2SO4, 15.2 MgCl2, 0.25 CaCl2, 1 HEPES, pH 7.4, 20 glucose, and 0.001% phenol red)

* , sº . -º;: ****

** sº -

*** **
* * * sº
*** - sº
h, a 2-º
*** ***
*****º-->
resºurºs

anº

prº tºº

**** *
* -->

***

sºrrºw -*
ºmares.”

º

53



supplemented with kynurenic acid (1 mM, Sigma; St. Louis, MO). Tissue was treated with

papain (10 U/ml; Worthington Biochemical; Lakewood, NJ) for 30 min and then with trypsin

inhibitor (10 mg/ml; Sigma) for 15 min. After trituration in OptiMEM (Invitrogen; Carlsbad,

CA) supplemented with glucose (20 mM), suspensions of isolated neurons were plated on

plastic tissue culture plates (3.4 x 10° cells/cm3) or 12-mm glass coverslips (6.8 x 10°

cells/cm3) coated with laminin and poly-D-lysine (BDBiosciences; Bedford, MA). After 2h,

cells were transferred into a Basal Media Eagle’s (BME; Invitrogen)-based neuronal culture

medium (NCM; per 100 ml: 91 ml BME, 5 ml bovine calf serum (Hyclone; Logan, UT),

1.4 ml of 2.5M glucose, 0.5 ml of 0.2M L-glutamine, 0.5 ml of penicillin/streptomycin,

0.45 ml of Stable Vitamin Mix (3 mg/ml L-proline, 3 mg/ml L-cystine, 1 mg/ml p

aminobenzoic acid, 0.4 mg/ml vitamin B-12, 2 mg/ml myo-inositol, 2 mg/ml choline

chloride, 5 mg/ml fumaric acid, 80 pg/ml coenzyme A, 0.4 pg/ml D-biotin, 0.1 mg/ml DL

6,8,-thioctic acid), 50 pil of ITS (5 mg/ml insulin, 5 mg/ml human transferrin, 5 pig■ ml

sodium selenite), 0.5 ml of 1.6 mg/ml putrescine, 0.5 ml of 5 mg/ml transferrin, and 12 pil of

1 mM progesterone; all reagents from Sigma unless otherwise indicated). Cells were fed

every 3 days by transfer into conditioned NCM supplemented 1:1 with fresh NCM. Neurons

were used for experiments at 12 days in vitro (DIV), unless otherwise stated.

Glial cultures were obtained by maintaining neuronal cultures until neurons died out. For

RNA transfection experiments, neurons were grown in Neurobasal-A with B27 (Invitrogen).

Human embryonic kidney cells (HEK293T) were grown in Dulbecco's Modified Eagle’s

medium with 10% calf serum (Invitrogen).
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Organotypic slice culture

Organotypic slices were prepared as described”. Briefly, a McIlwain Tissue Chopper

(Campden Instruments; Lafayette, IN) was used to cut 400 p.m—thick coronal brain slices

from P7 rat pups. Slices were isolated in ice-cold Gey's balanced salt solution (in mM: 136.9

NaCl, 1.5 CaCl2, 5 KCl, 0.2 KH2PO4, 11.1 MgCl2, 0.2 MgSO4, 2.7 NaHCO3, 0.8 Na2HPO4,

33.6 glucose, and 20 HEPES, pH 7.2) and grown on semipermeable filter inserts (Millipore;

Bedford, MA) in six-well plates containing culture medium (50% Minimum Essential

medium, 25% Hank’s balanced salt solution, and 25% heat-inactivated horse serum, with (in

mM) 36 glucose, 1 GlutaMAX-I, and 25 HEPES, pH 7.2; all from Invitrogen).

Antibodies and drugs

Rabbit polyclonal antibodies (Cell Signaling) were phospho-Trk(Tyré90), phospho

ERK1/2(Thr202/Tyr204), pan-ERK, phospho-Akt(Ser473), pan-Akt, and PLCY1. Other

rabbit polyclonal antibodies used were Arc (H-300; Santa Cruz Biotechnology; Santa Cruz,

CA; this antibody was used until we obtained another Arc antibody” that produced

qualitatively similar results, but with greater sensitivity and specificity), Fos (Calbiochem; La

Jolla, CA), pan-Trk (Santa Cruz Biotechnology), and glial fibrillary acidic protein (GFAP;

DakoCytomation; Carpinteria, CA). Mouse monoclonal antibodies used were tubulin

(Sigma), microtubule-associated protein 2 (MAP2; Chemicon; Temecula, CA), and

phosphotyrosine (4G10; Upstate Biotechnology; Lake Placid, NY). All secondary antibodies
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were from Jackson ImmunoResearch (West Grove, PA). 1,2,3,4-Tetrahydro-6-nitro-2,3-

dioxo-benzo[f]quinoxaline-7-sulfonamide (NBQX), 1-(4-aminopropyl)-4-methyl-7,8-

methylenedioxy-5H-2,3-benzodiazepine (GYKI52466; further abbreviated in text as GYKI),

D-2-amino-5-phosphonovaleric acid (AP5), (S)-O-methyl-4-carboxyphenylglycine (MCPG),

(S)-O-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), nimodipine, U0126,

and LY 294002 were from Tocris (Ellisville, MO). Tetrodotoxin (TTX), pertussis toxin

(PTX), cholera toxin (CTX), PP2, PP3, and K252a were from Calbiochem. TrkB-IgG was

from R&D Systems (Minneapolis, MN). All other chemicals were from Sigma.

Western blots

Cortical neurons (10 DIV) or slice cultures (4 DIV) were switched to serum-free NCM. Two

days later, drugs were applied for 8 h in BME, and tissue was harvested in ice-cold RIPA

buffer (150 mM NaCl, 50 mM Tris, pH 7.5, 1 mM EDTA, 1% NP-40, 0.5% deoxycholate,

and 0.1% SDS) containing protease inhibitors (Roche; Indianapolis, IN). For slice cultures,

cortical tissue was dissected away from the rest of the slice, homogenized with a motorized

pestle, and sonicated on ice. Protein concentrations were determined by Bradford assay”,

and all lysates were diluted to the same final protein concentration (2 pg/pul) in 2x Laemmli

sample buffer (4% (w/v) SDS, 20% (v/v) glycerol, 10% (v/v) 2-mercaptoethanol (added just

before use), 0.02% (w/v) bromophenol blue, and 100 mM Tris, pH 6.8). Equal quantities of

total protein (30 pg/lane) were separated by 8% SDS-PAGE and transferred to nitrocellulose

(Amersham Biosciences; Piscataway, NJ). Membranes were blocked with 5% (w/v) nonfat
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milk (Bio-Rad; Hercules, CA) in TBS containing 0.1% (v/v) Tween-20 (TBS/T) and probed

with primary antibodies and peroxidase-conjugated secondary antibodies. Blots were

visualized using enhanced chemiluminescence reagents (Perkin Elmer; Boston, MA) and

Kodak BioMax MR film (Fisher Scientific; Hampton, NH). For quantitative analysis, film

was scanned and band intensities were analyzed using MetaMorph software (Universal

Imaging; Downingtown, PA). Blots were stripped by incubation in stripping buffer (100mM

2-mercaptoethanol, 2% SDS, and 62.5 mM Tris, pH 6.7) for 50 min at 55°C. Membranes

were washed in TBS/T, blocked, and re-probed with antibodies.

Immunoprecipitation

For PLCY1 immunoprecipitation (IP) experiments, neurons were stimulated with drugs and

harvested in non-denaturing IP buffer (in mM: 20 Tris, pH 7.5, 150 NaCl, 1 EDTA, 1 EGTA,

1% Triton X-100, 2.5 sodium pyrophosphate, 1 3-glycerophosphate, 1 NavO4,50NaF, 0.01

leupeptin, 0.01 aprotinin, and 1 PMSF). Lysates were sonicated (4 × 5 sec) and centrifuged at

20,000 x g for 10 min at 4°C. Rabbit anti-PLCy1 antibody was added to the supernatants, and

samples were incubated overnight at 4°C with end-over-end rotation. Immune complexes

were pulled down with Protein A beads (Roche) for 2 h at 4°C. Beads were washed with IP

buffer and boiled in 2× sample buffer. Supernatants were loaded on SDS-PAGE.

Ca” imaging

Cells were loaded for 1 h at 37°C in HEPES-buffered saline (in mM: 119 NaCl, 2.5 KC1, 2
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MgCl2, 2 CaCl2, 25 HEPES, pH 7.4, 30 glucose, and 0.01 glycine) containing Fura-2AM (4

pM; Molecular Probes; Eugene, OR) and pluronic F-127 (0.01% w/v; Sigma). Cells were

imaged using an inverted epifluorescence microscope (Nikon; Melville, NY) equipped with a

digital cooled CCD camera (Hammatsu; Bridgewater, NJ). MetaMorph controlled an

excitation filter wheel for alternate 340 nm and 380 nm excitation and emitted light was

collected through a Fura-2 dichroic block (Chroma; Rockingham, VT). Equal-sized regions

of interest were applied to pairs of 340/380-nm images for 50 randomly selected cells per

20x field, and ratios of average pixel intensities were calculated with MetaMorph. Calcium

responses for each cell were normalized to the first image (F/Fo) and averaged across all

selected cells at each timepoint.

Single-cell GFP" imaging

Cortical neurons (11 DIV) were co-transfected with plasmids pCW1-GFP" and pCW1

mRFP1. At 24 h after transfection, pre-stimulation images of randomly selected transfected

cells – mRFP1 signal was used to select cells for imaging so as to eliminate bias based on

initial GFP" fluorescence – were captured using appropriate filters for red and green

fluorescence. The positions of these cells relative to an internal fiduciary mark on the tissue

culture plate were recorded. Cells were switched to medium containing either drug or

vehicle, with cycloheximide (10 pg/ml), and returned to an incubator for 12 h. Recorded

coordinates were used to capture post-stimulation images of previously identified cells.

Post/pre-stimulation fold changes in fluorescence for individual cells were calculated using
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average pixel intensities of regions of interest drawn over the cell soma. Data were plotted as

mean fold change of GFP"/mRFP1 fluorescence across all cells measured for each condition.

In situ hybridization and immunocytochemistry

FISH was performed using a described protocol” adapted for neurons grown on coverslips.

Immunostaining was performed at room temperature immediately after in situ hybridization.

Cells were blocked for 2 h with 5% (v/v) normal goat serum (NGS) in PBS with 0.1% Triton

X-100 (PBS/T). MAP2 antibody was diluted in PBS/T containing 3% (w/v) BSA and 1%

NGS and applied to cells for 2 h. Cells were washed with PBS/T and incubated with a Cy2

conjugated secondary antibody (1:250 dilution) for 1 h. Finally, cells were washed and

mounted in glycerol gelatin (Sigma) for imaging.

Transfections

RNA transfections: 5'-capped reporter mRNAs were synthesized in vitro from plasmid

pBSII(SK)-5'-luciferase-3'using the T3 mMessage mMachine kit (Ambion). Cortical neurons

(7 DIV) were transfected with reporter mRNAs with the TransMessenger transfection reagent

(Qiagen; Valencia, CA) according to the manufacturer’s instructions (0.25 pig RNA per 1.9

cm well, 3:1 (v/w) lipid:RNA ratio). Drugs were applied during the 3-h transfection.

Immediately after the transfection/stimulation period, cells were lysed and assayed for

luciferase.

DNA transfections: Cells were transfected with plasmid DNA using the Lipofectamine 2000
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transfection reagent (Invitrogen) according to the manufacturer's instructions (0.9 pg of

DNA and 2 plof lipid per 1.9 cm well).

Reporter gene assays

Neurons (11 DIV) were co-transfected with pSRE-Luc and pKL0-Renilla. Renilla luciferase

expression was not significantly affected by stimuli used in this study (data not shown) and

was used to normalize for differences in transfection efficiency and sample handling. At 20–

24 h after transfection, neurons were stimulated with drugs for 8 h, harvested, and assayed

for Photinus and Renilla luciferase using a Dual Luciferase Assay Kit (Promega) and a

Luminoskan Ascent luminometer (Thermo Electron; Waltham, MA).

qf RT-PCR

Cortical neurons were stimulated with drugs for 6 h, and total RNA was isolated with the

RNeasy Minikit (Qiagen). Random hexamer-primed first-strand cDNA was synthesized with

150 ng of total RNA and TaqMan reverse transcription reagents (Applied Biosystems; Foster

City, CA). Quantitative fluorogenic reverse-transcription PCR (qfRT-PCR) was performed

using the ABI Prism 7700 sequence detector (Applied Biosystems) with SYBR green PCR

°Cre reagents (Applied Biosystems). Arc mRNA levels were normalized to an internal

°ontrol gene, GAPDH. The following gene-specific primers were used: 5'-

**■ agccacctggaagagta-3 and 5'-ggcc.catteatgtggttctg-3' for Arc,5'-aatccgaagggaaaggaataaga

3' and 5'-cgcttggagcgtatctgtca-3' for Fos, 5'-catcaagaaggtggtgaagca-3' and 5'-
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ctgttgaagtcacaggagaca-3' for GAPDH. Arc results were confirmed by using the same cDNA

samples with a second Arc-specific primer pair: 5'-agaacaacttggacggctatgt-3' and 5'-

acaggccttgatggacttcttc-3'. In all cases, virtually identical results were obtained with both Arc

primer pairs (data not shown). For detection of nascent Arc transcripts, primer pairs used

were: intron 1 (both primers anneal within intron 1): 5'-cc.ctgctccatgtatcttagagttg-3' and 5'-

tecacccttgcagctaatctg-3'; intron 2 (primers flank an intron-exon boundary): 5'-

taacctggtgtc.cctectagatc-3' and 5'-ggaaagacttcteagcagcttga-3'.

Statistical analysis

Multiple comparisons were performed with Prism software (Graphpad Software; San Diego,

CA) using one-way ANOVA and post-hoc Tukey tºtests.
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Regulation and Function of Protein Kinase D in Neurons
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Abstract

The serine/threonine protein kinase D (PKD) is a critical regulator of cell survival, migration,

proliferation, and differentiation. PKD effects changes in cellular function in part by

regulating the nucleocytoplasmic distribution of histone deacetylases (HDACs), a family of

transcriptional repressors. Despite a wealth of information about PKD in cardiomyocytes,

lymphocytes, and fibroblasts, virtually nothing is known about its function in neurons. Here,

we provide preliminary evidence that neuronal PKD may play a critical role in synapse-to

nucleus signaling and synaptic function. In cultures of primary cortical neurons, NMDA

receptor stimulation induced PKD activation and translocation into dendrites, suggesting a

role for PKD at synapses. NMDA receptor stimulation activated PKD with rapid kinetics,

distinct from PKD activation by other calcium channels, and promoted nuclear export of

HDAC5. These findings suggest the existence of a NMDA receptor—PKD–HDAC signaling

pathway that mediates activity-dependent neuronal gene expression. Finally, protein

microarray experiments identified several novel PKD substrates, including proteins that

regulate synaptic function. Thus, PKD may be a novel mediator of multiple neuronal

processes underlying synaptic plasticity.
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Introduction

Long-lasting changes in synaptic strength are essential for learning and memory" and require

neuronal gene expression”. However, the mechanisms by which synaptic activity triggers

neuronal gene expression are poorly understood. Several mechanisms have been proposed to

explain how different patterns of synaptic activity can be translated into distinct nuclear

7 - - -responses” ”. These mechanisms generally involve synapse-to-nucleus movement of various

278,279 280–283
mediators—calcium ions , action potentials”, or proteins —that encode

information by virtue of their amplitude, frequency, or pattern of activation.

Upon arrival at the nucleus, these mediators must relay their signal to the nuclear gene

expression machinery. Recently, covalent modification of nucleosomal histones has emerged

as a central mechanism in the control of neuronal gene transcription”. Histone

acetylation by histone acetyltransferases (HATs) promotes transcription by relaxing

chromatin structure, whereas histone deacetylases (HDACs) reverse this process, resulting in

transcriptional repression. HDACs are principally regulated by phosphorylation-dependent

changes in their nucleocytoplasmic distribution”. In the nucleus, HDACs interact with

transcription factors, like MEF-2, and negatively regulate the expression of large sets of

genes. Nuclear export functionally inhibits HDACs, disrupting HDAC-MEF2 interactions

and allowing MEF2-dependent gene transcription to occur. There is considerable interest in

identifying synaptic activity—dependent proteins that regulate the nucleocytoplasmic

distribution of HDACs".

Nuclear export of HDACs in cardiomyocytes and lymphocytes is regulated by a
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serine/threonine kinase called protein kinase D (PKD)”. Originally classified as an

atypical protein kinase C (PKC) isoform", PKD in fact belongs to a distinct kinase

family, owing to its unique domainstructure and substrate specificity”. Since its discovery,

PKD has been implicated in processes as diverse as cell proliferation, apoptosis, immune cell

regulation, tumor cell invasion and regulation of Golgi vesicle fission”. PKD is activated by

upstream PKCs, which phosphorylate PKD in its activation loop on serines 744 and

748*. A striking feature of PKD activation is that it involves a dynamic series of

translocations between intracellular compartments, with each translocation step mediated by

a particular domain within PKD". PKD is cytoplasmic in unstimulated cells but rapidly

translocates to the plasma membrane in response to receptor activation”. PKD then returns

to the cytoplasm”, with kinase activity sustained", and subsequently translocates to the

nucleus". Here, PKD can phosphorylate HDACs”, inducing their nuclear export

and promoting gene transcription. Finally, PKD completes the cycle, returning to the

cytoplasm by CRM1-mediated nuclear export".

The stimulus-dependent translocation cycle of PKD seems well-suited to relay

information about synaptic activity to nuclear effectors, like HDACs. However, virtually

nothing is known about the regulation or function of PKD in neurons. Here, we provide

evidence that neuronal PKD may play a critical role in synapse-to-nucleus signaling and

synaptic function. Our results suggest that PKD may mediate signaling from NMDA

receptors to nuclear HDACs and may directly regulate proteins that control synaptic function.
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Results

PMA-induced PKD activation and membrane translocation in neurons

To investigate the role of PKD in neurons, we first developed an in vitro model that

recapitulates essential features of PKD regulation discovered in other systems: (1) phorbol

ester treatment activates PKD’”, (2) phorbol ester induces PKD translocation to the

plasma membrane”, and (3) membrane translocation requires the two N-terminal cysteine

rich zinc-finger domains (CRDs) of PKD".

We stimulated cultures of cortical neurons with phorbol 12-myristate 13-acetate (PMA),

aphorbol ester, and examined levels of activated PKD by Western blot. PMA induced robust

activation of endogenous PKD (Figure 3.1a). PMA-induced PKD activation, which is

mediated by PKCs”, was inhibited by the PKC inhibitor GF109203X (data not shown).

To visualize the subcellular distribution of PKD, we expressed fluorescent protein—fused

versions of PKD in neurons. In unstimulated cells, GFP-PKD” was predominantly

cytoplasmic and excluded from the nucleus (Figure 3.1b), as in other cell types” 1,139,160. We

did not observe preferential localization of GFP-PKD to Golgi'” or

1127.288mitochondria membranes (data not shown). Treatment with PMA induced a dramatic

”. A single amino-acidredistribution of GFP-PKD to the plasma membrane (Figure 3.1b)

substitution in the second CRD of PKD (P287G), which prevents phorbol ester—induced

membrane translocation in fibroblasts and mast cells”, did not prevent membrane

translocation in neurons (data not shown). However, deletion of the entire CRD prevented

PMA-induced membrane translocation (Figure 3.1b)”.
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Since most of the plasma membrane surface area of neurons is found in the dendrites”,

we imaged dendrites of transfected neurons before and after stimulation with PMA. To

obtain sufficient fluorescence signal from dendrites, we fused PKD to Venus”, a variant of

yellow fluorescent protein that is considerably brighter than GFP. Like GFP-PKD, Venus

PKD was excluded from the nucleus of unstimulated cells. Venus-PKD signal was enhanced

in dendrites and dendritic spines following stimulation with PMA (Figure 3.1c). Dendritic

signal enhancement was accompanied by decreased cell body fluorescence (Figure 3.1d),

suggesting redistribution of existing Venus-PKD molecules rather than effects on their

synthesis or stability. By contrast, fluorescence of a co-transfected red fluorescent protein,

mCherry”, was unaffected by PMA in both dendrites and the cell body (data not shown).

3. b. PMA

- PMA

P-PKD
(Ser744/8) -

*** * *
= - - - GFP-PKD GFP-PKD GFP-PKD ACRD

C. pre

-º-Control
---PMA

20 so so
Time (min)

Figure 3.1 PMA induces PKD activation and translocation in neurons.

(a) Western blots showing that PMA (1 h, 100 nM) activates endogenous PKD in primary rat cortical neurons.
In this and subsequent blots, levels of activated PKD were determined using an antibody that recognizes
phosphorylated activation loop serines 744 and 748; membranes were stripped and reprobed for total levels of
PKD (“pan-PKD’) to confirm equal protein loading across lanes. (b) Confocal images of neurons showing that
PMA-induced membrane translocation of GFP-PKD (green) requires the cysteine-rich domain (CRD). Hoechst
stained nuclei are shown in blue. (c) Epifluorescence images showing enhanced dendritic localization of a
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Venus-PKD fusion protein following treatment with PMA. Insets show boxed dendrite at higher magnification.
Note that dendritic spines are more visible after PMA treatment. (d) PMA-induced dendritic localization of
Venus-PKD is associated with decreased cell body fluorescence.

NMDA induces PKD activation and dendritic translocation

The stimulus-induced translocation of Venus-PKD to dendrites and dendritic spines

prompted us to consider whether PKD might be regulated by synaptic activity. Although

PKD lacks the C2 domains responsible for the Ca"-sensitivity of PKCs”, PKD can be

activated by PKC isoforms that are Ca”-responsive”. Therefore, we examined the effect

of stimulating neuronal calcium channels on PKD activation and translocation.

– PMA NMDA

P.PKD
(Ser744/8) * * ~ *

-* ***
C. # 1

##
* # 0.8 -
## 4-control
# 0.5 + --NMDA

-> n n T

0 20 40 60
Time (min)

Figure 3.2 NMDA induces PKD activation and dendritic translocation.

(a) Western blots showing that NMDA (30 p.M., 5 min; stimulation solution included glycine (10 p.M), a co
agonist at NMDA receptors) induces activation of endogenous PKD in primary rat cortical neurons. PMA
induced PKD activation shown for comparison. (b) NMDA induces Venus-PKD dendritic translocation and
puncta formation. Images of the same neuron are shown before and 5 min after application of NMDA. (c)
NMDA-induced dendritic translocation of Venus-PKD is evidence by decreased cell body fluorescence.
Primary mouse cortical neurons were used in b and c.
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The N-methyl-D-aspartate (NMDA) receptor is a glutamate-gated calcium channel

essential for learning and memory”. Stimulation of the NMDA receptor induced rapid

activation of PKD in neurons (Figure 3.2a). To determine whether the subcellular

localization of PKD was also affected, we imaged neurons transfected with Venus-PKD

before and after treatment with NMDA. Remarkably, treatment with NMDA induced the

formation of Venus-PKD puncta in dendrites (Figure 3.2b). Although we did not test for co

localization with synaptic markers, the puncta we observed were strikingly similar to the

Ca”/calmodulin-dependent protein kinase II (CaMKII) puncta that form near synaptic sites

in response to NMDA receptor stimulation”. PKD binding to Yotiao, an A-kinase

anchoring protein (AKAP) that associates with NMDA receptors”, may be responsible for

this synaptic localization (S.R. Carter and S. Finkbeiner, unpublished observations).

Dendritic puncta formation was associated with decreased Venus-PKD fluorescence in cell

bodies (Figure 3.2c), consistent with dendritic translocation in response to NMDA receptor

activation. As with PMA, NMDA did not affect mCherry fluorescence in either dendrites or

the cell body (data not shown).

NMDA receptors and L-VSCCs activate PKD with distinct kinetics

Having found that NMDA receptor-mediated calcium influx induces PKD activation and

translocation, we next determined whether PKD can be regulated by calcium entry through

other channels. L-type voltage-sensitive calcium channels (L-VSCCs) couple membrane

depolarization in neurons to numerous processes including gene expression, synaptic
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efficacy, and cell survival”. Stimulation of L-VSCCs with high KCl gradually induced

moderate levels of PKD activation over the course of 90 min (Figure 3.3). By contrast,

NMDA receptor-mediated PKD activation was rapid (<5 min), robust, and sustained over a

90 min timecourse (Figure 3.3).

Control Time (min) NMDA Time (min)

G 5 15 go go 90 0 5 15 30 60 go

P.PKD
(Ser744/8) º ** º * *-4

* * * * * * * * * * * * * * *
PMA KCI

P-PKD - -

(Ser744/8) - * * ** - - * * * * * *

-* * * * * * * * * * * * *
Figure 3.3 Rapid kinetics of NMDA-induced PKD activation.

Western blots showing timecourse of endogenous PKD activation in neurons stimulated with PMA (100 nM),
NMDA (30 p.M), or KCl (55 mM). KCl-depolarization, which activates L-type voltage-sensitive calcium
channels, induces PKD activation with a markedly different timecourse than NMDA stimulation. For NMDA
stimulation, TTX (1 p.M; action potential blocker), verapamil (100 p.M; L-VSCC antagonist), and NBQX (10
pM; AMPA receptor antagonist) were present. For stimulation with KCl, TTX, NBQX, and AP5 (100 p.M;
NMDA receptor antagonist) were present.

The distinct temporal profiles of PKD activation induced by NMDA receptors and L

VSCCs suggest that these channels may activate PKD through distinct mechanisms”,

consistent with the notion that the route of calcium entry into the cell is a critical determinant

of neuronal signal transduction”. We next examined whether L-VSCC activation can induce

dendritic translocation of Venus-PKD. After 1 h stimulation with high KCl, transfected

neurons showed no change in the intracellular distribution of Venus-PKD (data not shown),

suggesting that stimulation of NMDA receptors and L-VSCCs triggers distinct signaling
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events that differentially affect activation and translocation of PKD.

NMDA receptors regulate the nucleocytoplasmic distribution of HDAC5

PKD activation is necessary and sufficient for nuclear export of HDACs”. In

neurons, HDACs undergo nucleocytoplasmic shuttling that is dynamically regulated by

synaptic activity", but the molecular mediators that link synaptic activity to HDACs are not

known. The ability of NMDA receptors to regulate activation of PKD (Figure 3.2 and Figure

3.3) suggests that PKD may be one such mediator.

To test this, we expressed HDAC5 in neurons and examined changes in its subcellular

distribution induced by NMDA receptor stimulation. In unstimulated neurons, HDAC5

immunoreactivity was exclusively nuclear (Figure 3.4), consistent with a previous report that

spontaneous synaptic activity is not sufficient to induce nuclear export of HDAC5". Brief

stimulation of transfected cells with NMDA induced redistribution of HDAC5 to the

cytoplasm. Residual signal from HDAC5 was still detectable in the nucleus (Figure 3.4),

possibly owing to the fact that bath application of NMDA activates some extrasynaptic

NMDA receptors”, which oppose HDAC5 nuclear export", in addition to synaptic NMDA

receptors. By contrast, stimulation of L-VSCCs with high KCl induced virtually complete

nuclear export of HDAC5, with no detectable signal remaining in the nucleus (Figure 3.4).

Thus, the differential activation of PKD by NMDA receptors and L-VSCCs is paralleled by

the differential effects of these channels on HDAC5 subcellular localization. One possibility

is that the slower activation of PKD induced by L-VSCCs somehow leads to more efficient

º
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nuclear extrusion of HDAC5. Alternatively, L-VSCCs may utilize distinct signaling

pathways—for example, pathways mediated by CaMKs, which can phosphorylate HDACs.”

and regulate their interactions with other factors”—to regulate the nucleocytoplasmic

distribution of HDACs in neurons".

Taken together, these results provide preliminary evidence that a PKD-HDAC5 signaling

pathway in neurons may regulate activity-dependent gene expression.

Control NMDA
Merge HCAC 5

HDAC5 Merge GFP HDACs Merge

| | | | || = | – || “…a

KCI
HDAC5 Merge

C

HDAC5. Merge

Figure 3.4 NMDA and KCl induce nuclear extrusion of HDAC5.

Neurons transfected with HDAC5 and GFP (a cell marker) were stimulated, fixed, immunostained for HDAC5,
and imaged by confocal microscopy. HDAC5 is exclusively nuclear under control conditions, but becomes
predominantly cytoplasmic upon stimulation with NMDA (30 p.M, 30 min) or KCl (55 mM, 90 min). Two
representative cells per stimulus condition are shown.

PKD substrates regulate synaptic morphology and function

Having identified a potential role for PKD in activity-dependent neuronal gene expression,

.*.*

.***
, sº º
º

º

-- ºrie

…sº

rººs
****,

ºrs ºf
ºrºs

****.*--

-

º

72



º

---, -, -º-

.*** * *is º'



we next considered the possibility that PKD might also have more direct effects on neuronal

physiology by phosphorylating effector proteins that regulate synaptic function. A large-scale

genetic screen in Caenorhabditis elegans recently identified PKD as a protein that regulates

synaptic function”, however only a single PKD substrate in neurons is known”. To

identify novel neuronal substrates of PKD, we used a protein microarray with about 5000

full-length human proteins spotted in duplicate” . Arrays were incubated with

recombinant hexahistidine- or GST-tagged PKD in the presence of Y-"P-ATP to allow

phosphorylation of target proteins. To minimize the number of false positives, arrays were

then washed in dilute SDS to denature ATP-binding proteins, and ‘no kinase' control arrays

were run in parallel to identify autophosphorylated proteins. Arrays were exposed to film and

signals were analyzed to determine statistically significant hits, defined as those proteins

having a Z-score greater than 3.0 on all four arrays that were tested (Table 3.1).

Protein Name GenBank; Z-score (mean

Lipri NM 003621.1 +6.98
Jak and microtubule interacti tein (JAKMIP) 2 NM 014790.3 +6.41
WEE1 homo NM 003390.2 +6.16
Rho GTPase activati

-
15 BC038976.1 +5.69

WD domain 5 int variant 1 NM 017588.2 +5.6
RAB3A i

-
tein (rabin3)-like 1 NM 013401.2 +5.57

Table 3.1 Putative PKD substrates identified by a protein microarray screen.

Table lists the six top-ranked human proteins that were scored as hits (Z-3.0) on each of four independent
arrays. The Z-Score for a protein indicates how far and in what direction the signal from that protein deviates
from the mean of the distribution of signals on the array, expressed in units of the distribution’s standard
deviation. Z-scores shown are the means of four independent arrays, and standard deviations (SD) of these
means are provided in the adjacent column.

Although the arrays we used were not enriched for neuronal proteins, we identified a
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number of putative PKD substrates that have known roles in the nervous system. For

example, liprin 32 belongs to a family of proteins that interact with LAR transmembrane

304,305protein tyrosine phosphatases” and have roles in synapse morphogenesis , Synaptic

transmission’ o, and AMPA receptor expression". JAKMIP2, also known as marlin-1”°, is

a RNA-binding protein expressed in brain that regulates GABA receptor expression”.

RhoGAPs have many links to neuronal function—including axonal outgrowth, dendritic

morphogenesis, and synaptic regulation"—primarily through effects on the actin

cytoskeleton”. Rabin3-like 1 interacts with the GTPase Rab3a*, the most abundant Rab

protein in the brain, and may be involved in synaptic vesicle exocytosis”. The human

homolog of WEE1, a nuclear tyrosine kinase involved in cell cycle regulation, is

constitutively active in postmitotic neurons and may play a role in the pathogenesis of

”. A neuronal function for WD repeat domain 5 is less clear, butAlzheimer’s Disease

members of the WD repeat family are involved in a variety of cellular processes, including

signal transduction and gene regulation”.

Thus, we identified putative PKD substrates that regulate diverse aspects of neuronal

function. Future work will be needed to determine which of these phosphorylation events are

functionally relevant in vivo.
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Discussion

Regulated changes in chromatin structure are essential for neuronal gene expression, synaptic

plasticity, and long-term memory". Nuclear export of HDACs leads to chromatin relaxation

and transcriptional derepression”, but the activity-dependent mechanisms that regulate the

nucleocytoplasmic distribution of HDACs in neurons are poorly understood. In

cardiomyocytes and lymphocytes, the serine/threonine kinase PKD is necessary and

sufficient for nuclear export of HDACs”, but virtually nothing is known about the

function of PKD in the nervous system. Here we examined the activity-dependent regulation

of PKD in cultures of primary cortical neurons, a system which is conducive to mechanistic

investigations of neuronal signal transduction (Chapter 2).

We validated this system by demonstrating phorbol ester—induced activation and CRD

dependent membrane translocation of PKD, as observed in other cell types. We found that

NMDA receptor stimulation induced PKD activation, dendritic translocation, and puncta

formation, suggesting recruitment to synaptic sites. By contrast, calcium influx through L

VSCCs activated PKD with distinct kinetics and did not induce PKD translocation or puncta

formation. However, HDAC nuclear export was induced more effectively by activation of L

VSCCs than by activation of NMDA receptors, suggesting differential involvement of PKD

in signaling downstream of these channels. These results support a role for PKD in synapse

to-nucleus signaling and regulation of neuronal gene expression. Our discovery of putative

PKD substrates that regulate synaptic function suggests that PKD may also regulate neuronal

physiology through mechanisms not involving nuclear HDACs.
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How might NMDA receptors activate PKD’? PKD activation can occur through at least

"*. In the first, plasma membrane receptor activation leads tofour general mechanisms

activation of phospholipase C (PLC), production of diacylglycerol (DAG), and activation of

PKCS, which in turn activate PKD. In a second mechanism, G-protein 3) subunits can

directly bind to and activate PKD, presumably through an allosteric mechanism. A third

mechanism of activation involves caspase-mediated cleavage of PKD”, and a fourth

mechanism involves binding of 14-3-3 proteins to PKD"*. Several studies have

implicated PKCs in NMDA receptor signaling”, and PKCs are found in the NMDA

receptor signaling complex”. Furthermore, NMDA receptor activation can induce rapid,

PKC-dependent translocation of proteins to synaptic sites”. Thus, it seems likely NMDA

receptors activate PKD through a PKC-dependent mechanism.

The distinct temporal profiles of PKD phosphorylation induced by NMDA receptors and

L-VSCCs suggest that PKD is activated by different mechanisms depending on the route of

calcium entry into the cell. Recent evidence suggests that activation of intracellular signaling

pathways by specific types of calcium channels depends on localization of signaling

molecules close to the channel mouth”. NMDA receptors, for example, interact with

scaffolding proteins in the postsynaptic density” that serve to localize signaling molecules

with Ca” influx and facilitate activation of downstream signaling pathways. One such

scaffolding protein is Yotiao, an A-kinase anchoring protein (AKAP) that interacts with

specific splice variants of the NMDA receptor subunit NR1". The only known function of

Yotiao is to physically link type I protein phosphatase (PP1) and protein kinase A(PKA) to

º

76



NMDA receptors to regulate channel activity”. More recently, Yotiao was found to also

interact with PKD (S.R. Carter and S. Finkbeiner, unpublished observations). Although the

functional significance of this interaction is unclear, an intriguing possibility is suggested by

recent work on an AKAP called AKAP-Lbc, which was found to nucleate a PKD activation

". Thus, Yotiao may localize PKD near NMDA receptors, therebyscaffold in fibroblasts

accounting for the rapid activation of PKD following NMDA receptor stimulation (Figure

3.2 and Figure 3.3). This model predicts that PKD should be activated less effectively by

NMDA receptors containing NR1 splice variants that do not bind Yotiao. An elegant system

for studying splice variant—specific signaling by NMDA receptors has been described” and

will be useful in testing this prediction.

NMDA receptors and L-VSCCs are critical for neuronal gene expression and adaptive

responses to synaptic activity”. Calcium influx through these channels differentially

activates intracellular signaling pathways, suggesting that the route by which calcium enters

cells can determine its downstream effects”. We observed that stimulation of NMDA

receptors and L-VSCCs elicited differential cellular responses at the levels of HDAC nuclear

export and PKD phosphorylation. HDAC5 was completely cytoplasmic in neurons

stimulated with high KCl to activate L-VSCCs, consistent with the cytoplasmic localization

of HDAC5 in cerebellar granule cells cultured in depolarizing medium”. NMDA receptor

stimulation induced HDAC5 nuclear export to a slightly lesser extent. However, NMDA

receptor stimulation led to more rapid and robust PKD phosphorylation than did activation of

L-VSCCs. We suggest that L-VSCCs signal through CaMKs to induce HDAC5 nuclear
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export”, whereas NMDA receptor—dependent HDAC5 nuclear export is mediated by PKD.

Thus, signals from NMDA receptors and L-VSCCs may be relayed by distinct HDAC

kinases, PKD and CaMKs, respectively, to elicit transcriptional responses in the nucleus.

The stimulus-dependent translocation of PKD from cytoplasm to membrane to nucleus”

seems well-suited to translate synaptic activity into a nuclear response. However, the

diversity of cellular responses attributed to PKD in other cell types” suggests that PKD may

have other functions in neurons as well. Indeed, the activity-dependent dendritic puncta

formation we observed with Venus-PKD suggests a role in regulating synaptic function.

Since relatively few substrates of PKD are known in any cell type, we employed protein

microarrays in a screen to identify novel PKD substrates. Remarkably, virtually all of the

significant hits that came out of our screen have known roles in the nervous system (Table

3.1 and Results). Some of these hits—liprins, WD repeat proteins, regulators of Rho and Rab

GTPases—and PKD itself were previously identified in a C. elegans screen for genes that

'''. Thus, it seems likely that at least some of these moleculesregulate synaptic transmission

are downstream effectors of PKD that regulate the structure and function of synapses. It is

tempting to arrange these proteins into putative synaptic signaling pathways based on their

known functions—for example, the fact that PKD phosphorylates a RhoGAP (Table 3.1) and

interacts with AKAPs that have RhoGEF activity" suggests the existence of a regulatory

loop. However, such speculation is premature until substrates have been validated by

solution-based assays or other methods; in a recent report, 80% of kinase substrates

identified on a protein microarray were subsequently confirmed". Ultimately, the functional
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significance of substrate phosphorylation events will have to be determined in vivo.

Prior to the work described here, only two published studies investigated the role of PKD

in neuronal cells”. Our results provide preliminary evidence that PKD mediates multiple

cellular processes in neurons, including activity-dependent changes in gene expression and

synaptic function, but many questions remain. Most importantly, it remains to be determined

whether PKD activity induces HDAC nuclear export in neurons as in cardiomyocytes and

lymphocytes”. PKD mutants that have glutamates in place of serines 744 and 748

are constitutively-active” and should be useful for testing this. Another important question

concerns the role of the AKAP Yotiao in PKD function and regulation in neurons. Yotiao's

binding partners include NMDA receptors, PKA, PP1, and PKD, suggesting that, like

AKAP-Lbc", Yotiao could orchestrate the activation of multiple enzymes to facilitate

information flow to downstream effectors. If the binding interaction between Yotiao and

PKD is regulated by NMDA receptor activity, Yotiao molecules localized to synapses could

also be responsible for PKD puncta formation in dendrites. Although we observed stimulus

dependent translocation of PKD into dendrites, we did not determine whether PKD

'". Direct visualization ofsubsequently translocates to the nucleus, as in other cell types

synapse-to-nucleus movement would provide strong evidence that PKD, like NF-kB”,

transduces synaptic signals into altered patterns of gene expression. Finally, characterization

of the endogenous genes that are regulated by PKD and HDACs in neurons would help

clarify the biological significance of this signaling axis. Thus, the neuronal function of PKD

promises to be a fruitful area for future investigation.
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Materials and Methods

Plasmids

HDAC5 cDNA” in expression plasmidpcDNA3. I* (Invitrogen, Carlsbad, CA) was a gift

from Dr. T. A. McKinsey (University of Texas Southwestern Medical Center, Dallas, TX).

The cDNA for mGherry”, a gift from Dr. R. Y. Tsien (Howard Hughes Medical Institute,

University of California, San Diego, CA), was subcloned into plasmidp0 WI-CMV(British

Biotechnology; Oxford, UK) for higher expression in neurons. Plasmid pCW1-GFP was a

gift from Dr. D. B. Arnold (University of Southern California, Los Angeles). GFP-tagged

versions of PKD" were provided by Dr. Enrique Rozengurt (University of California, Los

Angeles, School of Medicine). Venus cDNA” was a gift from Dr. A. Miyawaki (Brain

Science Institute, RIKEN, Japan). A Venus-PKD expression plasmid was constructed in

three steps: First, Venus cDNA lacking a stop codon was subcloned into the KpnI/Xbal sites

of pCW1-CMV (performed by S. Mitra). Next, the PKD coding region and N-terminal linker

from plasmidpEF-plink2-GFPeº-PKD'"were excised using EcoRI and inserted downstream

of Venus inpCW1-CMV. Finally, this construct was linearized with BgllI, treated with mung

bean nuclease, and re-ligated to get Venus and PKD coding regions in frame, separated by a

46 amino-acid linker. Enzymes used for cloning were from New England Biolabs (Beverly,

MA).

Cell culture

Cortical neurons from E20 rat pups or E18-20 mouse pups were dissociated and cultured
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using a modified version of a previously described protocol”. Pups were sacrificed by CO:

inhalation, cerebral cortices were rapidly isolated, and meninges were removed. Dissection

was performed with tissue submerged in ice-cold HEPES-buffered dissociation medium (in

mM: 81.8 Na2SO4, 30 K2SO4, 15.2 MgCl2, 0.25 CaCl2, 1 HEPES, pH 7.4, 20 glucose, and

0.001% phenol red) supplemented with kynurenic acid (1 mM, Sigma; St. Louis, MO). Cells

were dissociated and plated as described previously (see Chapter 2 Methods and Bradley et

al. (2006)”) and grown in neuronal culture medium” (NCM; for recipe, see Chapter 2

Methods). Cells were fed every 3 days by transfer into conditioned NCM supplemented 1:1

with fresh NCM. Neurons were used for experiments at 12 days in vitro (DIV). For

stimulation of L-type voltage sensitive calcium channels (L-VSCCs), cells were incubated in

a 1:1 mixture of Basal Media Eagle's (Invitrogen) and depolarization solution (in mM: 5.36

NaCl, 110 KCl, 1.8 CaCl2, 0.925 NaH2PO4, 0.39 MgSO4, 1 HEPES, pH 7.4) such that the

final concentration of KCl was 55 mM.

Transfections

Cells were transfected with plasmid DNA using the Lipofectamine 2000 transfection reagent

(Invitrogen) according to the manufacturer’s instructions (0.9 pig of DNA and 2 pil of lipid

per 1.9 cm well).

Antibodies and drugs

Rabbit polyclonal antibodies that recognize phosphorylated PKD (Ser744/8) and HDAC5
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were from Cell Signaling (Beverly, MA). A rabbit polyclonal antibody that recognizes PKCpl.

(PKD) was from Santa Cruz Biotechnology (C-20; Santa Cruz, CA). Peroxidase- and

fluorophore-conjugated secondary antibodies were from Jackson Immunoresearch (West

Grove, PA). Phorbol 12-myristate 13-acetate (PMA), N-methyl-D-aspartate (NMDA), and all

other chemicals were from Sigma.

Western blots

Cortical neurons (10 DIV) were switched to serum-free NCM. Two days later, cells were

washed twice with Basal Media Eagle’s before being stimulated with drugs for various

durations. Stimulations were terminated by aspiration of drug-containing media and addition

of boiling 2x Laemmli sample buffer (4% (w/v) SDS, 20% (v/v) glycerol, 10% (v/v) 2

mercaptoethanol (added just before use), 0.02% (w/v) bromophenol blue, and 100 mM Tris,

pH 6.8). Lysates were scraped into eppendorfs, boiled for 10 min, and cooled on ice. Proteins

were separated by 8% SDS-PAGE and transferred to nitrocellulose (Amersham Biosciences;

Piscataway, NJ). Membranes were blocked with 5% (w/v) nonfat milk (Bio-Rad; Hercules,

CA) or 5% (w/v) bovine serum albumin (BSA; USB Corp.; Cleveland, OH) in TBS

containing 0.1% (v/v) Tween-20 (TBS/T) and probed with primary antibodies and

peroxidase-conjugated secondary antibodies. Blots were visualized using enhanced

chemiluminescence reagents (Perkin Elmer; Boston, MA) and Kodak BioMax MR film

(Fisher Scientific; Hampton, NH). Blots were stripped by incubation in stripping buffer (100

mM 2-mercaptoethanol, 2% (w/v) SDS, and 62.5 mM Tris, pH 6.7) for 50 min at 55°C.
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Membranes were washed in TBS/T, blocked, and re-probed with antibodies.

Immunocytochemistry

Stimulated cells were fixed in warm PBS containing 4% (w/v) paraformaldehyde (Electron

Microscopy Sciences; Hatfield, PA) for 15 min at room temperature. Fixed cells were

blocked for 2 h with 5% (v/v) normal goat serum (NGS) in PBS with 0.1% Triton X-100

(PBS/T). Rabbit anti-HDAC5 antibody was diluted 1:500 in PBS/T containing 3% (w/v)

BSA and 1% NGS and applied to cells for 2 h. Cells were washed with PBS/T and incubated

with a Cy5-conjugated goat anti-rabbit secondary antibody (1:250 dilution) for 1 h. Nuclei

were stained with Hoechst 33342 (2.5 pg/ml; Tocris; Ellisville, MO) for 10 min and cells

were mounted in glycerol gelatin (Sigma) for imaging.

Microscopy and image analysis

Epifluorescence images were captured using an inverted microscope (Nikon; Melville, NY)

equipped with a digital cooled CCD camera (Hammatsu; Bridgewater, NJ) and appropriate

excitation and emission filters for GFP, Venus, and mCherry. Confocal images were acquired

with a LSM 510 Meta system (Zeiss; Thornwood, NY) equipped with laser lines to excite

GFP (488 nm) and Cy5 (633 nm). Hoechst 33342 fluorescence was visualized by two-photon

excitation with a Mai Tai Ti:sapphire laser (Spectra-Physics; Mountain View, CA). Image

analysis was performed off-line using MetaMorph software (Universal Imaging;

Downingtown, PA).

}
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Protein microarrays

Human protein microarrays provided in the ProtoArray Kinase Substrate Identification kit

(Invitrogen) were probed with recombinant PKD using a modified version of a previously

1". Arrays stored at -20°C were allowed to equilibrate at 4°C for 1 h beforedescribed protoco

being blocked with 1% BSA in PBS for 3 h at 4°C. Recombinant PKDs from different

vendors and with different epitope tags were used on separate arrays to increase the

probability of identifying true PKD substrates. N-terminal GST-tagged PKD (Invitrogen) or

hexahistidine-tagged PKD (Upstate Biotechnology; Lake Placid, NY) was diluted to 50 nM

in kinase buffer (Invitrogen) containing 1 un■ dithiothreitol. After Y-”P-ATP (10 uCi/ul;

Amersham Biosciences; Piscataway, NJ) was added to kinase solutions (33.3 nM final

concentration), solutions were immediately overlaid on arrays, covered with a coverslip, and

placed in a humified chamber at 30°C for 1 h. An additional array was incubated with kinase

buffer and Y-"P-ATP in the absence of kinase and served as an autophosphorylation

reference. Arrays were washed three times with 0.5% SDS and three times with distilled

water before being spun dry and exposed to Kodak BioMax MR film for 13 h. Film was

scanned at 2400 dots per inch and digitized array images were cropped, re-sized, and

contrast-inverted using Adobe Photoshop software (Adobe Systems Inc.; San Jose, CA).

Images were then analyzed using GenePix Pro 6.0 software (Molecular Devices; Sunnyvale,

CA) and lot-specific array information (Invitrogen). Finally, ProtoArray Prospector software

(Invitrogen) was used to determine Z-scores for all proteins spotted on the arrays. The Z
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score for a protein indicates how far and in what direction the signal from that protein
º

-*.

deviates from the mean of the distribution of signals on the array, expressed in units of the “.

º
distribution’s standard deviation. Proteins with Z-3.0 were scored as hits for each array. A

sº
total of four arrays from two different manufacturing lots were probed with PKD, and only

proteins which scored as hits on all four arrays were considered significant.
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Chapter 4:

Concluding Remarks
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Summary of findings

“... cognitive activity ... is almost certainly accompanied by molecular changes in neurons,
as well as by very complex changes in relationships between neurons. Therefore, to
understand cognitive activity, it will be necessary to understand these molecular and
connectional changes.... Our knowledge is far from complete. While waiting for chemistry,
cell biology, and histology to help achieve this goal, which will take a very long time, we
must be content with hypotheses that occasionally lead to the discovery of a useful
observation or formulate a more precise concept.”

–Santiago Ramón y Cajal”

Cajal’s remarkable prediction, that “changes in relationships between neurons”—now known

to involve long-lasting changes in synaptic strength, like LTP–are essential for learning and

memory, has gained considerable experimental support". That these changes will be “very

complex” and that fully understanding them will “take a very longtime” are predictions even

more likely to be true.

Forms of LTP that may be useful for memory storage are long-lasting and require

neuronal gene expression. However, the mechanisms by which synaptic activity triggers

neuronal gene expression, and by which gene products act specifically at synapses that

triggered their expression, are poorly understood. The work in this dissertation begins to

describe the activity-dependent regulation of Arc and PKD, molecules that may be critical for

these mechanisms. We found that AMPA receptors regulate transcription of Arc (Chapter 2)

and that NMDA receptors regulate activation and translocation of PKD (Chapter 3). These

results provide insight into the coupling between neuronal activity and gene expression and

expand the complexity of the roles played by glutamate receptors in synaptic plasticity.
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A model for activity-dependent regulation of Arc expression

The complex regulation of Arc affords a unique opportunity to probe neuronal mechanisms

of gene expression-dependent plasticity. The results in Chapter 2 support a model in which

opposing signals from NMDA and AMPA receptors are integrated to determine the extent of

Arc transcription (Figure 4.1). For many of our experiments, we used BDNF, which robustly

induces Arc expression through two distinct pathways: (1) an activity-independent pathway

that may involve BDNF binding to postsynaptic TrkB receptors, and (2) an activity

dependent pathway involving TTX-sensitive enhancement of synaptic glutamate release.

These pathways contribute equally to BDNF-induced Arc expression and both require the

MAPK pathway. Using antagonists of synaptic glutamate receptors, we found that activity

dependent Arc expression is specified by the relative extent of NMDA and AMPA receptor

activity, with a high NMDA:AMPA receptor activity ratio leading to more Arc expression

and vice versa. Gi-proteins that associate with AMPA receptors may be involved in reading

out the NMDA:AMPA ratio. Finally, we determined that NMDA and AMPA receptors

regulate Arc expression primarily at the level of transcription, though Arc translation and

stability can also be regulated through other mechanisms.

88



NMDA:AMPA ratio

Ras/MAPK

-- Arc transcription —”
U0126

Figure 4.1 A model for activity-dependent regulation of Arc expression.

Significance of results on Arc regulation

Several features of our findings make them novel. (1) To our knowledge, this is the first

study to show that a reduction in AMPA receptor activity can increase neuronal gene

transcription. (2) We show that this effect is independent of Caº influx directly through

AMPA receptors (Figure 2.7) or indirectly through L-VSCCs (Figure 2.6). Previously,

neuronal gene expression was generally linked to Ca”-permeable AMPA receptors” or to

well-known secondary effects of AMPA receptor-induced depolarization (e.g., L-VSCC

activation)”. (3) We provide novel data regarding the mechanisms by which AMPA

receptors regulate gene expression. For example, previous studies showing that AMPA

º
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receptor activation upregulates BDNF mRNA levels did not examine mRNA stability”

*, as we did for Arc (Figure 2.13a,b), despite evidence that rapid increases in AMPA

induced BDNF mRNA levels may be due to stabilization of pre-formed mRNA”. Indeed,

none of these studies” directly assayed for transcription, as we did with Arc using

intronic reverse-transcription PCR (Figure 2.13d). Additionally, we provide mechanistic

insight into the signaling pathways linking AMPA receptors and Arc expression (Figure 2.9).

(4) We show that AMPA receptors regulate Arc expression through a mechanism that

depends critically on NMDA receptor activity. In previous studies, AMPA receptor—

mediated increases in BDNF mRNA levels were unaffected by NMDA receptor

antagonists”. By contrast, we found that NMDA and AMPA receptor antagonists have

opposing effects on Arc expression (Figure 2.8), suggesting a novel mechanism in which

pathways that control Arc transcription integrate signals from NMDA and AMPA receptors.

The ability of the NMDA:AMPA ratio to specify patterns of gene expression provides a

possible explanation for the observation that this ratio is under tight homeostatic control in

neurons”.

A role for AMPA receptors in regulating Arc expression is surprising in light of the

prevailing view that AMPA receptors mediate fast excitatory synaptic transmission and effect

short-term plasticity”, but do not directly regulate neuronal gene expression. Our findings

are consistent with recent evidence indicating that AMPA receptors are cell-surface signal

transducers, not just passive conduits for current flux”. For example, AMPA/kainate

receptors can associate with and signal through pertussis toxin-sensitive G

*
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proteins”. Thus, our finding that AMPA receptors may regulate Arc transcription

through a metabotropic mechanism (Figure 2.9) integrates our results with previous work on

the signaling capacity of AMPA receptors”.

Arc has been implicated in mechanisms of synaptic plasticity based on its pattern of

41–43,48,56 55,64
induction , the effects of inhibiting its expression”, and correlative studies linking

Arc expression and learning”. However, despite several preliminary reports suggesting that

**, the precise molecularArc may have a role in synaptic AMPA receptor trafficking

function of Arc is unknown, making it difficult to do more than speculate about the

functional significance of our findings. However, given that Arc mRNA levels in vivo are

67,68tightly correlated with acquisition and performance of learning tasks”, regulatory

mechanisms that control Arc levels are likely to be of high biological significance.

Despite the paucity of information about its function, Arc has been widely employed as a

marker of activated neuronal circuits".”. How circuit activity regulates Arc expression is

critical to interpret the use of Arc as a marker. However, little is known about the activity

dependent mechanisms which regulate Arc expression. Thus, we assert that the significance

of our work lies in the elucidation of regulatory mechanisms for a widely-used, plasticity

related gene and in the discovery of a novel role for AMPA receptors in this mechanism.

AMPA receptors may regulate a program of IEG expression

In our experiments, NBQX did not affect BDNF-induced expression of Fos (Figure 2.5), an

55,76IEG used as a control for Arc-inducing stimuli’”, indicating that gene expression was not
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globally upregulated by AMPA receptor blockade. However, it remained possible that Arc

belongs to a subset of IEGs whose expression is regulated by AMPA receptors. To test this,

we examined the effect of AMPA receptor antagonists on BDNF-induced expression of other

IEGs. BDNF-induced expression of zif268, an IEG essential for late-phase LTP and

memory”, is potentiated by AMPA receptor antagonists to a similar extent as Arc

expression (Figure 4.2). Expression of nur/7 shows a more dramatic increase, whereas

expression levels of Krox20 and Junb are affected to a lesser extent. Thus, AMPA receptors

may regulate a program of gene expression that includes a specific subset of IEGs. More

work is needed to determine which promoter elements are critical for transcriptional

regulation of these IEGs by AMPA receptors. Detailed cross-species analysis of the Arc

promoter identified multiple conserved regions containing putative transcription factor

*. A number of transcription factors have been implicated in regulating Arcbinding sites

- - - 333 184 232 334 - - - -expression, including Egr’’, CREB", SRF’, and MEF2”, suggesting that transcriptional

control of Arc may be highly complex. Future studies will determine the mechanisms by

which synaptic activity orchestrates transcription factors and signaling molecules to precisely

regulate intracellular Arc mRNA levels.

2.
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Figure 4.2 AMPA receptors regulate a subset of IEGs.

AMPA receptor antagonists NBQX (10 p.M) and GYKI 52466 (15 p.M) differentially affect BDNF-induced
expression levels of six IEG mRNAs, determined by qfRT-PCR. Arc and Fos primers are described in Chapter
2. Other primers used were: zif268: 5'-gactatctgtttccacaacaacag-3' and 5'-ctttgatagtggatagtggagtga-3'; Krox20:
5'-caggatccttcagcattcttatc-3' and 5'-ggagatggaaaaaatccaggatag-3'; nur/7: 5'-gtgttgatgttcctgcctttg-3' and 5'-
tgttccttcagacagctagoa-3'; Junb: 5'-cctggacgacctgcacaa-3' and 5'-gtgcagaggctggagagtaa-3'. Data are plotted as
percent difference from BDNF alone (n=5).

AMPA receptors may regulate Arc in networks of neurons

The qfrT-PCR and Western blot experiments in Chapter 2 involve determining levels of Arc

mRNA and protein, respectively, in lysates of cells collected en masse. As such, these

methods cannot determine whether stimulus-induced changes in Arc levels reflect changes in

a fixed group of responding cells or changes in the number of responding cells. Using FISH

and immunocytochemistry, we determined that NBQX dramatically increases the number of

cells expressing Arc, with only a small effect on per-cell Arc expression (Figure 4.3). Thus,

AMPA receptor activity controls the population size of Arc-expressing neurons. The fact that

per-cell Arc expression changes only minimally suggests that Arc may be regulated as a

binary switch with all-or-none expression determined by AMPA receptor activity. Since Arc

º

º

*

o

93



72,73,79expression defines neural circuits involved in information processing , this regulatory

mechanism might have important implications in vivo.

BDNF BDNF-NBox

Control

T

# 50 | 3.
§ 400 -ºf
F 300 .
º

-

# 200 “. .
g 100 : :

-

« 0 *:: -

BDNF NBox º unstm BDNF NBox ºff.

Figure 4.3 AMPA receptors regulate the number of Arc-expressing cells.

FISH (a) and immunocytochemistry (b) reveal that cultures stimulated with BDNF (100 ng/mL) in the presence
of NBQX (10 p.M) have a greater fraction of Arc-expressing neurons than cultures stimulated with BDNF alone.
20x images are shown in a, and 10x images are shown in b. (c) Quantitative analysis of per-cell Arc protein
expression reveals small, but statistically significant, differences between treatment conditions. Bars show
average pixel intensities of Arc-expressing cells in images as shown in b. Numbers above bars indicate how
many cells were analyzed for each condition. (d) Number of Arc-expressing cells per 10x field as shown in b.
Cultures treated with BDNF-NBQX have approximately threefold more Arc-expressing neurons than cultures
treated with BDNF alone, comparable to the increases in Arc mRNA and protein expression observed by qfRT
PCR and Western blot (compare Figure 2.5). **, p<0.01; ***, p<0.001 versus control (one-way ANOVA and
post-hoc Tukey tºtests).
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Arc and the nucleus

We (Figure 4.4) and others" have observed that Arc protein is heavily enriched in neuronal

nuclei-does Arc have a nuclear function?

CaMKIIo.

Figure 4.4 Arc protein is found in the nucleus.

Confocal images of neurons immunostained for both Arc and CaMKIIo, a marker of excitatory neurons that is
excluded from the nucleus, reveal that Arc protein is enriched in neuronal nuclei.

Domain analysis of Arc protein reveals no canonical transcription factor motifs, but

preliminary results from a yeast two-hybrid screen suggest that Arc may interact with nuclear

proteins, including mRNA splicing factors and several RNA-binding proteins (C. L. Peebles

and S. Finkbeiner, unpublished observations). Nuclear localization of Arc may be regulated

by proteasome-dependent protein degradation: Arc protein redistributes to the cytoplasm in

cells stimulated with BDNF in the presence of a proteasome inhibitor (Figure 4.5). This

suggests the existence of a proteasome substrate that regulates nuclear import and/or export

of Arc, reminiscent of NF-kB regulation by I-kB”. Thus, proteasome-dependent

mechanisms regulate both the steady-state level of Arc protein (Figure 2.12) and its

17//
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nucleocytoplasmic distribution (Figure 4.5).

Control BDNF BDNF+MG132

Figure 4.5 Proteasome activity regulates the nucleocytoplasmic distribution of Arc.

20x immunofluorescence images of cortical neurons (12 DIV) showing that endogenous Arc protein is
predominantly nuclear when induced by BDNF (100 ng/mL; 8h) and predominantly cytoplasmic when MG-132
(50 um), a proteasome inhibitor, is present. Neurons were stained with rabbit polyclonal Arc antisera” and an
Alexaô47-coupled goat anti-rabbit secondary antibody.

Neuronal functions of Arc and PKD

The elucidation of protein function is greatly facilitated by knowledge of the molecules with

which it interacts. For example, the PKD substrates we identified using protein microarrays

(Table 3.1) suggest a role for PKD in cytoskeletal remodeling, possibly in dendritic spines.

Interestingly, Arc may also interact with proteins that regulate cytoskeletal dynamics in

dendritic spines (C. L. Peebles and S. Finkbeiner, unpublished observations), consistent with

its original characterization as a cytoskeleton-associated protein”. Other labs have taken a

variety of approaches, including yeast two-hybrid screens”, biochemical pull-downs”,

and immunocytochemisty ”, to identify putative Arc binding partners (Table 4.1). The next

step will be to determine the functional significance of these and other interactions.

Additionally, since PKD has been implicated in a wide array of cellular processes in other
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109,112
tissues —cardiomyocytes, lymphocytes, osteoblasts, fibroblasts, and epithelial cells—it

will be important to determine whether PKD plays similar roles in neurons.

Arc Binding Partner Cellular Function References
CaMKII Synaptic plasticity Donai et al. (2003)”

MAP2/microtubules Cytoskeleton, active transport | Fujimoto et al. (2004).”
Amida Cell survival/apoptosis? Irie et al. (2000)”

Endophilin Receptor endocytosis Shepherd et al. (2004)”
Table 4.1 Putative Arc binding partners.

Our work on Arc and PKD shows that primary cultured neurons may be a powerful

model system for future studies. Much of the previous work on Arc and PKD was performed

96,181,183,184
either in vivo , where mechanistic studies are challenging, or in cell

:..., A., 125,126,130,143,160,178,180,182lines” , where neuronal regulatory mechanisms may be absent. Our

primary neuronal culture system addresses this technical gap, recapitulating critical features

of Arc and PKD biology observed in vivo (Figure 2.1 and Figure 3.1). Using this system, a

number of interesting questions can be addressed: Does PKD link synaptic receptors to

nuclear HDACs, and what genes are regulated by this signaling pathway? What are the

mechanisms by which Arc localizes near activated synaptic sites, and how does Arc

contribute to the maintenance of synaptic potentiation? Do Arc and PKD mediate activity

dependent cytoskeletal remodeling, and, if so, what are the physiological implications? The

answers to these questions will provide insight into the mechanisms of activity-dependent

plasticity and will enhance our understanding of the neural basis of learning and memory.
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