
 
 
 
 
 
 
 
 
 
 
 
 
RAPID PROTEIN TRANSLATION GOVERNS PERSISTENT CHANGES IN AMPAR 

TRAFFICKING IN A FORM OF LONG-TERM SYNAPTIC PLASTICITY 

 
 
 
 
 
 
 
 
 
 
 
 
 

APPROVED BY SUPERVISORY COMMITTEE 
 
 
 

Kimberly Huber, Ph.D. 

James Bibb, Ph.D., Chair 

Ilya Bezprozvanny, Ph.D. 

Joseph Albanesi, Ph.D. 

 
 
 
 
 



 
 
 
 
 
 
 

DEDICATION 
 

I would like to dedicate this dissertation to my family, to whom education has always 

been of utmost importance 

 



ACKNOWLEDGEMENTS 
 

First and foremost, I would like to thank my doctoral studies mentor, 

Kimberly Huber.  Without her continual support and conscientious advisement, this 

work would not have been possible.  Her organization of thought and dedication to 

rigorous scientific endeavor are qualities I hope to bring to my own future pursuits. 

My dissertation committee has also been instrumental in my success.  James 

Bibb, the chair of my committee, Ilya Bezprozvanny, and Joe Albanesi have held 

high expectations for me from the beginning, and their careful scrutiny of my data 

elevated my work to the next level.  I would like to especially thank Joe Albanesi and 

Barbara Barylko, who introduced me to basic science research way back when. 

A few great teachers, such as Ege Kavalali and Ramiah Subramanian, took a 

keen interest in my scientific career and gave me sage counsel through out the years.  

The Huber lab members, past and present, including Christine Daly, Aundrea Bartley, 

Lenora Volk, Farr Niere, Seth Hayes, and Julia Wilkerson have all contributed to a 

wonderful lab environment.  Jay Gibson, Brad Pfeiffer, Elena Nosyreva, and Jennifer 

Ronesi deserve my appreciation for training me in lab techniques, as well as their 

judicious advice and many stimulating discussions. 

Xinran Liu counseled me extensively on my immunocytochemistry 

experiments, while Deniz Atasoy, Chihye Chung, Catherine Wasser, and Tuhin 

Virmani provided me with many reagents and helped train me in making 

hippocampal cultures, the mainstay of my work. 

I would be remiss if I did not thank the community of friends who have 

supported me, especially my fellow MSTP classmates and members of my church. 

Finally, I am grateful for my sister Debbie who loves me unconditionally.  

Jeff Liang is the consummate confidante and partner.  I am greatly indebted to my 

mom for her unwavering faith in my abilities and continual prayers on my behalf, as 

well as my dad for his constant sustenance and encouragement to think bigger than 

myself. 



 
 
 
 
 
 
 
 

RAPID PROTEIN TRANSLATION GOVERNS PERSISTENT CHANGES IN AMPAR 
TRAFFICKING IN A FORM OF LONG-TERM SYNAPTIC PLASTICITY 

 
 
 
 

by 
 
 

MAGGIE WAI-MING WAUNG 
 
 
 
 
 
 
 

DISSERTATION 
 
 

Presented to the Faculty of the Graduate School of Biomedical Sciences 
 

The University of Texas Southwestern Medical Center at Dallas 
 

In Partial Fulfillment of the Requirements 
 

For the Degree of  
 
 
 

DOCTOR OF PHILOSOPHY 
 

The University of Texas Southwestern Medical Center at Dallas 
 

Dallas, Texas 
 

June, 2010



 
 
 
 
 
 
 
 
 
 
 

Copyright 
 

by 
 

MAGGIE WAI-MING WAUNG, 2010 
 

All Rights Reserved 



 

vi 

 
 
 
 
 
 
 
 
 
 
 
 

RAPID TRANSLATION OF IMMEDIATE EARLY GENE ARC GOVERNS 
PERSISTENT AMPAR TRAFFICKING CHANGES IN A  

METABOTROPIC GLUTAMATE RECEPTOR- 
DEPENDENT FORM OF SYNAPTIC  

PLASTICITY 
 
 
 
 
 

MAGGIE WAI-MING WAUNG, Ph.D 
The University of Texas Southwestern Medical Center at Dallas, 2010 

 
 

KIMBERLY MICHELLE HUBER, Ph.D. 
 
 

      Activation of group 1 metabotropic glutamate receptors (mGluRs) induces 

long-term depression of glutamatergic synapses (mGluR-LTD).   Postsynaptic 

endocytosis of ionotropic α-amino-5-hydroxy-3-methyl-4-isoxazole propionic 

acid receptors (AMPARs) accompanies mGluR-LTD, and long-term decreases in 

AMPAR surface expression most likely mediate this form of synaptic plasticity.  

In support of this idea, both mGluR-LTD and decreases in AMPA receptors 

require rapid protein synthesis in dendrites.  To understand how newly 
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synthesized proteins maintain decreases in AMPAR surface expression, we 

examined how mGluRs persistently alter AMPAR trafficking.  

Using biochemical and immunocytochemical methods in dissociated rat 

hippocampal cultures, we find that brief activation of mGluRs by the group 1 

mGluR selective agonist, DHPG, results in a rapid (10 min) increase in AMPAR 

endocytosis rate that persists for at least one hour after the removal of agonist.  

This persistent increase in endocytosis rate is blocked by the protein synthesis 

inhibitor anisomycin, suggesting that components of the endocytosis machinery 

are synthesized and necessary for mGluR-LTD.  In contrast, treatment of cultures 

with NMDA, which induces NMDA receptor-dependent LTD causes a long-term 

(60 min) decrease in AMPAR surface expression, but does not persistently 

increase endocytosis rate.   

Recent work has implicated activity-regulated cytoskeletal associated 

protein (Arc) in the regulation of AMPAR endocytosis through its interactions 

with endophilin and dynamin, and Arc mRNA is induced in hippocampal CA1 

dendrites following behavioral activity.  However, little is known about how Arc 

is locally synthesized at synapses or whether its local synthesis contributes to 

synaptic plasticity. We find that DHPG induces rapid increases in local and 

synaptic dendritic Arc protein expression within 10 minutes in hippocampal 

neurons.  Knockdown of Arc by lentiviral delivery of short-hairpin RNA 

increases basal surface AMPAR expression and synaptic transmission as 
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measured by mEPSC amplitude.  Arc knockdown blocks mGluR-induced 

decreases in surface AMPARs, AMPAR endocytosis as well as mGluR-LTD.  

Acute inhibition of new Arc translation with antisense nucleotides also blocks 

mGluR-induced persistent changes in AMPAR trafficking and mGluR-LTD.  The 

involvement of rapid Arc synthesis in mGluR regulation of synaptic function 

provides a link between behavior-driven neuronal activity and plasticity at the 

synapse.   
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CHAPTER ONE: General Introduction 
 

Since Canadian psychologist Donald Hebb proposed his model of learning 

over 50 years ago, much has been done to examine and validate his theory, which 

can be paraphrased as “neurons that fire together wire together.”  The concept of 

malleable cell-assemblies that orchestrate the brain’s response to stimuli has been 

expanded to fit our current knowledge of synapses, but the basic premise is still 

the same.  At the basic circuit level, synapses which have undergone experience, 

as defined by activation, will undergo changes that can be measured and studied.  

This cellular correlate of memory is dubbed synaptic plasticity.   

SYNAPTIC PLASTICITY: A MECHANISM FOR INFORMATION 
STORAGE 

 
Synaptic plasticity adopts several forms including short-term, lasting for 

milliseconds, and long-term, lasting for hours to weeks.   The most well-

characterized examples of long-term plasticity depend on activation of the NMDA 

type ionotropic glutamate receptor.  Activation of NMDARs by high frequency or 

low frequency stimulation induces long term potentiation (LTP) or long term 

depression (LTD) of excitatory transmission, respectively.  Stimulation of 

metabotropic receptors through paired pulses of low frequency stimulation elicits 

an NMDAR-independent form of LTD.  These forms of plasticity satisfy several 

criteria that make them potential substrates for information storage: input 



 

2 
 

specificity, cooperativity and associativity.  Generally, LTP and LTD refer to 

changes in excitatory transmission as measured by AMPAR currents, but other 

receptor subtypes, such as kainate receptors, NMDARs and mGluRs, can also 

undergo long-term changes after stimulation (Carroll and Zukin, 2002; Jin et al., 

2007; Park et al., 2006).   

Long-term synaptic plasticity has been described in most brain regions, 

but the hippocampus offers a relatively simple network of neural pathways for 

scientists to study.  Afferents known as the perforant path enter the hippocampus 

from neurons of the entorhinal cortex to synapse on dendrites of granule cells in 

the dentate gyrus and pyramidal cells of the CA1 and CA3 regions.  Axons of 

granule cells (mossy fibers) project onto dendrites of pyramidal CA3 neurons, 

which in turn send axons (Schaffer collaterals) ipsilaterally onto pyramidal CA1 

neurons.  The laminar structure of the hippocampus makes it amenable to studies 

from transverse slices, and its easily defined pathways allow scientists to study a 

relatively uniform population of neurons (Fig. 1.1, (Neves et al., 2008)).   

In addition to its comparatively straightforward circuitry, the role of the 

hippocampus in learning and memory has been extensively examined.  

Circumscribed lesions of the hippocampus prevent individuals from forming new 

episodic memories, or event-related memories.  The hippocampus is also notable 
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Figure 1.1. Basic Structure of the Hippocampus (taken from (Neves et al., 
2008)).   

 
for its roles in formation and storage of spatial memories as evidenced by the 

extensive literature on hippocampal place fields (Best et al., 2001).  The  

organization of the hippocampus has prompted scientists to propose a role for the 

structure, especially the CA1 region, in comparing incoming sensory information 

(from the entorhinal cortex) with information stored in the hippocampus from 

previous experiences (Vinogradova, 2001).   

Recently, human and animal studies have demonstrated a role for the 

hippocampus in novelty detection.  The observation that new, unfamiliar stimuli 

seem to be encoded or recalled more easily than familiar stimuli, has driven 

scientists to explore how the brain detects novelty and subsequently drives the 

storage of memories.  Novelty detection is a necessary component of adaptive 

behavior, as it enables the processing of vast quantities of sensory data into that 
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which is relevant for updating knowledge in response to change and making 

future predictions.  The hippocampus seems to be involved in contextual novelty, 

where events occur in an unexpected circumstance or environment, and in 

associative novelty, where familiar elements are found in a new configuration 

(reviewed in (Nyberg, 2005; Ranganath and Rainer, 2003).  In human subjects 

shown familiar objects in a new pattern, the hippocampus uses decreasing 

oxygen, measured by functional MRI, as the new pattern was repeated and 

became less novel (Yamaguchi et al., 2004).  In a demonstration of associative 

novelty, the mean firing rate of CA1 hippocampal pyramidal neurons increased 

when rats trained to recognize the position of a hidden platform in a water maze 

were placed into the same water maze with the hidden platform placed in a new 

location (Fyhn et al., 2002).  Also, the immediate early gene c-fos in hippocampal 

pyramidal neurons was elevated when rats were shown familiar cues in a different 

rearrangement in the same radial arm maze (Jenkins et al., 2004).   

Since novelty facilitates learning and memory, these studies begin to 

address how novelty relates to neuronal and synaptic plasticity.   There are some 

studies that implicate a role for novelty acquisition in LTP and LTD.  In chronic 

recordings of freely moving rats, exploration of a novel environment facilitated or 

enhanced the expression of LTD induced by low-frequency stimulation 

(Manahan-Vaughan and Braunewell, 1999).  In addition, exploration of a 

holeboard with familiar objects arranged in a new pattern facilitated formation of 
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LTD with the same stimulation paradigm in the CA1 region, further bolstering a 

role for associative novelty acquisition in long term plasticity (Kemp and 

Manahan-Vaughan, 2004).  Moreover, novelty exposure can consolidate short 

term memory resulting from weak inhibitory avoidance training into long term 

memory in a process that requires protein synthesis (Moncada and Viola, 2007).   

Protein synthesis in synaptic plasticity and memory 
 

Many forms of long-term synaptic plasticity also depend on protein 

synthesis.   On the postsynaptic side, the molecular underpinnings of synaptic 

plasticity are changes in post-translational modifications of proteins at the 

synapse, changes in the protein composition of the postsynaptic density (PSD), 

and structural remodeling of spines.  Protein synthesis, in addition to overcoming 

protein turnover, can contribute to changes at the synapse.  A role for protein 

synthesis in plasticity was first demonstrated by in vivo recordings of the dentate 

gyrus in freely moving rats.  Late-phase LTP (L-LTP) was inhibited by 

anisomycin, while early-LTP (E-LTP) remained intact  (Krug et al., 1984).  

Subsequent studies demonstrated that E-LTP, which can be induced by a single 

pulse of high frequency stimulation (>100 Hz), lasts for 1-2 hours and requires 

post-translational modifications of existing proteins, such as phosphorylation of 

AMPA receptors (reviewed in (Lee, 2006; Soderling and Derkach, 2000)) but not 

synthesis of new proteins.  On the other hand, L-LTP lasting for more than 4 
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hours requires induction by multiple trains of high frequency stimulation, and 

necessitates protein transcription (Huang and Kandel, 1994; Nguyen et al., 1994).    

Changes at the synapse during LTP can be governed by translation of pre-existing 

mRNA in addition to new gene transcription (Cracco et al., 2005; Kang and 

Schuman, 1996; Kelleher et al., 2004).  Other studies have likewise documented a 

requirement for protein synthesis in components of NMDAR-LTD paradigms 

(Manahan-Vaughan et al., 2000; Sajikumar and Frey, 2003).   

Local, dendritic synthesis as a mechanism through which neurons express 

long term changes at synapses has gained much traction in the past few years.  

The necessary components for protein translation are found in the dendritic 

compartment: polyribosomes, tRNA and amino-acyl tRNA synthetases, eIF-2 

initiation complexes, as well as components of the endomembranous system, the 

endoplasmic reticulum and Golgi apparatus (Gardiol et al., 1999; Palacios-Pru et 

al., 1981; Steward and Levy, 1982; Tiedge and Brosius, 1996).  Many mRNAs 

encoding cytoskeletal, cytosolic and integral membrane proteins have also been 

observed in dendrites (reviewed in (Schuman et al., 2006; Steward and Schuman, 

2001).  The ability to alter a single synapse or local group of synapses in response 

to specific inputs vastly increases the storage capacity of neuronal circuits.  In 

conjunction with synaptic plasticity, long-term memory also requires the synthesis 

of new proteins (Flexner et al., 1963) reviewed in (Goelet et al., 1986; Hernandez 
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and Abel, 2008), and protein-dependent long-term plasticity likely plays a role in 

memory consolidation.   

THE WORKHORSE OF SYNAPTIC PLASTICITY: AMPARs 
 

Changes in plasticity are typically measured as changes in AMPAR 

synaptic currents because these receptors constitute the majority of excitatory 

transmission.  AMPA receptors are heterotetrameric, ligand-gated ion channels 

formed from four different subunits, GluR1-GluR4.  With a large proportion 

clustered at the post-synaptic density, AMPARs mediate the bulk of fast 

excitatory synaptic transmission in the mammalian nervous system.  Upon 

binding to neurotransmitter glutamate, AMPARs gate Na+ and Ca2+, allowing a 

rapid influx of positive ions that depolarize the post-synaptic membrane.   

Each AMPAR subunit contains approximately 900 amino acids and has a 

molecular weight of about 105 kDa.  These subunits are structurally similar (Fig. 

1.2), yet several key differences in their composition and processing allow for 

tremendous functional diversity in their regulation and role at the synapse.  One 

major difference is a posttranscriptional modification of GluR2 mRNA in a region 

corresponding to the pore loop.  Through enzymatic deamination, glutamine 

codon 607 (Q) is replaced with an arginine (R).  Due to its localization in the pore 

region, RNA editing in this locale lowers AMPAR channel conductance, confers 

Ca2+ impermeability to the channel, and alters voltage sensitivity by rendering the 
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channel non-rectifying (reviewed in (Dingledine et al., 1999).  The majority 

(>99%) of functional GluR2-containing receptors contain this modification, 

which dominantly exerts its pore properties over other GluR subunits (Seeburg et 

al., 1998; Sommer et al., 1991).  Because GluR subunits 1, 3, and 4 maintain a 

glutamine residue in the same region, AMPARs lacking the GluR2 subunit are 

permeable to calcium and possess inward rectification.   

In the hippocampus, GluR2/3 and GluR1/2 heteromers predominate with 

GluR1 homomers comprising 8-10% of the AMPAR population and GluR4-

containing receptors mostly forming during early postnatal development 

(Wenthold et al., 1996; Zhu et al., 2000).  Because GluR2 is incorporated into the 

majority of AMPARs in hippocampal neurons, they limit the excitability of 

AMPAR-containing synapses by the channel properties they confer onto 

AMPARs.  In addition to differences in ion channel properties, AMPAR subunits 

have variations in AMPAR subunit intracellular C-terminal tails that affect 

subunit binding partners and allow for additional diversity in the regulation of 

AMPARs.  Subunits GluR2 and GluR4 have two alternative splice forms that 

determine the length of the C-terminal tail (Fig. 1.2).  Because many AMPAR-

interacting proteins bind at this region, long and short isoforms interact with 

different partners (Fig. 1.2, (Jiang et al., 2006)).   
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Figure 1.2. Structural Properties of AMPARs (adapted from (Jiang et al., 
2006)). All AMPAR subunits contain four transmembrane domains with an 
extracellular N-terminal region and intracellular C-termainal tail.  The C-terminal 
tails of GluR1-4 subunits differ in length and composition, allowing for 
interactions with different binding partners.  The GluR2 subunit possesses a Q/R 
RNA editing site that changes the receptor ion permeability and rectification 
index. 

AMPAR interactions with scaffolding proteins/PDZ domain proteins 
 
 AMPAR subunits interact with PDZ (post synaptic density protein-95 

(PSD-95), Drosophila disc large tumor suppressor, and zonula occludens-1 

protein) domains at their C-terminal tail.  At this region, GluR1 interacts with 

synapse-associated protein-97 (SAP-97), a member of the membrane-associated 

guanylate kinase (MAGUK) family.  SAP97 binds A-kinase anchoring protein 

79/150 (AKAP79/150), which in turn associates with protein kinase A (PKA).  

These interactions bring PKA in close proximity to AMPARs to facilitate 

phosphorylation of GluR1 at Ser845 (Colledge et al., 2000).  Phosphorylation of 

GluR1 at Ser845 plays a critical role in NMDA-receptor dependent LTP, and 



 

10 
 

dephosphorylation at this site is associated with NMDAR-LTD.  Therefore, 

reversible phosphorylation of GluR1 serves as a mechanism through which 

synaptic activity can direct bidirectional control of AMPARs at synapses 

(reviewed in (Lee, 2006; Song and Huganir, 2002).   AKAP79/150 also interacts 

with protein kinase C (PKC), and calcineurin (PP2B), permitting a further role in 

controlling the phosphorylation state of GluR1.  The GluR1 subunit has multiple 

phosphorylation sites along its C-terminal tail, which include S831, S818 and 

T840. 

 Glutamate receptor interacting protein (GRIP), AMPAR binding Protein 

(ABP) and protein interacting with C-kinase (PICK1) are PDZ-containing 

proteins that share a binding site at the C-terminal tails of GluR2 and GluR3 (Dev 

et al., 1999; Dong et al., 1997; Srivastava et al., 1998).  Along with its scaffolding 

action at synapses, GRIP/ABP links AMPARs to activity-dependent Ras signaling 

(Ye et al., 2000), as well as the the heavy chain of conventional kinesin (KIF5) 

(Setou et al., 2002) and microtubule-associated protein (MAP)-1B light chain 

(Seog, 2004), both of which may allow AMPAR transport along microtubules.  

GRIP also acts as an adaptor protein for AMPARs to the neuronal early 

endosomal protein NEEP21, which is involved in receptor recycling.  Different 

chemical paradigms that preferentially sort AMPARs into either a recycling or 

lysosomal degradation pathway correlate with increased or decreased 

GluR2/GRIP association with NEEP21, respectively (Steiner et al., 2005).  Based 
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upon mutagenesis studies and peptide disruption of GRIP interactions with 

GluR2, GRIP/ABP seems to maintain AMPARs at the synaptic surface or in an 

intracellular pool at the PSD (Daw et al., 2000; Lee et al., 2001; Osten et al., 

2000). 

While binding of GluR2 to GRIP/ABP may stabilize receptors at 

membranes, PICK1 interactions with GluR2 may help mediate AMPAR 

trafficking between the surface membrane and intracellular pools.   PICK1 

facilitates phosphorylation of GluR2 at S880 by PKC, a modification which 

decreases the affinity for GRIP/ABP binding to GluR2 (Lu and Ziff, 2005; 

Matsuda et al., 1999).  The dissociation of GluR2 from GRIP may be permissive 

for AMPAR movement between different membrane compartments.  To support 

this, PICK1 has also been shown to play a role in AMPAR recycling, although its 

specific role in recycling is controversial (reviewed in (Hanley, 2008).  PICK1 

also seems to control the population of GluR2-containing AMPARs at the surface 

(Perez et al., 2001) and can also act as a calcium sensor (Hanley and Henley, 

2005).  Interestingly, PICK1 ties AMPARs to the dynamics of actin cytoskeleton 

remodeling, as PICK1 inhibits Arp2/3-mediated actin assembly (Rocca et al., 

2008).  Further studies into the role of these interactions during synaptic 

activation will no doubt yield more information on how the interplay between 

PICK1 and GRIP/ABP controls AMPARs at the synapse.     
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AMPAR interaction with Stargazin (TARPs) 
 
 AMPARs also interact with transmembrane AMPA receptor regulatory 

proteins (TARPs), which include stargazin (γ-2), γ-3, γ-4, and γ-8.  TARPs serve 

as AMPAR auxiliary subunits (Vandenberghe et al., 2005) that are required for 

surface expression and synaptic targeting of AMPAR (Chen et al., 2000; 

Hashimoto et al., 1999; Rouach et al., 2005).  They are differentially expressed 

throughout the nervous system, with stargazin and γ-8 predominating in the 

hippocampus (Tomita et al., 2003).  Stargazin, and presumably γ-8, contains a 

PDZ-binding site at the C-terminus, which interacts with PSD-95.  This 

interaction is crucial for controlling the number of AMPARs at the synapse 

(Schnell et al., 2002).  PSD-95 is known to be a major scaffolding protein at the 

synapse due to its localization in the post-synaptic density and its interactions 

with a myriad of proteins, (including ion channels, receptors, cytoplasmic 

proteins, and cell adhesion molecules) mainly through its three PDZ domains 

reviewed in (Kim and Sheng, 2004). Recent studies utilizing single quantum dot 

and FRAP (fluorescent recovery after photobleaching) imaging in live 

hippocampal neurons demonstrated that specific disruption of stargazin with 

PSD-95 increases AMPAR lateral diffusion in the membrane and prevents 

trapping of AMPARs at the PSD (Bats et al., 2007).   

 The interaction between GluR subunits, TARPs, and PSD-95 may enable 

regulation of AMPARs by the ubiquitin proteosome system (UPS) as well 
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(Burbea et al., 2002; Colledge et al., 2003; Patrick et al., 2003).  NMDA treatment 

of hippocampal neurons decreases cellular levels of PSD-95 through 

ubiquitination and the subsequent degradation of PSD-95 by the 26S proteosome.  

Furthermore, transfection of cultures with a mutant PSD-95 incapable of being 

ubiquitinylated reduced NMDA-mediated AMPAR internalization (Colledge et 

al., 2003).  Similarly, viral infection and overexpression of hippocampal neurons 

with a ubiquitin chain-elongation mutant, which allows monoubiquitination of 

proteins, but shortens the ubiquitin chain length of polyubiquitinylated proteins 

significantly inhibited AMPA-induced AMPAR internalization (Patrick et al., 

2003).  Because manipulation of PSD-95 levels negatively correlates with 

AMPAR internalization, these studies provide evidence for PSD-95 as a “slot 

protein” for anchoring AMPARs at the synapse.   

Additionally, the association of AMPA receptors with TARPs may be 

dynamically regulated.  In cortical neuron preparations, AMPA and glutamate 

treatment dissociated AMPAR binding to γ-3, and agonist-driven internalization 

of AMPARs was observed without a parallel increase in TARP endocytosis 

(Tomita et al., 2004).  Therefore, synaptic activity may control both levels of a 

slot protein (PSD-95) at the synapse and AMPAR association with TARPs as 

mechanisms to direct AMPAR expression at the synapse.   
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AMPAR interactions with other proteins (NSF, AP2, Protein 4.1/Myosin 
Vb,VI) 
  

AMPARs also interact with non-PDZ containing proteins that are crucial 

for receptor trafficking.  In a C-terminus region membrane proximal to the PDZ-

binding domain, GluR2 and GluR3 interact with N-ethylmaleimide-sensitive 

fusion protein (NSF) and the AP2 complex at overlapping sites (Lee et al., 2002; 

Nishimune et al., 1998).  NSF, a hexahomomeric ATPase, had been previously 

shown to be a required for synaptic vesicle membrane fusion (Whiteheart et al., 

1994).  AP2 is a clathrin adaptor protein that links clathrin coats with proteins, an 

early step for endocytosis through membrane budding (Pearse et al., 2000).  In a 

thorough study using GluR2 mutants and peptide variants to specifically dissect 

the role of AMPAR interactions with these proteins, Lee and colleagues found 

that NSF controls basal delivery of AMPAR to the surface, while AP2 binding to 

GluR2 is required for activity-driven AMPAR endocytosis (Lee et al., 2002).  

AMPARs also interact with soluble NSF attachment proteins (SNAP) a and b 

which play a critical role in membrane fusion events (Osten et al., 1998).     

 Protein 4.1N is molecule that interacts with the membrane proximal region 

of the GluR1 C-terminal.  Protein 4.1N is a cytoskeletal component that 

participates in the assembly and maintenance of the actin cytoskeleton, and 

therefore provides a link between AMPARs and actin-enriched spines (Shen et 

al., 2000).  Similarly, the actin-dependent motor proteins Myosin Vb and Myosin 
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VI have been shown to associate with GluR1(Lise et al., 2006; Osterweil et al., 

2005). 

Hopefully, this discussion of AMPAR-interacting proteins highlights the 

diversity of AMPAR regulation at the synapse.  As will be discussed below, 

proteins interacting with AMPAR help regulate their localization to the synapse, 

basal recycling rate, and activity-dependent trafficking through a variety of 

mechanisms such as, but not limited to, altering AMPAR phosphorylation state, 

interactions with adaptor proteins, and control of lateral surface diffusion.   

Dendritic AMPAR mRNA expression  
 
  Another method of controlling AMPAR expression in neurons is at the 

regulation of AMPAR translation.  Interestingly, mRNA encoding all four 

AMPAR subunits are also localized to dendrites (Grooms et al., 2006; Miyashiro 

et al., 1994).  A recent study using quantitative fluorescence in situ hybridization 

demonstrated that local levels of AMPAR mRNAs in dendrites are altered 

following NMDAR and mGluR stimulation (Grooms et al., 2006).  Similarly, in 

transected dendrites, successive application of biarsenical dyes targeted to tagged 

GluR1 and GluR2 subunits revealed activity-dependent, local dendritic synthesis 

of AMPARs (Ju et al., 2004).  Therefore, the expression of AMPARs at the 

synapse is likely a reflection of local pools of receptors that can be trafficked from 

the soma or locally synthesized.   
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 Because of their critical role in excitatory synaptic transmission, current 

models of synaptic plasticity regard modulation of AMPARs at the synapse as the 

ultimate agent for long-term changes at the synapse.  Consistent with this theory, 

populations of synapses have been identified as “silent synapses”, which contain 

only NMDARs and no functional AMPARs.  Additionally, the ratio of silent to 

non-silent synapses can be altered depending on different stimuli (Malenka and 

Nicoll, 1997), indicating that AMPARs can be recruited to silent synapses and 

increase excitatory transmission.  As a result of this model, many researchers have 

focused their efforts on characterizing AMPAR trafficking and its regulation.   

AMPAR trafficking at the plasma membrane 
 
 AMPARs are internalized through a clathrin- and dynamin-dependent 

pathway, as biochemical inhibition of clathrin-coated pit formation by hypertonic 

sucrose and expression of a dominant-negative form of dynamin blocks ligand-

induced AMPAR endocytosis (Carroll et al., 1999).  As mentioned previously, 

disruption of AMPAR interaction with AP2, a clathrin adaptor complex, also 

inhibits activity-driven AMPAR endocytosis.  Many components of endocytic 

machinery are found at the synapse.  Immunoelectron microscopy of cultured 

hippocampal neurons show endophilins 2 and 3 enriched at PSDs (Chowdhury et 

al., 2006).   Two isoforms of dynamin, 2 and 3, localize to the PSD by to their 

interactions with postsynaptic scaffolding proteins Shank and Homer (Gray et al., 
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2003; Okamoto et al., 2001).  Electron micrographs also support the presence of 

coated pits and multivesicular bodies adjacent to the PSD of excitatory synapses 

(Spacek and Harris, 1997).  A recent study found that the dynamin-3 interaction 

with scaffolding protein Homer is required to link the endocytic zone to PSDs.  At 

sites where the endocytic zone is uncoupled from the synapse by disruption of this 

interaction, surface AMPARs are decreased by 50% (Lu et al., 2007), suggesting 

that endocytic zones may also be required for AMPAR recycling or insertion. 

Less is known about the mechanics of AMPAR insertion, but intracellular 

application of tetanus toxin prevents AMPAR entry into the plasma membrane, 

suggesting a SNARE-dependent exocytosis mechanism (Lu et al., 2001).  

Consistent with this theory, AMPARs interact with NSF (Nishimune et al., 1998), 

the trimeric ATPase associated with SNARE-dependent membrane fusion.   

Combined with endocytosis and insertion, lateral diffusion of AMPARs to 

and from the extrasynaptic plasma membrane also modulates the number of 

AMPARs at the synapse.  Single particle tracking of the GluR2 AMPAR subunit 

demonstrated areas of high AMPAR diffusion of up to 6 x 10-2 μm2s-1 and regions 

of low AMPAR diffusion (confined states) that correlated with synapses labeled 

with FM1-43 (Borgdorff and Choquet, 2002).   The confinement of AMPARs to 

synapses seems to rely on the interaction of stargazin with PSD-95, as 

introduction of mutant stargazin that does not bind to PSD-95 decreases the 

fraction of immobilized AMPARs and AMPAR confinement time.  Moreover 
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within a PSD-95-containing cluster or presumed synapse, the diffusion properties 

of stargazin mirrored that of AMPARs  (Bats et al., 2007) .  Another group 

established a temporal link between endocytosis of AMPARs at extrasynaptic 

sites preceding synaptic AMPAR removal in response to NMDAR stimulation.  

After NMDAR activation, the fluorescence intensity of surface GluR2 labeled 

with a pH-sensitive GFP at regions of diffuse staining (and therefore defined as 

extrasynaptic) dropped rapidly followed by a decrease in fluorescence intensity at 

regions of punctuate (and therefore synaptic) staining (Ashby et al., 2004).  

Clearly, AMPARs preferentially cluster at synapses, but whether or not lateral 

diffusion of AMPARs is dynamically regulated or simply permissive for AMPAR 

entry and exit into synapses remains to be seen.   

 The maintenance of a stabile pool of AMPARs at the synaptic surface 

requires the constitutive recycling of AMPARs from an intracellular pool.  

Several groups have documented constitutive AMPAR recycling in hippocampal 

neurons  (Ehlers, 2000; Lin et al., 2000; Luscher et al., 1999).  The basal rate of 

AMPAR cycling seems to be rapid, with 15-20% of surface receptors internalized 

after 15 minutes and internalized receptors possessing a similar rate of reinsertion 

(Ehlers, 2000; Lin et al., 2000).  Within neurons, an intracellular membrane 

compartment containing GRIP, PICK-1, and syntaxin 13 co-fractionated 

specifically with GluR2/3 subunits and not NMDARs.  Syntaxin 13 is a member 

of the syntaxin family of soluble NSF attachment protein receptor (SNARE) 
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proteins that associates with tubular early and recycling endosomes (Prekeris et 

al., 1998).  GluR2/3 colocalization with syntaxin 13 provides further evidence for 

a reservoir of recycling AMPARs (Lee et al., 2001). 

Expression of GluR2-GFP in hippocampal neurons results in the 

formation of GluR2 homomers that are constitutively delivered to synapses, 

suggesting a role for the GluR2 subunit and its protein interactors in controlling 

constitutive recycling of AMPARs (Shi et al., 2001).  However, analysis of the 

GluR2 and GluR3 knock out (KO) mice surprisingly show no gross abnormalities 

in basal synaptic transmission or constitutive recycling (Biou et al., 2008).  

Whether compensatory mechanisms enable constitutive AMPAR despite the 

absence of GluR2 subunits and GluR2 protein interactions remains to be 

demonstrated. 

Activity regulates the number of AMPARs at synapses 
 

The first studies to indicate that AMPARs are trafficked in response to 

activity involved chronic manipulations of global network activity in cultured 

neurons.  Chronic treatment with γ-aminobutyric acid type A receptor (GABA-A) 

antagonist picrotoxin to increase synaptic activity resulted in less synapses 

containing AMPARs, while NMDAR levels at synapses remained the same.  This 

decrease in AMPARs at synapses could be detected immunocytochemically as 

well as electrophysiologically by a decrease in AMPAR to NMDAR ratio of 
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synaptic currents and as a decrease in miniature EPSC (mEPSC) amplitude 

(Lissin et al., 1998; O'Brien et al., 1998).   Dampening synaptic activity in 

cultured neurons with AMPAR antagonist CNQX or voltage-dependent Na+ 

channel blocker tetrodotoxin (TTX) resulted in the opposite effect: increasing 

AMPARs at synapses and increasing mEPSC amplitude (O'Brien et al., 1998; 

Turrigiano et al., 1998).  This homeostatic plasticity, or synaptic scaling in 

response to chronic changes in neuronal activity enable neurons to maintain 

activity within an optimal dynamic range. 

The discovery that chronic activity could alter AMPAR expression at 

synapses spurred researchers to consider the possibility that LTP- and LTD-

inducing stimuli could also control AMPAR distribution. Indeed a substantial 

amount of data supports a critical role for AMPAR trafficking in many forms of 

LTP and LTD (Table 1.1) (Beattie EC, 2000; Carroll et al., 1999; Colledge et al., 

2003; Davidkova and Carroll, 2007; Hayashi et al., 2000; Holman et al., 2007; 

Kim et al., 2001; Lee et al., 2000; Lee et al., 2002; Lissin et al., 1998; Lu et al., 

2001; Luscher et al., 1999; Man et al., 2000; Morishita et al., 2005; Moult et al., 

2006; O'Brien et al., 1998; Shi et al., 1999; Snyder EM, 2001; Turrigiano et al., 

1998; Xiao MY, 2001). 
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Stimulation 
Paradigm 

Requirements/AMPAR 
Modification 

# AMPARs 
at synapse Measured by Linked to Preparation References 

Chronic 
CNQX/APV/TTX 
(48-72 hours)   ↑ 

Immunostaining; Increase in AMPAR 
to NMDAR ratio; Increase in mEPSC 
amplitude 

homeostatic 
scaling 

cortical 
culture, spinal 
cord culture 

Turrigiano et al., 
1998;  
O'brien et al., 1998 

Chronic picrotoxin 
(3-14 days)   ↓ 

Immunostaining; Decrease in mEPSC 
amplitude 

homeostatic 
scaling 

hippocampal 
culture, spinal 
cord culture 

Lissin, et al. 1998; 
O'Brien et al., 1998 

Low-Frequency 
stimulation 

Dephosphorylation of Ser845 
on GluR1, PP1/2A, PP2B, 
Dynamin, NMDAR activation, 
Phosphorylation of S880 on 
GluR2, AP2-GluR2 interaction ↓ Decrease in evoked AMPAR response LTD 

hippocampal 
slices 

Lee et al., 2000;  
Kim et al., 2001; 
 Lee et al., 2002; 
Morishita et al., 
2005 

5 Hz field 
stimulation (4 min) Ca2+, NMDAR activation ↓ 

Immunostaining; Decrease in mEPSC 
amplitude and AMPAR NMDAR ratio LTD 

hippocampal 
culture Carroll et al., 1999  

BoTox Dynamin ↓ Decrease in evoked AMPAR response LTD 
hippocampal 
culture 

Luscher et al., 
1999 

Insulin  
(10-15 min), 
 LFS 

GluR2 carboxy tail, clathrin 
coated pit formation, 
association with AP2 ↓ Immunostaining LTD 

hippocampal 
culture Man et al., 2000 

5-10 min, 
 50-200 um 
DHPG 

Dynamin, actin remodeling, 
protein synthesis, protein 
tyrosine phosphatases, 
MAP1B ↓ 

Immunostsaining, Surface 
biotinylation, Decrease in mEPSC 
frequency LTD 

hippocampal 
culture 

Synder et al., 2001; 
Xiao et al., 2001; 
Moult et al., 2006; 
Davidkova and 
Carroll, 2007 

100 um NMDA  
(3 min) Calcium, calcineurin ↓ Immunostaining, Decrease in mEPSC LTD 

hippocampal 
culture Beattie et al., 2000 

20 um NMDA  
(3-5 min) PSD-95 Degradation ↓ 

Immunostaining;  Decreased surface 
AMPARs in synaptoneurosomes LTD 

acute 
hippocampal 
slices 

Colledge et al., 
2003;  
Holman et al., 2007 

100-200 um 
glycine (3 min), 20 
um NMDA + 20 
um glycine (2 min) 

NMDAR activation, membrane 
fusion (blocked by tetanus 
toxin),  ↑ 

Immunostaining; Increased AMPAR 
currents LTP 

hippocampal 
culture Lu et al., 2001 

Two 100-Hz trains 
of 1 s duration 
separated by 20 s 

NMDAR activation, CamKII, 
GluR1 C-terminal tail ↑ 

Immunostaining of surface GluR1-
GFP receptors LTP 

organotypic 
hippocampal 
slice culture 

Shi, et al., 1999; 
Hayashi, et al., 
2000 

Table 1.1 AMPAR Changes During Synaptic Plasticity
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Activity regulates sorting of AMPARs into distinct pathways 
 
        Given that AMPARs traffic in and out of the synapse during plasticity, the 

next question to address is the fate of AMPARs after internalization.  This begins 

to explain how brief stimulation of neurons leads to permanent changes at 

synapses.  Most of the work addressing this issue has involved examining 

AMPAR movement following treatment with agonist (AMPA), glutamate, 

NMDA, or insulin (Beattie EC, 2000; Carroll RC, 1999; Ehlers, 2000; Lin et al., 

2000; Lissin DV, 1999). Although several groups report conflicting data with 

similar treatments, these studies demonstrate that different stimuli leads to sorting 

of AMPARs into distinct endocytotic pathways. AMPARs can be endocytosed by 

a  Ca2+ dependent pathway that involves calcineurin and protein phosphatase 1, or 

by another pathway which is calcineurin- and  calcium-independent  (Beattie EC, 

2000; Lin et al., 2000).  Furthermore, stimulation of neurons with NMDA 

increased AMPAR endocytosis in dendrites, while application of AMPA 

increased internalization in the soma (Beattie EC, 2000). Following endocytosis, 

AMPARs also have different fates, depending on the stimulation paradigm. They 

can be recycled back to the surface, maintained in a non-recycling pool, or 

degraded by lysosomes (Ehlers, 2000; Lee et al., 2004; Lin et al., 2000).   
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Subunit-specific AMPAR trafficking 
 

Because AMPARs recycle continuously yet also are delivered to or 

removed from synapses with changes in activity, the question arises of how 

AMPARs are differentially sorted to support these changes.  One compelling 

hypothesis posits that AMPAR subunits themselves are subject to specific sorting 

rules.  Expression of GluR2-GFP and GluR1-GFP in hippocampal neurons leads 

to formation of AMPAR homomers.  GluR2 homomers are delivered to synapses 

in the absence of neuronal activity through an interaction between the GluR2 c-

terminal tail with PDZ-domain containing proteins (GRIP/ABP and PICK1) and 

NSF/AP2, as mutations on the GluR2 subunit tail inhibiting these interactions 

prevents synaptic delivery of GluR2 homomers (Shi et al., 2001).  On the other 

hand, delivery of GluR1 homomers into synapses is not constitutive and requires 

neuronal activity (Hayashi et al., 2000).  Examination of heteromeric receptor 

trafficking, using simultaneous expression of AMPAR subunits with biolistic 

transfection, reveals that GluR1/GluR2 heteromers require activity for insertion 

into synapses, while GluR2/3 heteromers are delivered continuously to the 

synapses regardless of neuronal activity.  These results suggest that the GluR1 

subunit acts dominantly over the GluR2 subunit in directing AMPAR synaptic 

delivery (Shi et al., 2001).  In addition, the GluR2 subunit seems to control 

AMPAR redistribution into intracellular compartments following stimulation of 
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glutamate receptors, while GluR1 AMPAR homomers are slowly internalized 

independent of activity.  GluR1/GluR2 heteromers traffick to lysosomes during 

treatment with NMDA, suggesting that in internalization and intracellular sorting 

of AMPARs, GluR2 acts dominantly over GluR1 (Lee et al., 2004).   

These subunit-specific sorting studies of AMPARs combined with the 

degradation of PSD-95 in controlling AMPAR surface expression support a role 

for PSD-95 as a “slot protein”, a concept put forth by Malinow and colleagues in 

2001.  In this model, proteins may serve as placeholders in the synapse to 

determine overall synaptic strength.  For example during NMDAR-LTP, GluR1-

containing receptors may be delivered to synapses along with PSD-95, and these 

receptors may be constitutively replaced with recycling GluR2/3 receptors to 

maintain the same number of AMPARs at the synapse.  During NMDAR-

dependent LTD, PSD-95 may be degraded and reduce the number of slots 

available for AMPAR insertion (Shi et al., 2001).    

AMPARs as signaling molecules 
 

Most proteins binding to GluR subunits seem to play a regulatory role in 

controlling AMPAR surface and synaptic expression.  However, a few studies 

have demonstrated that AMPARs themselves can also serve as transducers of 

intracellular signaling cascades.  For example in cultured cerebellum neurons, 

GluR1-4 co-immunoprecipitate with Lyn, a Src-family non-receptor protein 
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tyrosine kinase, and activation of receptors with AMPA stimulates Lyn kinase 

activity in a Ca2+ and activity independent manner.  This in turn led to activation 

of the MAPK pathway, and subsequent induction of BDNF gene expression 

(Hayashi et al., 1999).  AMPAR mediated BDNF induction is thought to play a 

neuroprotective role against glutamate excitotoxicity (Wu et al., 2004).  Another 

illustration of AMPARs controlling gene expression involves AMPAR activity 

negatively regulating transcription of the immediate early gene, Arc/Arg3.1.  

Instead of requiring the Lyn-MAPK pathway, inhibition of Arc/Arg3.1 

transcription relies on activation of a pertussis sensitive Gi protein in cultured 

cortical neurons (Rao et al., 2006).  In support of this link, activation of AMPARs 

prompts association of GluR1 with Gαi1, measured by co-immunoprecipitation in 

cortical cultures (Wang et al., 1997).  Therefore, AMPAR activation most likely 

dissociates the α subunit of the heterotrimeric Gi protein to mediate metabotropic 

control of gene expression.   

ARC: A LINK BETWEEN SYNAPTIC ACTIVITY AND AMPAR 
TRAFFICKING? 

  
Activity regulated cytoskeletal protein (Arc, also known as Activity 

regulated gene of 3.1kb (Arg3.1)) is an immediate early gene induced in response 

to a diverse range of external stimuli, including sensory experience, spatial 

exploration, stress, and cocaine exposure (Chawla et al., 2005; Guzowski et al., 

1999; Ons et al., 2004; Tan et al., 2000).  Similarly, the processing of 
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environmental information demonstrated in long-term memory formation, 

learning and novelty recognition also induce Arc (Gusev et al., 2005; Guzowski et 

al., 2000; Montag-Sallaz and Montag, 2003; Vazdarjanova et al., 2002).  In an 

analogous manner, synaptic activity and LTP-inducing stimuli robustly induce 

Arc specifically in activated areas (Link et al., 1995; Lyford et al., 1995; Moga et 

al., 2004; Steward et al., 1998).  These associations implicate a role for Arc in 

shaping plastic changes spurred by salient stimuli and conscious experience.   

Intriguingly, Arc mRNA is transported into dendrites after induction and 

specifically accumulates at active synapses (Link et al., 1995; Steward et al., 

1998; Steward and Worley, 2001b).  This activity-dependent delivery of Arc 

mRNA suggests that its synthesis at synapses may mediate plasticity and 

encoding of Arc-inducing stimuli.  Consistent with this theory, constitutive 

deletion of Arc or acute inhibition of Arc synthesis with antisense 

oligonucleotides inhibits long-term memory consolidation (Guzowski et al., 2000; 

McIntyre et al., 2005; Plath et al., 2006).  In the dentate gyrus, consolidation of 

LTP requires expansion of the actin cytoskeleton through the sustained synthesis 

of Arc/Arg3.1.  Arc/Arg3.1 synthesis is required for hyperphosphorylation of 

cofilin, which inhibits the action of cofilin in actin filament breakdown 

(Messaoudi et al., 2007).  Therefore, Arc may participate in remodeling the actin 

cytoskeleton to maintain changes in spine morphology seen in LTP.  
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 Recently, Chowdury et al., (2006) defined another role for Arc as a 

regulator of AMPAR endocytosis through its interactions with components of the 

endocytosis machinery dynamin and endophilin.  Consequently, overexpression 

of Arc leads to decreases in postsynaptic AMPA receptor expression and 

excitatory synaptic transmission onto hippocampal CA1 neurons (Chowdhury et 

al., 2006; Rial Verde et al., 2006).  These studies suggest that Arc may have 

multiple roles following different patterns of activity.   

A CRUCIAL MODULATOR IN SYNAPTIC AND FUNCTIONAL 
PLASTICITY: MGLURs 

 
 Metabotropic glutamate receptors (mGluRs) are a family of receptors 

coupled to GTP-binding proteins.  Based upon their sequence homology, they are 

classified into three subtypes: Group 1 (mGluR1 and mGluR5) which are coupled 

to Gq proteins, Group 2 (mGluR2 and mGluR3) and Group 3 (mGluR4,6,7,8) 

which are both coupled to Gi proteins (Conn and Pin, 1997).  Group 1 

metabotropic glutamate receptors are situated perisynaptically adjacent to the 

post-synaptic density (need citation).  Canonically, activation of group 1 mGluRs 

stimulate phospholipase C activity and phosphoinositide hydrolysis, which in turn 

releases second messengers IP3 and DAG, resulting in stimulation of protein 

kinase C (PKC) activation from release of Ca2+ stores (Conn and Pin, 1997).  

However, subsequent studies reveal a broad range of action for mGluRs that go 

beyond its classical signaling properties.  Group 1 mGluRs are linked to a number 



 

28 
 

of signaling pathways including the extracellular signal-regulated kinase 

(ERK)/mitogen-activated protein kinase (MAPK) cascade (Gallagher et al., 2004; 

Mao et al., 2005) and the phosphoinositide-3 kinase (PI3K)/mammalian target of 

rapamycin (mTOR) pathway (Hou and Klann, 2004; Ronesi and Huber, 2008). 

Group 1 mGluRs mediate many long-term adaptive brain processes such 

as learning and memory, postnatal cortical map formation, drug addiction and 

chronic pain (Chiamulera et al., 2001; Frohardt et al., 1999; Hannan et al., 2001; 

Karim et al., 2001; Vezina and Kim, 1999).  Altered group 1 mGluR function and 

regulation has been linked to a myriad of disease states including schizophrenia 

(reviewed in (Pietraszek et al., 2007)), epilepsy (reviewed in (Ure et al., 2006), 

Alzheimer’s disease (Albasanz et al., 2005), and a form of mental retardation 

Fragile X Syndrome (reviewed in (Bear et al., 2004)).  Due to their broad-

reaching role in the nervous system, group 1 mGluRs have become the center of 

intense research as potential targets for therapeutic treatment of these neurological 

disorders.  Despite promising results, more detailed knowledge of specific mGluR 

action will be required to hone putative treatments.   

Activation of group 1 mGluRs via synaptic stimulation (using paired pulse 

low frequency stimulation) or a selective agonist, (RS)-3,5-

dihydroxyphenylglycine (DHPG), induces long-term depression (LTD) of 

excitatory synaptic transmission onto CA1 pyramidal neurons in the hippocampus 

(Fitzjohn et al., 1999; Ito et al., 1992; Kemp and Bashir, 1999; Palmer et al., 
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1997).   In hippocampal area CA1, two distinct types of LTD coexist at 

glutamatergic synapses, NMDA receptor (NMDAR)-dependent and mGluR-

dependent LTD. Both forms lead to a decrease in connection strength at synapses 

between Schaffer collaterals and pyramidal neurons, however they are induced by 

distinct stimulation patterns, require different signaling pathways, and do not 

occlude each other (Oliet et al., 1997). The majority of studies examining LTD in 

the hippocampus have focused on NMDAR-dependent LTD. Consequently, much 

less is known about the mechanisms of mGluR-LTD.   

Surprisingly, mGluR-LTD does not require the activation of PKC or the 

release of Ca2+ from internal stores in accordance with group 1 mGluR activation 

of classical signaling pathways.  Instead, recent studies implicates tyrosine 

phosphatases in mGluR-induced decreases in AMPARs (Moult et al., 2006) and 

suggests that persistent activation of mGluR5 and tyrosine phosphatases is 

required for the expression of mGluR-LTD (Huang and Hsu, 2005).  Treatment of 

hippocampal slices with DHPG resulted in decreased tyrosine phosphorylation of 

GluR2 subunits, which was inhibited by the protein tyrosine phosphatase inhibitor 

orthovanadate.   Treatment with orthovanadate also specifically blocked mGluR-

LTD and mGluR-mediated decreases in surface AMPAR expression (Moult et al., 

2006).  Therefore, mGluR-LTD, like NMDA-depdendent plasticity, may require 

the dephosphorylation of AMPAR subunits.   
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A more recent study described a requirement for the cleavage of neuronal 

pentraxin receptor (NPR) in mGluR-LTD as well.  Upon activation of group1 

mGluRs by DHPG, the matrix metalloprotease (MMP) tumor necrosis factor-α 

converting enzyme (TACE) cleaves NPR from its transmembrane domain, 

allowing cleaved NPR to bind and cluster AMPARs.  Both TACE activity and 

NPR are necessary for AMPAR internalization following mGluR activation and 

mGluR-LTD (Cho et al., 2008).   

MGluR-dependent LTD requires protein synthesis 
 

It has been well established that mGluR-LTD depends on synthesis of new 

proteins.  As mentioned previously, components of protein translation machinery 

are found in dendrites near spines, and perisynaptic mGluRs occupy a prime 

location for activation of translation initiation machinery.  In acute hippocampal 

slices, application of the protein translation inhibitor, anisomycin, but not the 

transcription inhibitor, actinomycin-D, prevents the establishment of long-term 

depression by group 1 mGluR agonist, DHPG or by synaptic stimulation of 

metabotropic receptors.  Because mGluR-LTD requires rapid protein synthesis 

(within minutes) in dendrites and is independent of transcription, mGluR-LTD 

may utilize local or synaptic protein synthesis machinery. In contrast, NMDAR-

dependent LTD is independent of protein synthesis in the first hour (Snyder et al., 

2001) .   Consistent with these findings, activation of Group 1 mGluRs also 
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induces rapid synthesis of synaptic proteins including Fragile X Mental 

Retardation Protein (Weiler et al., 1997), PSD-95 (Todd et al., 2003), tissue 

plasminogen activator (TPA) (Shin et al., 2004) (Shin et al., 2004), GluR2 

(Kacharmina et al., 2000), elongation factor 1a (EF1a) (Ronesi and Huber, 2008), 

and microtubule associated protein 1B (MAP1B) (Davidkova and Carroll, 2007).  

MGluR-LTD requires both ERK and mTOR activation for full expression 

(Gallagher et al., 2004; Hou and Klann, 2004).  Both pathways lead to activation 

of eukaryotic initation factor complex 4F and activation of p70 S6 kinase, 

promoters of protein translation machinery (Banko et al., 2006; Banko et al., 

2005).  Since these pathways converge upon activation of translation machinery, 

they provide a link between mGluR signaling and protein synthesis.  The required 

components of mGluR-LTD: tyrosine phosphatases, TACE and NPR, and protein 

synthesis all act and converge upon the AMPAR. 

MGluR -LTD is mediated by decreases in postsynaptic expression of AMPA 
receptors 
    

 Insight into the contribution of new proteins to LTD came from 

subsequent studies which demonstrated that group 1 mGluRs induce persistent 

decreases in the postsynaptic expression of ionotropic glutamate receptors, which 

also require protein synthesis (Nosyreva and Huber, 2005; Snyder EM, 2001; 

Xiao MY, 2001). DHPG treatment of slices or dissociated neuron culture results 

in a long-term (1 hr) decrease in the surface expression of both AMPARs and 
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NMDARs (Nosyreva and Huber, 2005; Snyder EM, 2001). Protein synthesis 

inhibitors do not block the initial AMPAR endocytosis (15 min), but block the 

late (60 min) decreases in surface expression (Nosyreva and Huber, 2005; Snyder 

EM, 2001). Evidence that AMPAR endocytosis mediates mGluR-LTD comes 

from a study which demonstrates that inhibition of AMPAR endocytosis, using a 

peptide (D15) that interferes with dynamin-amphiphysin interactions, blocks 

DHPG-induced LTD in slices (Xiao MY, 2001). These results have formulated a 

working model of mGluR-LTD. MGluR activation stimulates the endocytosis of 

AMPARs and the synthesis of new proteins. Newly synthesized proteins, which 

we refer to as LTD proteins, regulate the fate of internalized AMPAR receptors, 

and prevent their reinsertion onto the synaptic surface (Fig. 1.3). 

 

 

 

 
Figure 1.3. Working model of mGluR-LTD in the hippocampus. mGluR 
activation leads to a decrease in AMPAR surface expression.  Persistent decreases 
(but not initial) in surface receptor levels require synthesis of new proteins. 

 

A strong LTD protein candidate is MAP1B.  DHPG treatment of cultured 

hippocampal neurons increases MAP1B levels in dendrites through activation of 

the eukaryotic elongation factor 2 (eEF2) kinase pathway, and MAP1B is 



 

33 
 

necessary for DHPG-induced AMPAR endocytosis.  Because DHPG also induces 

increased association of Map1B with GRIP, it is thought that Map1B acts through 

GRIP to lower surface AMPAR expression (Davidkova and Carroll, 2007).  It 

remains to be seen whether or not synthesis of Map1B in response to mGluR 

activation is required for mGluR-LTD. 

Scaffolding protein Homer is required for components of mGluR-mediated 
signaling 
         

Clearly, AMPAR trafficking is an integral component of mGluR 

activation. There is much to learn about how mGluRs alter trafficking pathways 

of AMPARs and the signaling pathways that are involved.  Homer proteins are 

constitutively expressed scaffolding proteins capable of organizing multi-protein 

complexes at the post-synaptic density due to their distinctive dimerization 

properties. There are 15 splice variants of Homer arising from three genes in 

mammals. All forms share a common 110 amino acid EVH1 domain at the N-

terminal, which binds to mGluRs (Brakeman et al., 1997; Kato et al., 1998; Tu et 

al., 1998), Shank (Tu et al., 1999), inositol (1,4,5)-triphosphate receptors (IP3R) 

(Tu et al., 1998), and many other proteins at the postsynaptic density (Duncan et 

al., 2005). Long forms of Homer possess a coiled-coil domain, which enable them 

to dimerize, while short forms lack this domain. Their association with type I 

mGluRs is believed to spatially localize metabotropic receptors to the synapse 

(Xiao et al., 1998).   
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        In addition to their role in orienting mGluRs at the postsynaptic density, 

Homer proteins also contribute to mGluR activation of downstream signaling 

pathways. Using a cell permeable peptide mimicking the mGluR5 c-terminal tail 

(Tat-mGluR5ct) to disrupt the mGluR-Homer interaction, Mao et. al. 

demonstrated that long forms of Homer1b/c participate in mGluR5 activation of 

extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) in the cerebellum 

(Mao et al., 2005).  More recently, use of this same peptide mimic in the 

hippocampus demonstrated the requirement for mGluR-Homer interactions in 

mGluR-LTD and mGluR-mediated translation of EF1a through activation of the 

phosphoinositide 3-kinase (PI3K)-Akt-mammalian target of rapamycin (mTOR) 

pathway (Ronesi and Huber, 2008).   

MGluR-LTD and Fragile X Syndrome 
 
        A role for mGluRs and mGluR-LTD in learning, memory and other forms 

of behavioral plasticity has gained increasing support in recent years.  A strong 

link between mGluR dysregulation and deficits in learning is found in Fragile X 

Syndrome.   

 Fragile X syndrome is a genetic disorder caused by trinucleotide 

expansion within the Fmr1 gene on the X chromosome, which leads to 

transcriptional silencing of fragile X mental retardation protein (FMRP).  FMRP 

is an RNA binding protein that helps form a messenger ribonucleoprotein 
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complex and associates with large polyribosomes in neurons (Eberhart et al., 

1996; Feng et al., 1997; Khandjian et al., 1996).  FMRP has been shown to bind 

to hundreds of neuronal mRNAs (Brown et al., 2001; O'Donnell and Warren, 

2002).  Activation of mGluRs transports FMRP-associated granules into dendrites 

and stimulates synthesis of FMRP at synapses (Todd et al., 2003; Weiler et al., 

1997).  Classically, FMRP was thought to act as a translational suppressor by 

binding transcripts and preventing their translation by polyribosomes 

(Laggerbauer et al., 2001; Li et al., 2001).  Therefore, synthesis of new FMRP 

might serve as a negative feedback mechanism for mGluR-stimulated protein 

synthesis.  New evidence suggests that FMRP may also act as a translational 

activator, especially in the context of mGluR activation (Guzowski et al., 2006; 

Todd et al., 2003).   

Intriguingly, mGluR-LTD is enhanced in the mouse model of Fragile X 

Syndrome, Fmr1 knockout mice.  Moreover, this enhanced form of LTD is 

insensitive to protein synthesis inhibitors (Guzowski et al., 2006; Huber et al., 

2002b).  One interpretation of these data is that loss of FMRP in knockout mice 

leads to unchecked levels of LTD proteins at the synapse, and therefore de novo 

synthesis of new proteins is no longer required to support LTD following mGluR 

stimulation.  This theory is further supported by findings that in Fmr1 knockout 

mice, mGluR-mediated decreases in AMPAR surface expression, which normally 
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rely on new protein synthesis, persist in the presence of anisomycin (Nosyreva 

and Huber, 2006).   

These findings motivated the mGluR theory of Fragile X, which predicts 

that other mGluR- and protein synthesis dependent forms of plasticity are 

enhanced in Fragile X Syndrome, and symptoms or deficits associated with 

Fragile X can be relieved by in vivo inhibition of group 1 mGluRs (Bear et al., 

2004).  In the past few years, there have been a number of studies which support 

the mGluR theory of Fragile X, indicating that there is either a general 

upregulation of group 1 mGluR function or plasticity associated with Fragile X 

Syndrome (Chuang et al., 2005; Koekkoek et al., 2005; McBride et al., 2005; Yan 

et al., 2005).  Furthermore, siRNA knockdown of FMRP protein leads to an 

increase in basal AMPAR internalization that is only partially blocked by protein 

synthesis inhibitors (Nakamoto et al., 2007).  This effect may be caused by 

aberrant expression of AMPAR endocytotic machinery, which can be further 

hijacked by mGluR stimulation, leading to enhanced mGluR-LTD. 

A recent study observed decreased association of mGluR5 with long forms 

of Homer1b/c in Fmr1 KO mice, demonstrating a molecular basis for uncoupling 

of mGluR function to downstream signaling components (Giuffrida et al., 2005).  

Additionally, activation of PI3K-mTOR is absent following mGluR stimulation in 

FMR1 KO mice, and mGluR-LTD remains despite disruption of mGluR-Homer 

interactions (Ronesi and Huber, 2008).   
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Identification of the new proteins involved in mGluR-LTD may help 

clarify the role of altered mGluR function in Fragile X and lay the groundwork for 

similar, future experiments in Fmr1 KO mice.  Determining what proteins are 

required for mGluR-LTD will not only provide information about the basic 

mechanisms of mGluR mediated plasticity but may provide a framework for 

understanding how mGluRs contribute to addiction, chronic pain, epilepsy, 

mental retardation and autism.  

MOTIVATION FOR STUDIES 
 

Despite the vast amount of research conducted over the past decade or so 

dissecting the mechanisms of AMPAR trafficking in synaptic plasticity, many 

significant, open questions remain to be addressed in the field: How is persistence 

of synaptic plasticity maintained following brief stimulation?  Does AMPAR 

trafficking play the same role in NMDAR-independent LTD as in mGluR- LTD?  

What are the critical downstream pathways from mGluR stimulation to AMPAR 

trafficking?  How are these mechanisms of synaptic plasticity linked to learning 

and memory? 

While many researchers have examined ligand-dependent AMPAR 

trafficking, there remains a sizeable dearth in the literature concerning mGluR-

mediated AMPAR trafficking.  So far, only a few studies have examined the 

mechanisms by which mGluR activation induces AMPAR endocytosis 
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(Davidkova and Carroll, 2007; Snyder EM, 2001; Xiao MY, 2001), and little is 

known about how persistent decreases in AMPAR surface expression are 

maintained .  Because mGluRs play a critical role in higher cortical brain 

function, and the maintenance of synaptic strength following synapse stimulation 

is a key component underlying plasticity, the mechanisms through which mGluRs 

alter synaptic strength are relevant to our models of learning and memory. 

A unique property of DHPG-induced LTD is its reversal by mGluR 

antagonists, even when applied hours after the induction stimulus (Fitzjohn et al., 

1999; Palmer et al., 1997; Volk et al., 2006; Watabe et al., 2002) .  How can 

mGluR-LTD be transiently reversed if it is mediated by a reduction in surface 

AMPARs? One possibility is that mGluR-LTD is maintained by an increase in the 

rate of AMPAR endocytosis which relies on persistent mGluR activity.  In my 

studies, I found that mGluR activation results in long-term increases in AMPAR 

endocytosis rates of up to an hour.  

Additionally, nothing is known about the fate of AMPARs endocytosed 

after mGluR stimulation. Because different types of stimuli affect sorting of 

AMPARs into different pathways after internalization, AMPARs may be 

trafficked differently in response to activation of mGluRs versus NMDARs.  In 

Chapter 3, I investigate which endocytic compartments AMPARs enter after 

mGluR stimulation, and whether AMPARs are targeted to and degraded by 

lysosomes.   
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In an effort to determine the critical components of mGluR signaling to 

AMPAR endocytosis, I examined the role of Homer proteins in mGluR-mediated 

AMPAR endocytosis.  Due to their capacity to 1) physically link mGluRs to the 

postsynaptic density, 2) couple mGluRs to other receptors, 3) transmit mGluR 

signaling to downstream pathways, and 4) activate protein translation machinery, 

Homer proteins are good candidates for mediating mGluR-, protein synthesis-

dependent regulation of ionotropic glutamate receptors.  

Finally, a key pursuit in understanding learning, memory and adaptive 

behavior is uncovering the links between experience-driven sequelae and synaptic 

plasticity.  Arc is a gene induced following many types of experience, but the 

evidence for Arc involvement and function in synaptic plasticity is weak.  

Previous studies implicate a role for Arc induction in LTP, yet Arc is involved in 

AMPAR endocytosis, a task more in line with LTD.  MGluR-LTD is an alluring 

form of synaptic plasticity because it requires the rapid synthesis of local proteins.  

The presence of Arc mRNA in dendrites and its role in AMPAR endocytosis 

make Arc a strong mGluR-LTD protein candidate.  Because I find that the 

persistence in AMPAR trafficking after brief mGluR stimulation requires protein 

synthesis, I evaluated the putative role of Arc as and LTD protein and modulator 

in mGluR-LTD and AMPAR trafficking.  
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CHAPTER TWO: MGluR-Stimulated AMPAR Endocytosis 

BACKGROUND 
 
Brief Activation of mGluRs Persistently Elevates AMPAR Endocytosis in a 
Protein-Synthesis Dependent Manner 
 
 In hippocampal CA1 neurons, specific stimulation of group 1 mGluRs 

causes a long-lasting decrease in synaptic strength (Oliet et al., 1997; Palmer et 

al., 1997).  This form of LTD requires local protein synthesis and protein tyrosine 

phosphatase activity, but does not require Ca2+ influx or release of Ca2+ from 

internal stores (Huber et al., 2000; Moult et al., 2006; Palmer et al., 1997).  The 

induction of mGluR-LTD at synapses unsurprisingly is accompanied by a 

decrease in surface AMPAR expression.  This decrease in surface AMPARs can 

be observed by immunostaining of native receptors for up to an hour after 

treatment with group 1 mGluR agonist.  Manipulations that perturb mGluR-LTD 

also affect AMPAR trafficking.  Protein translation inhibitors cyclohexamide and 

anisomycin have no effect on the initial decrease in AMPARs seen at 15 minutes 

after mGluR stimulation by DHPG, but they prevent the persistent decrease of 

surface AMPARs observed an hour after DHPG application.  Application of 

orthovanadate to inhibit protein tyrosine phosphatase activity inhibits both 

mGluR-LTD and accompanying decrease in surface AMPAR expression.   

 Inhibition of AMPAR trafficking also affects mGluR-LTD.  In whole cell 

recordings of hippocampal slices, introduction of D15, a peptide designed to 
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disrupt dynamin interactions with amphiphysin and prevent endocytosis, into the 

recording pipette blocked mGluR-LTD following bath application of DHPG 

(Xiao MY, 2001).  While some researchers have observed an increase in paired 

pulse facilitation ratio and increased coefficient of variation in EPSCs following 

DHPG (Palmer et al., 1997), which suggest a change in pre-synaptic release 

probability, the observation that DHPG-LTD can be blocked using a peptide 

introduced into the postsynaptic cell makes a strong argument that expression of 

DHPG-LTD is mostly postsynaptic.  However, often there is a 5-15 minute period 

after DHPG application in which the decrease in evoked AMPAR responses 

seems refractory to postsynaptic injections of protein synthesis inhibitors or D15 

peptide (Huber et al., 2000; Xiao MY, 2001).  It is possible that the decrease in 

excitatory transmission in the brief time period following DHPG application is 

caused by a presynaptic change and would explain the observational 

discrepancies.   

In this study, we sought to examine the mechanism through which 

AMPARs are decreased at the surface following brief mGluR activation.  While 

previous studies suggest AMPAR endocytosis is likely, because AMPARs are 

constitutively recycled to and from the surface we cannot rule out the possibility 

that decreased AMPAR reinsertion is mediating decreases in surface AMPAR 

expression.  Here we present more evidence that following mGluR stimulation, 
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AMPARs are endocytosed and furthermore that the rate constant of endocytosis is 

persistently elevated even an hour after DHPG application.   
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MATERIALS AND METHODS 
 
Dissociated Hippocampal Culture 

CA1/CA3 regions of hippocampi were isolated from P0-P2 hooded Long 

Evans rats and cultures prepared as described previously (Lin et al., 2000). 

Briefly, dissected hippocampi were trypsinized for 10 min, and cells dissociated 

by trituration.  After centrifugation, neurons were plated in Neurobasal A medium 

supplemented with B27, 0.5μM glutamine, and 1% fetal bovine serum at high 

density (800 neurons/mm2; for biotinylation experiments) onto 6 well plates or 

low density (250 neurons/mm2; for immunocytochemistry) on glass coverslips 

coated overnight with 50 μg/ml poly-D-lysine and 25 μg/ml laminin.  Cultures 

were fed at 1 day in vitro (DIV) and every 3 days afterwards by replacing half the 

media with serum-free media containing 1μM Cytosine arabinoside (AraC). 

Experiments were performed at 19-22 DIV. 

Drug Treatments 

Stimulation of Group 1 mGluRs was accomplished with 100 μM R,S-

dihydroxyphenylglycine (DHPG) for 5 minutes. NMDA-LTD was elicited via 20 

μM NMDA for 3 minutes. Unless otherwise noted, all experiments were pre-

incubated with and performed in the presence of 1 μM tetrodotoxin (TTX; 15-60 

min). For inhibition of protein synthesis, cultures were preincubated for 20 
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minutes and maintained in 20 μM anisomycin (prepared in H20).  Vehicle controls 

were performed on sister cultures.   

Surface Receptor Biotinylation 

High density hippocampal cultures (800 neurons/mm2) were treated with 

media, DHPG or NMDA.  After 10 min., neurons were cooled to 4ºC to halt 

endocytosis.  Cells were incubated in 1 mg/mL EZ-link-NHS-biotin (Pierce) for 

20 min.  After washing with Tris-buffered saline (TBS), neurons were lysed in 

Radio-Immuno Precipitation Assay (RIPA) Buffer containing: 50 mM Tris-HCl, 

pH 7.4, 1% Triton X100, 0.1 % SDS, 0.5% Na-deoxycholate, 150 mM NaCl, 2 

mM EDTA, 50 mM NaH2PO4, 50 mM NaF, 10 mM Na4P2O7, 1mM Na3VO4, and 

protease inhibitor cocktail III (Calbiochem, La Jolla, CA), and centrifuged at 

14,000 g for 15 min at 4°C.  Ten μg of protein was removed for total (T) protein 

measurements and 100 μg of protein were mixed with 100 μl of Immobilized 

NeutrAvidin beads (Pierce) by rotating for 3 h at 4°C.  Beads were washed with 

10 volumes of RIPA buffer.  Biotinylated proteins were eluted by boiling for 20 

min in sample buffer.  Eluted proteins were separated by SDS-PAGE and 

immunoblotted with 1° antibodies against GluR1 (1:5000, Upstate 

Biotechnology), anti-GluR2/3 N-terminal antibody (1:1000, Chemicon) and HRP-

conjugated 2° antibody.  Immunoreactive bands were visualized by enhanced 

chemiluminescence (ECL) and captured on Biomax autoradiography film 

(Kodak).  Digital images, created by densitometric scans of autoradiographs on a 
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ScanJet 4300C (Hewlett Packard) were quantified using ImageJ software.  

Surface GluR levels were normalized to GluR values from input or total protein 

samples. 

Internalization Biotinylation Assay 

To measure internalized receptors, cultures were treated 1 hour after  

stimulation with 2 minutes of cleavable EZ-link-NHS-SS-biotin (Pierce) at 37ºC, 

and subsequently incubated for 5,15 or 30 minutes at 37ºC to allow for 

endocytosis.  Remaining surface biotin was stripped off with 50 mM cold 

glutathione twice for 20 min.  After quenching with cold 50 mM iodoacetamide, 

neurons were lysed in RIPA buffer and processed as described above. 

Immunostaining 

Surface changes of AMPAR subunit GluR1 were observed in low density 

cultures (250 neurons/mm2) treated with media, DHPG or NMDA.  After 

treatment, neurons recovered in conditioned media with TTX for 10 or 60 minutes 

before fixation with 4% paraformaldehyde (PFA) for 15 min. at 37ºC.  After 

blocking with 5% goat serum in PBS at room temperature (RT), neurons were 

labeled with N-terminal GluR1 antibody (1:50; Calbiochem) for 1 hour and 

stained with AlexaFluor488-conjugated secondary antibody (Molecular Probes) 

for 1 hour.   

Ratiometric measurements of internalized and surface GluR1 (Figs. 1E 

and 5E) were performed as described (Lin et al., 2000).  One hour after DHPG or 
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NMDA treatment, live neurons were incubated with the N-terminal GluR1 

antibody (1:10) for 15 min. at 37ºC.  Neurons were then fixed with under 

nonpermeabilizing conditions (4% PFA; 37ºC; 15 min) and incubated for 1 hour 

with AlexaFluor488 secondary antibody.  After permeabilization with 0.1% 

TritonX-100 for 10 min., neurons were labeled for 1 hour with AlexaFluor555 

secondary antibody.  Fluorescence images were acquired on a Nikon TE2000 

microscope with a cooled CCD camera (CoolSnap HQ; Roper Scientific) and 

quantified with Metamorph software (Molecular Devices).  Healthy neurons are 

first identified by their smooth soma and multiple processes under DIC 

microscopy.  GluR1 immunoreactive puncta are defined as discrete points along a 

dendrite (within 50 μm from the soma) with fluorescence intensity at least twice 

the background staining of a region adjacent to the dendrite.  For each neuron 

GluR1 puncta are analyzed in 3 dendrites.  The GluR1 puncta values (number, 

area, average fluorescence intensity) from each dendrite were averaged and 

represent the value for that cell and this value equals an n of 1.  5-30 cells were 

analyzed per condition in each culture.  N values are indicated on the bar graphs 

of group data in each figure.  Statistical comparisons were performed with the n = 

to number of cells.  All experiments were performed on at least 2 separate 

cultures with three different coverslips per condition. 
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Equations for Determining Endocytosis Rate and Rate constants 

The AMPA receptor pools can be described as follows: 

IST RRR +=           Eq. 1, 

where RT is the total number of receptors, Rs is the number of receptors at the 

surface, and RI is the number of internal receptors. 

In a simplified model, the entire pool of receptors at the surface is available for 

endocytosis, and the entire pool of internal receptors is available for exocytosis.   

At steady state, the rate of endocytosis equals the rate of exocytosis: 

     Eq. 2   
 
 
 
 
 
 
 
 
 
 
 
     

   Eq. 3 
 

 

Based upon steady state concentrations of receptors at the surface and total 

receptors, a ratio of the rate constant of endocytosis (kendo) to the rate constant of 

exocytosis (kexo) can be determined from Eq. 3. 
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Empirically, the rate constant of endocytosis (kendo) can be determined from pulse 

chase experiments, where surface receptors are pulsed with a biotin label and 

chased with media to allow for endocytosis.  After stripping of remaining surface 

biotinylated proteins, internalized receptors (or the change in surface receptors, 

ΔRS) can be measured, as long as the change in time (Δt) is small relative to the 

percentage of internalized receptors (ΔRS) to surface receptors (RS).   

tR
R

k

tkRR

S

S
endo

endoSS

Δ⋅
Δ

=

Δ⋅⋅=Δ

   Eq. 4 

Using the rate constant of endocytosis (kendo) obtained from Eq. 4, one can also 

determine the rate constant of exocytosis (kexo) using the ratio obtained from Eq. 

3. 
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A more rigorous derivation of the equation for the intracellular accumulation of 

receptors will yield the time constant of endocytosis (τ) , where τ = kendo + kexo. 
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RESULTS 
 
Group 1 mGluR activation leads to decreased AMPAR surface expression 

      Before examining the mechanism of persistant changes in AMPAR 

trafficking following mGluR activation, we first established an experimental 

system in dissociated hippocampal cultures.  To test whether mGluR activation 

decreases AMPAR surface expression in this system, we stimulated dissociated 

hippocampal cultures with the group I mGluR agonist DHPG  (100 μM, 5 

minutes).  This treatment caused significant decreases in surface expression of 

AMPA GluR1 and GluR2/3 subunits as shown using surface biotinylation (Fig. 

2.1c,d) and fluorescent labeling of GluR1 under non-permeabilizing conditions 

(Fig. 2.1a, b,   n=3 cultures).   

In western blots of GluR2/3, I noticed a double band centered around 105 

kD present in the total fraction.  Biotinylated surface GluR2/3 solely ran at the 

higher molecular weight corresponding to the top band in total fractions.  This is 

most likely represents the glycosylation state of the GluR2/3 subunit (Standley 

and Baudry, 2000).  The higher molecular weight band corresponds to the mature, 

glycosylated form of GluR2/3, while the lower band represents a more immature 

GluR2/3 subunit.  As expected, only mature, glycosylated GluR2/3 subunits are 

found at the cell surface, but notably, mature GluR2/3 subunits seem to only 

represent a small fraction of the total GluR2/3 pool.   



 

51 
 

 

Figure 2.1.  Brief mGluR activation induces a persistent decrease in surface 
GluR1 and GluR2/3 expression.  A, Representative images of surface GluR1 
staining in low-density dissociated hippocampal neurons 15 min (early) or 1 hour 
(late) after treatment with media or DHPG (100 µM; 5 min). Scale bars = 10 μm.  
B, Quantification of surface GluR1 puncta number from group data.  N = # cells 
per condition is on each bar.  Data pooled from 3 cultures each. C,  
Representative blots of total (T) and biotinylated surface (S) GluR1 and GluR2/3 
subunits from high-density dissociated hippocampal neuron cultures 15 min or 
one hour after DHPG treatment in media. D, Brief DHPG treatment decreases of 
surface GluR1 and GluR2/3 subunits relative to untreated cultures, as measured 
by western blot following biotinylation of surface receptors. N = # cultures per 
condition is on each bar. * p <0.05. 
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Decreases in surface GluR1 occurred 15 minutes after onset of DHPG 

treatment and persisted up to an hour after DHPG removal.  Moreover, the 

persistent decrease in surface AMPARs depended on protein translation, since 

application of translation inhibitor anisomycin (25 μM), blocked the late surface 

decreases in GluR1 expression (Fig. 2.2).  In contrast, decreases in surface 

AMPARs as a result of NMDAR activation (20 mM, 3 minutes) were resistant to 

the effects or protein synthesis inhibitors as measured by surface AMPAR 

immunostaining (Fig. 2.2).  These results exactly corroborate previous studies 

examining AMPAR surface expression after DHPG and NMDA treatment 

(Davidkova and Carroll, 2007; Nosyreva and Huber, 2006; Snyder et al., 2001) 

and validate our experimental methodology.  

 
 

 
 
 

Figure 2.2.  Brief mGluR activation induces a persistent and protein 
synthesis dependent decrease in GluR1 surface expression.  A, Representative 
blots of surface (S) and total (T) GluR1 from high-density dissociated 
hippocampal neuron cultures one hour after DHPG or NMDA treatment in media 
or in the presence of anisomycin (Aniso). B, Brief DHPG treatment (100 μM; 5 
min) results in persistent (60 min) decreases of surface GluR1.  Preincubation of 
cultures in anisomycin (20 μM) blocks surface GluR1 decreases.  Application of 
NMDA (20 μM; 3 min) also results in a persistent (60 min) decrease in surface 
GluR1.  N = # cultures per condition is on each bar.  C, Brief NMDA treatment of 
hippocampal cultures results in persistent decreases of surface AMPAR as 
measured by surface immunostaining of GluR1.  This decrease is unaffected by 
the presence of anisomycin.  N=# cells per condition is on each bar. Data pooled 
from 2 cultures.  ** p < 0.01. 
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Group 1 mGluR activation persistently increases AMPAR endocytosis  

        Next, we set out to determine if DHPG-induced decrease of surface 

AMPARs was accompanied by a change in the internalization rate.  Surface 

receptors were pre-labeled with a cleavable form of biotin, treated with DHPG, 

and labeled receptors were allowed to internalize at 37ºC for 15 minutes (Fig. 

2.3).  AMPAR internalization rates were quantified after stripping the biotin left 

on the cell surface with a reducing agent. Fifteen minutes after DHPG application, 

the number of internalized GluR1 subunits increased to 175.7 + 26.2% relative to 

control sister cultures, and internalized GluR2/3 subunits increased to 125.6 + 

13.0% compared to internalized subunits in control groups (Fig. 2.3).   

To determine whether the rate of AMPAR endocytosis was persistently 

increased, hippocampal neurons were labeled 40 minutes after DHPG treatment, 

however the time allowed for endocytosis (15 minutes) remained the same.  Using 

these conditions, we found no difference between control and DHPG-treated 

cultures an hour after treatment washout (Fig. 2.3).  However, we could not rule 

out that one hour following DHPG treatment, AMPAR endocytosis was not 

elevated because our methods did not address two vital factors: 1) Based upon the 

results described previously that DHPG causes a reduction in surface AMPARs, 

surface labeling of AMPARs after DHPG treatment will result in less initial 

labeling of receptors compared to surface labeling prior to treatment.  We 
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Figure 2.3. Brief mGluR activation induces an increase in early AMPAR 
internalization. A, Schematic of surface biotin labeling (B) and DHPG treatment 
to measure AMPAR internalization B, Representative blots of internal (I)  (100 
µg) pulldown and total (T) (10 µg protein) GluR1 and GluR2/3 from high-density 
dissociated hippocampal neuron cultures labeled with biotin either before DHPG 
treatment (early) or 40 minutes after DHPG treatment (late).  Labeled surface 
receptors were allowed to internalize for 15 minutes at 37 ºC.  Brief DHPG 
treatment (100 μM; 5 min) results in an early increase in GluR1 and GluR2/3 
endocytosis measured with receptor biotinylation relative to control,or media 
treated, cultures.  In cultures labeled with biotin 40 min after DHPG, measured 
GluR1 and GluR2/3 endocytosis rates were not elevated. N = # cultures per 
condition is on each bar. * = p < 0.05. 
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can address this concern by taking a ratio of internalized receptors to surface 

receptors for a better estimate of AMPAR endocytosis rate.  2) A time window of 

15 minutes for receptor internalization may lead to an underestimation of 

internalized AMPARs if rapid recycling is occurring.  To address this concern, we 

varied the amount of time allowed for endocytosis and plotted intracellular 

accumulation of GluR1 as a function of endocytosis time (Fig. 2.4).  This 

experiment determined that saturation of the intracellular accumulation curve 

occurred at 20 and 15 minutes for control and DHPG-treated cultures, indicating 

that a 15 minute endocytosis time window would yield an inaccurate rate of 

GluR1 endocytosis.   

 
 
 
 
 
 
 
 
 

Figure 2.4. Brief DHPG treatment alters time-dependent GluR1 intracellular 
accumulation.  A, Representative western blots of internalized (I, 100 µg 
pulldown) and total (T, 10 µg) GluR1 in high-density dissociated hippocampal 
neuron cultures. One hour after treatment with media or DHPG, surface receptors 
were labeled with biotin and allowed to internalize at 37ºC for 5,15 or 30 minutes, 
after which the remaining surface biotin was stripped off and internalized, 
biotinylated GluR1 was measured. B, Quantification of internalized/total GluR1 
levels from data in C reveal that GluR1 endocytosis is not saturated at early time 
points (5 min) in either control or DHPG-treated cultures and therefore reflects 
endocytosis rate. N = 5 cultures per condition. A best fit single exponential 
association function (using the Marquardt and Levenberg method) was used to 
obtain a τ for endocytosis. 
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In light of these findings, we reexamined the rate of AMPAR one hour 

after DHPG treatment.  To determine if mGluR-LTD correlates with persistent 

changes in GluR1 internalization rate, one hour after DHPG application, surface 

receptors were labeled with a cleavable form of biotin,and allowed to internalize 

at 37ºC for 5 minutes.  Biotin bound on remaining surface receptors was then 

cleaved and internalized receptors, as well as total GluR1 levels, were measured.  

In these measurements, total GluR1 levels were not affected by DHPG (107 ± 7% 

of control; n = 17 cultures; p = 0.5), and therefore were used to normalize the 

internalized receptors within the same sample.  According to this assay, the 

accumulation of intracellular GluR1 (during the 5 min endocytosis period) one 

hour after DHPG increased to 263 ± 57% above control cultures (Fig. 2.5).  These 

data indicate that even one hour after DHPG treatment, we observed an increase 

in endocytosis rate.  
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 Figure 2.5. Brief mGluR activation induces a persistent and protein synthesis 
dependent increase in GluR1 endocytosis rate. A, Representative blots of surface 
(S), internalized (I) (100 µg pulldown) and total (T) GluR1 (10 µg protein) from 
high-density dissociated hippocampal neuron cultures one hour after DHPG or 
NMDA treatment in media or in the presence of anisomycin (Aniso).  B, Brief DHPG 
treatment (100 μM; 5 min) results in persistent (60 min) decrease in surface 
GluR1and increases in endocytosis rate for GluR1 measured with receptor 
biotinylation relative to control, or media treated, cultures. Preincubation of cultures 
in anisomycin (20 μM) blocks the surface GluR1 decreases and GluR1 endocytosis 
rate increases. In contrast, application of NMDA (20 μM; 3 min) results in a 
persistent (60 min) decrease in surface GluR1, but does not persistently alter GluR1 
endocytosis rate. N = # cultures per condition is on each bar. C, Representative 
double-label images of surface (green) and intracellular (red) staining of GluR1 in 
low-density dissociated hippocampal neurons.  Live cultures were labeled with N-
terminal GluR1 antibody one hour after treatment with media (Control), DHPG or 
NMDA. D, Left: Representative proximal dendrites from images of merged surface 
and intracellular GluR1 immunostaining. Right: Ratiometric analysis of internal to 
surface GluR1 puncta number reveal that one hour after treatment, DHPG, but not 
NMDA, persistently increases the internalization rate constant for GluR1. N = # cells 
per condition is on each bar. Scale bars = 10 μm. Data pooled from 4 cultures each. 
For all figures * p < 0.05; ** p < 0.01; ***p< 0.001*. 
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 In principle, this increased rate, accompanied by decreased surface 

GluR1, could be due to either an increase in the endocytosis rate constant (kendo) 

or a decrease in the exocytosis rate constant (kexo) (assuming a model of 1st order 

kinetics; see Materials and methods).  Two separate calculations, one made 

through measuring dynamic receptor internalization and the other made using 

steady state receptor levels, indicate the former.  In a two pool receptor model 

where all surface receptors are available for endocytosis, the internalization rate 

constant can be calculated as the slope of a plot between the ratio of internalized 

to surface AMPAR versus time (see Methods).  With this approximation, the 

relative change in the endocytosis rate constant (kendo) using internalized GluR1 

values obtained from the 5 minute time frame, an hour after DHPG washout, 

reveals that kendo for GluR1 increased by a factor of 4.4 relative to control, 

untreated, sister cultures.  Using steady state surface GluR1 levels, we can also 

calculate the effects of DHPG on the ratio of the endocytosis to exocytosis rate 

constants (kendo/kexo) which reveals an increase of similar magnitude (Fig. 2.6).   
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Figure 2.6.  DHPG results in a persistent increase in endocytosis rate 
constant (kendo)   A, The ratio of endocytosis/exocytosis rate constants (kendo / 
kexo) for GluR1 was calculated from steady-state measurements of surface and 
total GluR1 in high-density cultures one hour after brief DHPG treatment (shown 
in Fig. 2.5) based on the simplified model described in Materials and Methods 
(Eq. 3).  B,  Plotted are calculated values for kendo based upon measurements of 
internal accumulation of GluR1 in 5 min, one hour after brief DHPG treatment 
(from Fig. 2.5) using Eq. 4.  N = # cultures per condition is on each bar.  * p 
<0.05. 

 
To obtain a time constant for endocytosis, we fit the data obtained from 

the time-depdendent internalization assay to a single exponential function.  This  

revealed a time constant of endocytosis (τ) of 10.2 ± 2 min for control cultures 

which is consistent with previous measurements (Ehlers, 2000; Lee et al., 2004; 

Lin et al., 2000).  One hour after DHPG the time constant for GluR1 endocytosis 

became more rapid (τ = 5.5 ± 1 min; Fig. 2.4).  With a first order kinetic model, τ 

= 1/(kendo + kexo).  Therefore, if τ decreases after DHPG, then the sum of kendo and 

kexo must increase.  Because the endocytosis rate goes up, this strongly points to 

an increase in kendo. 
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NMDA receptor dependent-LTD also results in long-term decreases in 

surface AMPARs (Carroll RC, 1999; Colledge et al., 2003).  To determine if 

NMDAR-LTD is associated with persistent increases in GluR1 endocytosis rate, 

cultures were treated with NMDA (20 μM, 3 minutes), which elicited long-term 

decreases in surface GluR1 (65 ± 9%), but did not persistently alter GluR1 

endocytosis rate (92 ± 26%), in contrast to mGluR stimulation (Fig. 2.3).  

MGluR-induced long-term increases in GluR1 internalization were also detected 

using immunofluorescence and ratiometric measurements of internalized to 

surface GluR1 puncta within the same neuron (Lin et al., 2000) (Fig. 2.5).  One 

hour after DHPG treatment, the internal to surface ratio of GluR1 was elevated to 

24 ± 6% above control, untreated, neurons, whereas NMDA treated cultures 

showed no long-term change in GluR1 internalization rate.   

Inhibition of mRNA translation prevents DHPG-induced LTD and the 

associated decreases in surface GluR1 (Huber et al., 2000; Snyder et al., 2001).  

Here, we observed that the translation inhibitor anisomycin (25 μM) blocked the 

late surface decreases in GluR1 expression as well as the persistent increase in 

GluR1 endocytosis rate after DHPG treatment.  In contrast, NMDA- induced 

decreases in surface GluR1 persisted in anisomycin (Figs. 2.2, 2.5).  These results 

suggest that the persistent increases in GluR1 endocytosis rate mediate the 

mGluR-induced prolonged decreases in surface GluR1, and therefore LTD.  They 
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also suggest that mGluR-LTD requires new synthesis of a rate-limiting protein for 

GluR1 endocytosis.   
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DISCUSSION 
 

In this study, we provide evidence that mGluR activation causes persistent 

increases in AMPAR endocytosis rates in hippocampal neurons using two 

experimental approaches, receptor biotinylation and live antibody feeding.  This is 

a novel and distinct mechanism by which decreased levels of AMPARs are 

maintained at the cell surface.  Because GluR1 accumulation was measured for a 

brief period of time (5 min; before saturation; Fig. 2.5), we assert that this is 

primarily a reflection of endocytosis rate.  This is based in part on previous work 

in cultured neurons that the time constant for GluR1 recycling is about 10 min 

(Ehlers, 2000).  Therefore, recycling is not likely to significantly decrease the 

intracellular GluR1 accumulation measurements.  The increases in receptor 

endocytosis rate we observed using receptor biotinylation were much greater than 

observed with ratiometric immunofluorescence (Fig. 2.5) which is likely due to 

recycling of GluR1 during the longer endocytosis periods required for the 

immunofluorescence experiments.  In order to achieve a detectable fluorescent 

signal, neurons were labeled with GluR1 antibody and AMPARs were allowed to 

internalize at 37ºC for 15 minutes.  Additionally, antibody-labeling of GluR1 

slows internalization in comparison to biotin labeling (Lin et al., 2000).  Because 

we observe decreases in both surface GluR1 and GluR2/3 (Fig. 2.1), similar 

persistent alterations in GluR2 endocytosis rates may also occur after DHPG.     
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DHPG treatment results in an increase of the AMPAR endocytosis rate 

constant that can be observed even an hour after agonist washout.  To maintain an 

elevated endocytosis rate constant without depleting the level of surface receptors, 

either the internal pool of AMPARs must increase and/or the AMPAR rate 

constant of exocytosis (kexo) must increase.  Both scenarios are likely 

possibilities.  GluR1 and GluR2 mRNA granules are visualized in dendrites of 

cultured neurons using high-resolution FISH, and  group 1 mGluR activation 

promotes transport of GluR2 mRNA into dendrites (Grooms et al., 2006).  

MGluR activation of transected dendrites from hippocampal cultures also 

increases GluR2 synthesis and  membrane insertion (Kacharmina et al., 2000) . 

Moreover, there is some evidence demonstrating GluR2 synthesis and insertion 

into synapses following cocaine and DHPG-induced LTD in the ventral tegmental 

area (Mameli et al., 2007).  Therefore an increase in AMPAR synthesis may 

increase the intracellular pool and help maintain a steady level of surface 

AMPARs.  The AMPAR rate constant may also increase after group 1 mGluR 

activation, however because we did not directly measure kexo, or RI,  we cannot 

distinguish between these two possibilities. 

Although induction of NMDAR-LTD also elicits a prolonged decrease in 

surface AMPAR levels, this decrease is not maintained by persistent increases in 

AMPAR internalization rates.  Previous studies provide evidence that NMDA 

treatment shuttles internalized AMPA receptors into a lysosomal pathway, 
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thereby decreasing the pool of recycling AMPARs and subsequently decreasing 

surface levels of AMPARs (Ehlers, 2000).  Alternatively, NMDA treatment may 

decrease the reinsertion rate of AMPARs.  The differences in AMPAR trafficking 

following activation of different long-term depression paradigms highlight the 

complexity of surface AMPAR regulation. 

Additionally, we find that persistent increases in mGluR-mediated 

AMPAR endocytosis rely on protein synthesis.  Our data provide mounting 

evidence that activation of mGluRs induces the synthesis of new proteins which 

maintain decreases in surface AMPAR expression.  Here, we define an important 

role for these new proteins in the maintenance of DHPG-induced internalization 

of AMPARs and the increase in AMPAR endocytosis rate.  While many proteins 

interact with AMPAR subunits and play a role in regulating AMPAR trafficking, 

none of these AMPAR-interacting proteins have been shown to be upregulated in 

the context of synaptic plasticity.  A recent study proposed a role for microtubule-

associated protein 1B (MAP1B) in mGluR-mediated endocytosis of AMPARs.  

Although this work is highly compelling and promising, the researchers in the 

study did not examine the necessity of MAP1B in mGluR-LTD.  The following 

chapters will examine another candidate LTD protein, activity regulated 

cytoskeleton associated protein (Arc).   
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CHAPTER THREE: AMPAR Degradation by Lysosomes 

BACKGROUND 
 
AMPARs are Degraded by Lysosomes Following Brief MGluR Activation 
 

Another way to persistently maintain decreased levels of AMPARs at the 

cell surface is by depleting the intracellular receptor pool available for AMPAR 

reinsertion.  While enhanced endocytosis rates of receptors alone can lead to a 

decrease in AMPAR surface expression, trafficking of AMPARs to intracellular 

compartments that either degrade or retain AMPARs may also contribute to a 

reduction in surface expression.  Internalized receptors traffic through various 

vesicular compartments and are sorted to different destinations.  Receptors 

earmarked for degradation are trafficked to late endosomes and lysosomes 

(Bonifacino and Traub, 2003; Gruenberg, 2001).  After stimulation with AMPA, 

NMDA or insulin, AMPARs initially colocalize with early endosomal markers, 

EEA1 and Rab5, and later with recycling endosomal markers, TfR, syntaxin-13 

and Rab4 (Ehlers, 2000).  AMPAR degradation via lysosomes occurs in response 

to AMPA treatment (Ehlers, 2000), and while controversial, both AMPA and 

NMDA treatment have been shown to colocalize AMPA receptors with lysosomal 

marker, Lamp1 (Ehlers, 2000; Lee et al., 2004).  Here, I present evidence that 

AMPARs internalized in response to mGluRs are targeted for lysosomal 

degradation in a protein synthesis-dependent manner.   
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MATERIALS AND METHODS 
 
Dissociated Hippocampal Culture  

CA1/CA3 regions of hippocampi are isolated from P0-P3 hooded Long 

Evans rats and cultures prepared as described previously (Brewer et al., 1993; Lin 

JW, 2000).  

Drug Treatments 

Stimulation of Group 1 mGluRs was accomplished with 100 μM R,S-

dihydroxyphenylglycine (DHPG) for 5 minutes. All experiments were pre-

incubated with and performed in the presence of 1 μM tetrodotoxin (TTX; 15-60 

min). For inhibition of protein synthesis, cultures were preincubated for 20 

minutes and maintained in 20 μM anisomycin (prepared in H20).  Vehicle controls 

were performed on sister cultures.   

Immunostaining  

 To label internalized AMPARs, “antibody feeding” of GluR1 to live 

neurons is performed as described previously (Lin JW, 2000).  Live neurons are 

incubated with the GluR1 antibody (Calbiochem, 1:10) for 15 min. at 37ºC and  

then treated with 1 μM TTX and DHPG (5 minutes, 100 μM) either 10, 15 or 60 

minutes after antibody labeling in the presence or absence of lysosomal protease 

inhibitors leupeptin or NH4Cl.  Neurons are fixed with 4% paraformaldehyde/4% 

sucrose and incubated for 1 hour with donkey IgG antibody (Jackson 

Immunoresearch, (Ehlers, 2000)).  After permeabilization with 0.2% TritonX-100 
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for 10 min., neurons are labeled for 1 hour with AlexaFluor555 secondary 

antibody (Invitrogen).  Internalized GluR1 puncta are quantified as discussed in 

Chapter 2.   

In lysosomal co-localization experiments, after permeabilization, cells are 

also incubated with monoclonal Lamp1 antibody for 1 hour and this antibody is 

visualized with AlexaFluor488 secondary antibody.   For inhibition of 

protein synthesis, neurons are pre-treated with 25 μM anisomycin 20 minutes 

prior to DHPG treatment and anisomycin remains in cell media until fixation.  

Colocalization is quantified by Metamorph software.  Images are set at a 

threshold value, that is calculated by a factor (which remains constant within an 

experiment) above background.  Fluorescent puncta are detected which have an 

average gray value above threshold in a 50 μm section of proximal dendrite.  The 

area of GluR1 puncta overlapping with puncta positive for lysosomal markers is 

computed as a percent of total GluR1 puncta area for each condition.   
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RESULTS 
 
 Tracking AMPARs with live antibody feeding at different time points 

revealed that the internalized GluR1 fluorescence signal attenuates over time (Fig 

3.1).  In the early (10 minutes) and intermediate (30 minutes) timepoints, the 

number of fluorescent internal GluR1 puncta was significantly elevated above 

control cultures.  Both control and DHPG-treated cultures demonstrated a gradual 

decrease in fluorescent AMPAR signal.  This gradual disappearance of measured 

internal GluR1 signifies two possibilities: 1) Internalized receptors may be 

recycled back to the surface, where in our assay, they are no longer detected, or 2) 

internalized receptors are degraded.  To distinguish between these two 

possibilities, we performed these experiments in the presence of two distinct 

lysosomal degradation inhibitors, leupeptin or NH4Cl.  Leupeptin specifically 

inhibits proteases in the lysosome, while NH4Cl deacidifies the lysosomal 

compartment to prevent lysosomal enzyme activation.  Incubation of hippocampal 

cultures both leupeptin and NH4Cl blocked the late disappearance of DHPG-

induced internalized GluR1 (Fig. 3.1). 

 To further support the hypothesis that AMPARs internalized in response 

to mGluR-stimulation are degraded, we examined the colocalization of 

internalized GluR1 with the lysosomal marker, Lamp1.  Treatment of cultures 

with DHPG doubled the percent colocalization of internalized GluR1 with Lamp1 
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(Fig. 3.2).  This increase in AMPARs localized to lysosomes was blocked by 

treatment with anisomycin, demonstrating that the mGluR-mediated pathway 

from endocytosis to lysosomes relies on protein synthesis.   
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Figure 3.1.  Evidence for  mGluR induced lysosomal degradation of 
internalized AMPA Receptors.  The increase in internalized GluR1 in dendrites 
in response to DHPG is transient and sensitive to lysosomal protease inhibitors. 
A, Fluorescent images of hippocampal neuron dendrites in culture. Surface GluR1 
was labeled with N-terminal GluR1 Ab prior to treatment with DHPG (100 mM; 
5 min) or media (Control).  At either10, 30 or 60 min after DHPG, cells were 
fixed and remaining surface GluR1 was blocked with unlabeled secondary Ab.  
Neurons were then permeabilized and internalized GluR1 was visualized with 
Alexa 488 conjugated secondary Ab.  Scale bar = 5 µm.  B.  Quantified group 
data of internalized GluR1 puncta/ 50 mm of dendrite plotted as a percent of 
control cells at 10, 30 or 60 min after treatment. Internalized GluR1 puncta are 
increased for at least 30 min, but return to control levels within 60 min after 
DHPG.  In the presence of the lysosomal protease inhibitors, leupeptin (100 
µg/ml) or NH4Cl (50 mM), internalized GluR1 remains elevated for 60 min after 
DHPG (*; p= 0.01).  N = # of cells is indicated on each bar.  Data from each 
condition is from 1-2 cultures. 
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Figure 3.2. Group 1 mGluRs stimulate colocalization of internalized GluR1 
to lysosomes in a protein synthesis dependent manner. GluR1 was prelabeled 
by live antibody feeding of 19-21 DIV cultured hippocampal neurons using an N-
terminal GluR1 antibody and treated with conditioned media or DHPG (100 μM; 
5 min). All experiments were performed in the lysosomal protease inhibitor 
leupeptinto prevent degradation of internalized GluR1. One hour after DHPG, 
neurons were fixed and surface receptors quenched with unlabeled donkey IgG. 
Internalized GluR1 subunits were visualized with Alexafluor555 (red) conjugated 
secondary antibody. Lysosomes were labeled with Lamp1 antibody and visualized 
with Alexafluor488 (green) conjugated secondary antibody. Fluorescent images 
of control and DHPG-treated neurons in the absence (A) or presence (B) of 20 
μM anisomycin. C, Quantified data of % colocalization between GluR1 puncta 
and Lamp1 staining in proximal dendrites. N = # cells per condition on each bar. 
Data from 2 cultures. ***p<0.001. Scale bars = 10 μm. 
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DISCUSSION 
 
 In these experiments, I find that group 1 mGluR stimulation causes 

trafficking of internalized GluR1-containing AMPARs to lysosomes.  This 

phenomenon is demonstrated in two ways: 1) through the “recovery” of labeled, 

internalized GluR1 puncta by the application of lysosomal inhibitors leupeptin 

and NH4Cl, and 2) through co-localization with the lysosomal marker Lamp1.  

Additionally, GluR1 trafficking to lysosomes requires protein synthesis, as 

incubation with anisomycin blocks GluR1 co-localization with Lamp1.  These 

studies, combined with the findings discussed in Chapter 2, bring about further 

questions as to the mechanism of protein synthesis-dependent trafficking to 

lysosomes.  Does increased intracellular accumulation of AMPARs prompt 

greater trafficking to lysosomes through a default pathway, or is transport to 

lysosomes and subsequent degradation separately regulated?  Previous studies 

shed little light on the subject.  Using overexpression of tagged AMPAR subunits, 

Lee and colleagues reported that NMDA-induced sorting of GluR2 to lysosomes 

requires NSF binding, while the GluR3 subunit is continuously delivered to 

lysosomes even in basal conditions.  Alterations in the GluR3 c-terminal tail that 

allow GluR3 interaction with NSF decrease constitutive GluR3 co-localization 

with Lamp1 and confer activity-dependent sorting of the mutant subunit to 

lysosomes (Lee et al., 2004).  However, the GluR2-NSF interaction has 

previously been shown to control delivery of AMPARs to the synapse, not the 
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lysosome (Lee et al., 2002).   Therefore, while an AMPAR-NSF interaction may 

prevent constitutive trafficking to the lysosomes, as seen with the GluR3 subunit 

mutant, it is unclear how this interaction facilitates activity-regulated delivery of 

AMPARs to lysosomes.   

 An important step in distinguishing between lysosomal degradation as a 

default, ligand concentration-dependent pathway or an actively regulated pathway 

is to determine the signals required for AMPAR transference from recycling 

endosomes to multivesicular endosomes and lysosomes.  Studies detailing the 

trafficking of other membrane receptors such as the EGF and transferrin receptors 

reveal the existence of short peptide motifs within the cytosolic domain of 

transmembrane proteins that may recognized by adaptor proteins (such as AP2) 

for targeting to lysosomes (reviewed in (Bonifacino and Traub, 2003)).  Another 

lysosomal targeting signal is mono- or multi-ubiquitination.  In C. elegans, the 

GluR analog, GLR-1, is ubiquitinylated in vivo, and leads to endocytosis and 

degradation of GLR-1 receptors (Burbea et al., 2002).  In a recent review, Bingol 

and Schuman cited unpublished data regarding ubiquitination of GluRs in rat 

hippocampal lysates and the necessity of GluR1 ubiquitination for activity-

dependent AMPAR endocytosis (Bingol and Schuman, 2005).  More studies will 

be necessary to confirm these claims and to dissect the connection between 

AMPAR endocytosis and degradation.  Until a distinction can be made between 
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endocytosis and sorting of AMPAR into lysosomes, the question of how 

lysosomal delivery of AMPARs affects mGluR-LTD cannot be determined.  

Finally, in light of persistent, elevated rates of AMPAR endocytosis 

demonstrated in Chapter 2, the degradation of AMPARs suggest one of the 

following: 1) the internal pool of AMPAR remains constant (more surface 

receptors are being internalized, yet they are also degraded), and therefore the 

exocytosis rate must also be persistently elevated or 2) new receptors are being 

synthesized to increase the intracellular recycling pool.  The latter scenario is 

supported by our biochemical measurements of total AMPARs, which do not 

change with brief mGluR stimulation.   
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CHAPTER FOUR: MGluRs Signal Through Homer Interactions 

BACKGROUND 
 
MGluR-mediated Changes in AMPAR Trafficking Require MGluR-Homer 
Interactions 
  
 The homer proteins are scaffolding proteins that organize multiprotein 

complexes at the postsynaptic density due to their unique dimerization properties.  

Long isoforms of Homer contain a coiled-coil domain at the C-terminus which 

allows for self-association with other homer molecules.  This attribute allows 

homer proteins to physically connect a diverse set of proteins that interact with 

the Homer N-terminal domain.  The EVH1 N-terminal domain of Homer proteins 

interacts with a proline-rich consensus binding motif defined as PxxF , which is 

found in (but not limited to) mGluR1, mGluR5, IP3 receptors, ryanodine 

receptors, dynamin 3, and Shank(Ehrengruber et al., 2004; Xiao et al., 2000).  

Interestingly, Shank is linked to the NMDAR through GK-associated protein 

(GKAP) and PSD-95 (Naisbitt et al., 1999), and may also link to AMPARs via 

GRIP (Sheng and Kim, 2000). 

 In addition to acting as a physical scaffold, homer proteins also transduce 

regulatory signals generated by mGluRs (Mao et al., 2005; Ronesi and Huber, 

2008; Rong et al., 2003).  Disruption of Homer interactions using a decoy mimic 

of the mGluR5 c-terminal tail disrupts mGluR activation of ERK and mTOR 

pathways (Mao et al., 2005; Ronesi and Huber, 2008).  Also, binding of 
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phosphoinositide 3 kinase enhancer-L (PIKE-L) to Homer is necessary for mGluR 

stimulation of PI3 kinase.  The interactions between mGluR and Homer provide a 

link to couple mGluR activation with protein synthesis.  Both ERK and mTOR 

activation converge upon activation of translation initiation machinery.  

Specifically, the mGluR-Homer interaction is required for the full expression of 

mGluR-LTD in acute hippocampal slices, most likely through activation of 

protein synthesis(Ronesi and Huber, 2008).  Disruption of homer interactions also 

affects surface AMPAR expression.  Overexpression of the dominant-negative 

splice variant Homer1a, which is activity-inducible and unable to form dimers, 

decreases synaptic expression of AMPARs (Sala et al., 2003).   

 Due to the role of homer proteins in 1) physically linking mGluRs to the 

postsynaptic density, 2) coupling mGluRs to other receptors, 3) transmitting 

mGluR signaling to downstream pathways, and 4) activating protein translation 

machinery activating downstream signaling cascades, homer proteins are good 

candidates to mediate AMPAR trafficking during mGluR-LTD.  The use of decoy 

proteins to disrupt the interaction between homer and mGluRs will be a useful 

tool to help us determine the effect of mGluR-dependent AMPAR endocytosis 

(Mao et al., 2005).   
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MATERIALS AND METHODS 
 
Dissociated Hippocampal Culture  

CA1/CA3 regions of hippocampi are isolated from P0-P3 hooded Long 

Evans rats and cultures prepared as described previously (Brewer et al., 1993; Lin 

JW, 2000).  

Drug/Peptide Treatments 

Stimulation of Group 1 mGluRs was accomplished with 100 μM R,S-

dihydroxyphenylglycine (DHPG) for 5 minutes. NMDARs were activated with 20 

μM NMDA for 3 minutes.  All experiments were pre-incubated with and 

performed in the presence of 1 μM tetrodotoxin (TTX; 15-60 min).  

Peptides containing the Homer ligand domain of the mGluR5 C-terminal 

tail (mGluR5ct) attached to the human immunodeficiency virus-type 1 Tat 

sequence (to allow for cell permeability) [tat-mGluRct (CT); YGRKKRRQRRR-

ALTPPSPFR] with and without a fluorescein tag were synthesized by the UTSW 

peptide synthesis core.  A control peptide [(tat-mGluR5mu (MU); 

YGRKKRRQRRR-ALTPLSPRR] with a dual point mutation in the binding 

motif, which renders the peptide incapable of binding Homer was synthesized in a 

similar manner. 
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Immunostaining  

 To label internalized AMPARs, “antibody feeding” of GluR1 to live 

neurons is performed as described previously (Lin JW, 2000).  Live neurons are 

treated with 1 μM TTX and DHPG (5 minutes, 100 μM) and then incubated with 

the GluR1 antibody (Calbiochem, 1:10) for 15 min. at 37ºC.  Neurons are fixed 

with 4% paraformaldehyde/4% sucrose for 15 minutes at 37ºC and incubated for 

1 hour with donkey IgG antibody (Jackson Immunoresearch, (Ehlers, 2000)).  

After permeabilization with 0.2% TritonX-100 for 10 min., neurons are labeled 

for 1 hour with AlexaFluor555 secondary antibody (Invitrogen).  Internalized 

GluR1 puncta are quantified as discussed in Chapter 2.   

 Surface GluR1 is detected as described in Chapter 2. 



 

79 
 

RESULTS 
 

I examined the role of mGluR-Homer interactions in DHPG-induced 

changes in AMPAR trafficking by pre-incubating neuronal cultures in the Tat-

mGluR5ct peptide (5 µM; 1 hour). This peptide contains a proline-rich binding 

motif which binds all Homers isoforms and disrupts Homer interactions with 

mGluRs (Mao et al., 2005; Tu et al., 1998).  Although this peptide disrupts Homer 

interactions with IP3 receptors, it does not disrupt mGluR-induced 

phosphoinositide synthesis or intracellular Ca2+ increases (Mao et al., 2005).  

Imaging of hippocampal cultures using a florescein-tagged Tat-mGluR5ct peptide 

indicate that peptide enters neurons within 1 hour (Fig. 4.1).  MGluR stimulation 

induced increases in GluR1 internalization, observed 15 minutes after treatment 

with DHPG, are blocked by disruption of homer proteins with mGluRs (Fig 4.1).  

Conversely, NMDA-induced decreases in surface GluR1 levels are not inhibited 

by Homer-mGluR disruption (Fig 4.2). 



 

80 
 

 

Figure 4.1.  Disruption of mGluR-Homer interactions reduces mGluR-
induced AMPAR endocytosis. A, Tat-mGluR5ct peptide inhibits basal and 
DHPG-induced AMPAR endocytosis.  Internalized GluR1 in neurons 
preincubated with mGluR5ct or mGluR5mu prior to media (control) or DHPG 
(100 µM; 5 min) and fixed 10 min later. Scale bars = 10, 2 µm.  B, Group data of 
internalized GluR1 (per 50 µm dendrite) in control (C) or DHPG (D) treated 
neurons preincubated in either mGluR5ct or mGluR5mu.  N = 20 neurons per 
condition.  Normalized (to control) data of DHPG stimulated GluR1 
internalization in the same neurons.  DHPG induced increases in GluR1 
internalization are significant in cultures pretreated with mGluR5mu (* p< 0.05), 
but not mGluR5ct. C, Fluorescein conjugated tat-mGluR5ct enters into cultured 
hippocampal neurons in 1h.    
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Figure 4.2 Disruption of mGluR-Homer interactions does not affect NMDA-
induced AMPAR trafficking.  Preincubation (1 hr) of dissociated rat 
hippocampal neurons with Tat-GluR5ct and Tat-mGluR5mu did not affect 
NMDA induced decreases in surface GluR1.  A, Representative images of surface 
GluR1 on dendrites 10 minutes after treatment with media (control) or NMDA 
(20 µM; 3 min) in cultures pre-incubated with mGluR5ct or mGluR5mu. Scale 
bar= 2μm.  B,  Quantified data of surface GluR1 puncta for each condition.  N = # 
cells on each bar.  * p < 0.05  from control cells. 
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DISCUSSION 
 

The regulation of AMPAR trafficking by mGluRs requires mGluR 

interaction with the homer scaffolding proteins.  Due to the spatial orientation of 

Homer at the PSD and its interactions with Shank/PSD-95 complexes, this control 

over AMPAR surface expression may be exerted directly, through uncoupling 

between the Homer complex and AMPARs.  A connection to Homer/Shank/PSD-

95 complexes could tie AMPARs to the synapse, and disruption of this interaction 

may allow AMPARs to diffuse away from the PSD and be endocytosed.  A 

possible mechanism to support this hypothesis may lie in the fact that synaptic 

activity (resulting from maximal electro-convulsive shock (MECS), a seizure 

paradigm) induces the transcription of Homer1a.  This short homer isoform lacks 

the coiled-coil domain and is thus incapable of forming dimers to link proteins.  

Increased expression of Homer1a may disrupt interactions between long forms of 

at the PSD in a dominant-negative fashion and dismantle Homer protein 

complexes.  An intriguing study in Xenopus laevis demonstrated that increased 

Homer1a levels induced by visual stimulation disrupted mGluR-mediated changes 

in AMPAR synaptic transmission in vivo.  In the tadpole system, brief mGluR 

stimulation causes an increase in AMPAR transmission, which is inhibited after 

visual stimulation and an increase in the Homer1a/Homer1b ratio (Van Keuren-

Jensen and Cline, 2006).  Nevertheless, this study demonstrates that Homer1a can 
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interfere with mGluR regulation of AMPARs in a physiological setting.  One 

detraction from this method of AMPAR regulation by mGluRs through Homer1a 

is the time frame of Homer1a expression after activity.  Neuronal activity by 

MECS causes a robust increase in primary Homer1a transcript, but this occurs in 

a time frame of 20-60 minutes most likely due to the large size of the Homer gene 

(~100kb) (Bottai et al., 2002).  Since mGluR-LTD and mGluR-mediated changes 

in AMPAR distribution in hippocampal slices and cultures is already established 

15 minutes after brief mGluR stimulation, Homer1a induction might not play a 

role in mGluR-mediated AMPAR plasticity.    

Another manner in which homer proteins can affect mGluR-mediated 

plasticity is through their role as transduction molecules.   Homer-mGluR 

disruption was able to block AMPAR endocytosis within 15 minutes after DHPG 

application, in a time window that is resistant to inhibition by protein synthesis 

inhibitors (Nosyreva and Huber, 2005; Snyder EM, 2001), suggesting that homer 

regulation of AMPARs in response to mGluR stimulation may not require the 

synthesis of new proteins.  However, there is evidence that homer proteins 

contribute to the protein synthesis-dependent phase of mGluR-LTD, and thus may 

also regulate AMPARs.  Recently, Ronesi and Huber found that mGluR-LTD and 

induction of protein translation require mGluR-Homer interactions (Ronesi and 

Huber, 2008).  Even though the studies presented here may indicate a protein 

synthesis-independent role for mGluR-Homer interactions in AMPAR trafficking, 
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this does not exclude the possibility that these interactions are necessary for 

protein synthesis-dependent maintenance of AMPAR trafficking.   
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CHAPTER FIVE: Role of Arc in MGluR-LTD 

BACKGROUND 
 
Arc/Arg3.1 is Locally Synthesized in Dendrites Following Brief MGluR 
Activation 
 

Arc is an immediate early gene induced in response to synaptic and neural 

activity during sensorial and behavioral experience (Chawla et al., 2005; Gusev et 

al., 2005; Guzowski et al., 1999; Link et al., 1995; Lyford et al., 1995; Moga et 

al., 2004; Montag-Sallaz and Montag, 2003; Ons et al., 2004; Steward et al., 

1998; Vazdarjanova et al., 2002).  In addition, this induction is specific to 

activated neurons and networks reflecting behavioral experience (Guzowski et al., 

1999; Ramirez-Amaya et al., 2005; Steward et al., 1998; Steward and Worley, 

2001a).  Steward and Worley demonstrated that global activity can drive Arc 

transcription, and subsequent local stimulation rapidly redistributes Arc mRNA 

selectively to the region of dendritic activity (Steward and Worley, 2001a).  

Specificity of Arc induction may rely on untranslated regions (UTRs) the gene, 

since the 3’-UTR of Arc mRNA contains dendritic targeting elements (Kobayashi 

et al., 2005).  Targeting of Arc mRNA also requires actin polymerization and 

MAPK activation as measured by ERK phosphorylation.  Following induction by 

HFS, Arc mRNA and F-actin accumulate in the same pattern at activated dendritic 

sites, indicating that Arc induction may require local remodeling for targeting to 

specific sites of activity (Huang et al., 2007). 



 

86 
 

 The activity-dependent delivery of Arc mRNA suggests that its synthesis 

at synapses may mediate plasticity and encoding of Arc-inducing stimuli.  

Following targeting to activated dendrites, Arc is most likely translated locally, 

since Arc protein concomitantly accumulates at activated dendrites and is found at 

the PSD (Moga et al., 2004; Steward et al., 1998).  Arc is required for long-term 

memory consolidation, as intra-hippocampal infusions of antisense 

oligodeoxynucleotides targeted against Arc impaired retention of a spatial 

learning task and an inhibitory avoidance task 48 hours after training (Guzowski 

et al., 2000; McIntyre et al., 2005).  In fear conditioning, Arc KO mice have 

disrupted context-  and cue-dependent long-term memory, and in a novel object 

recognition task, KO mice do not retain long-term object-recognition memory 

(Plath et al., 2006).  Likewise, Arc contributes to the maintenance of long-term 

plasticity, because in the hippocampus, Arc KO mice have absent L-LTP as well 

as  LFS-induced LTD (Plath et al., 2006).  Additionally, homeostatic scaling of 

AMPARs in response to chronic inactivity is lacking in cultured neurons from Arc 

KO mice (Shepherd et al., 2006).   

How is Arc involved in controlling bidirectional synaptic plasticity of 

different flavors?  The function of Arc remains murky.  As the name implies, a 

few studies link Arc to the cytoskeleton.  Arc is most closely homologous to α-

spectrin, a crosslinking, scaffolding protein that associates with the plasma 

membrane through its interaction with ankyrin (Bennett and Gilligan, 1993), and 
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Arc possesses a spectrin-like domain (Lyford et al., 1995).  A bioluminescence 

resonance energy transfer (BRET) assay revealed direct binding between Arc and  

an isoform of β-spectrin (Bloomer et al., 2007), illustrating that Arc possesses α-

spectrin-like interactions.  In addition, an association between Arc and MAP2 

may enable Arc to control spine morphology.  In taxol-treated extracts of PC12 

cells, polymerized microtubules co-precipitated with Arc and MAP2, and Arc 

overexpression reduced MAP2 immunostaining in cultured hippocampal neurons 

(Fujimoto et al., 2004).   

In vitro studies and overexpression studies in neuroblastoma cells 

demonstrate an Arc association with Ca2+/calmodulin-dependent protein kinase II 

(CAMKII), an abundant protein at the PSD that plays a role in NMDAR-LTP.  

The interaction between Arc and CamKII may provide a link between Arc, the 

PSD, and synaptic plasticity.  Perhaps associating with CAMKII allows Arc to 

enter the postsynaptic density where it can then affect or facilitate LTP. 

In the dentate gyrus, consolidation of LTP requires expansion of the actin 

cytoskeleton through the sustained synthesis of Arc/Arg3.1.  Arc/Arg3.1 synthesis 

is required for hyper-phosphorylation of cofilin, which inhibits the action of 

cofilin in actin filament breakdown (Messaoudi et al., 2007).  Therefore, Arc may 

participate in remodeling the actin cytoskeleton to maintain changes in spine 

morphology seen in LTP.  
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 Recently, Chowdury et al., (2006) defined another role for Arc as a 

regulator of AMPAR endocytosis through its interactions with components of the 

endocytosis machinery dynamin and endophilin.  Consequently, overexpression 

of Arc leads to decreases in postsynaptic AMPA receptor expression and 

excitatory synaptic transmission onto hippocampal CA1 neurons (Chowdhury et 

al., 2006; Rial Verde et al., 2006).  Arc-induced decreases in synaptic function are 

thought to share mechanisms with acute LTD, which is induced by low frequency 

stimulation (1 Hz) and NMDA receptor activation (Plath et al., 2006; Rial Verde 

et al., 2006).  One puzzling aspect of these findings is the fact that Arc 

transcription and translation are not induced by low frequency stimulation which 

induces LTD, but preferentially by high frequency (> 100 Hz) synaptic 

stimulation which induces LTP (Link et al., 1995; Steward et al., 1998).  

Therefore, it was suggested that Arc may mimic LTD, but it may not normally 

contribute to NMDAR induced LTD.  Instead, Arc was proposed to 

homeostatically depress synaptic strength and prevent saturation of synaptic 

responses during LTP (Rial Verde et al., 2006; Shepherd et al., 2006).   
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MATERIALS AND METHODS 
 
Dissociated Hippocampal Culture 

CA1/CA3 regions of hippocampi are isolated from P0-P3 hooded Long 

Evans rats and cultures prepared as described previously (Brewer et al., 1993; Lin 

JW, 2000).  

Drug/oligo Treatments  

To block rapid Arc/Arg3.1 translation, each coverslip was incubated for 

30 minutes with 20 nmoles of Arc antisense oligo #1 (AGT GTA GTC GTA GCC 

ATC AGC; targets bp 700-720 of Arc gene) or Arc antisense oligo #2 (CCC ATT 

CAT GTG GTT CTG; bp 943-960) (Messaoudi et al., 2007) or their control 

mismatch oligos for #1 (AGG GTA TTC GAA GCT ATC CGC) or #2 (CGC 

ATA CCT GTC GTT TTG) respectively, combined with Lipofectamine 2000 

(Invitrogen). In acute slice recordings, internal solution contained 250 μM of 

oligonucleotides. 

Stimulation of Group 1 mGluRs was accomplished with 100 μM R,S-

dihydroxyphenyl-glycine (DHPG) for 5 minutes. NMDA-LTD was elicited via 20 

μM NMDA for 3minutes.  Unless otherwise noted, all experiments were pre-

incubated with and performed in the presence of 1 μM tetrodotoxin (TTX; 15-60 

min). For inhibition of protein synthesis, cultures were pre-incubated for 20 

minutes and maintained in 20 μM anisomycin (prepared in H20) or 25 μM 
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actinomycin D (prepared in 0.1% DMSO).  Vehicle controls were performed on 

sister cultures.   

Western blotting 

Acute hippocampal slices were prepared from C57Bl6 mice as described 

(Nosyreva and Huber, 2006).  After a 2-3 hr recovery period in artificial 

cerebrospinal fluid (ACSF) containing (in mM): 124 NaCl, 5 KCl, 1 NaH2PO4, 26 

NaHCO3, 2 CaCl2, 1 MgCl2, 11 dextrose, slices were treated with either ACSF or 

DHPG (5 min) both in the presence of the NMDAR antagonist D,L-AP5 (100 

µM).  From each mouse, two to three slices were pooled together for one 

condition.  Slices were in RIPA buffer and protein concentrations were measured 

with a BCA Protein Assay (Pierce).  Proteins were resolved by SDS-PAGE 

transferred to nitrocellulose membranes and probed with antibodies against Arc 

(Santa Cruz; C7 mouse monoclonal; 1:1000) or valosin-containing protein (VCP; 

1: 10,000; gift from Dr. Thomas Südhof) as a loading control.  Data are presented 

as percent control (all samples have within animal controls).   

Local, dendritic DHPG perfusions:   

Dissociated neuronal cultures were kept at 30°C and visualized with DIC 

microscopy using a 40x/0.8 water immersion objective.  An injector pipette 

(whole-cell recording pipette; 4-5 MΩ) was loaded with DHPG (500 µM) and 

Alexa Fluor 488 hydrazide (10 mg/ml; Invitrogen) dissolved in Tyrode’s solution 

(pH 7.1-7.3, 290-310 mOsm) and placed near (~50-100 µm) a dendrite of a 
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visually healthy neuron.  A suction pipette (0.5-1 MΩ) was placed on the opposite 

side of the dendrite with continual suction (provided by a table-top variable flow 

pump) as previously described (Sutton et al., 2007).  The perfusate was washed 

over the dendrite using pressurized nitrogen carefully controlled by a gas 

regulator.  Sharp "on" and "off" perfusion states were obtained by physically 

connecting or disconnecting the injection pipette to the gas source.  The location, 

size, and shape of the perfused region could be controlled by altering the location 

and size of the sucker pipette or the pressure applied to the injector pipette.  The 

size of the perfused region was continuously monitored by observing the 

fluorescence of the Alexa488 dye.  A digital image was taken of the neuron and 

the perfusion region during the experiment.  No fluorescence could be detected in 

the "off" perfusion state, while a tight, bright stream of fluorescence was observed 

in the "on" perfusion state (Fig. 2B).  The dendrites were perfused for 10 minutes.  

For anisomycin experiments, 25 µM anisomycin was added to both the bath and 

perfusate.  After perfusion the coverslip was immediately fixed and processed for 

Arc immunofluorescence as described above.  Following the experiment, the 

perfused region was identified by Alexa488 fluorescence.  Identified neurons 

were further confirmed by comparison to the digital image taken of the neuron 

during the perfusion.   
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Cut dendrite experiments 

Hippocampal slices were prepared from rats (postnatal day 26-34) as 

described (Volk et al., 2007).  Briefly, rats were transcardially perfused with ice 

cold dissection buffer for approximately 1 min prior to decapitation.  The brain 

was removed, and the hippocampus dissected and sliced at 300 µm in slushed 

(partially frozen) dissection buffer containing (in mM):  2.6 KCl, 1.25 NaH2PO4, 

26 NaHCO3, 0.5 CaCl2, 5 MgCl2, 212 sucrose, and 10 dextrose (300mOsm), using 

a vibratome (Leica VT 1000S, Germany).  Slices were transferred to a submerged 

recording chamber (Warner Instruments), maintained at 30°C and perfused 

continuously with artificial cerebrospinal fluid (ACSF) containing (in mM): 119 

NaCl, 2.5 KCl, 1 NaH2PO4, 26 NaHCO3, 2 CaCl2, 1 MgCl2, 11 dextrose and 

picrotoxin 0.02 (290-300mOsm) at a rate of 2.5-3 ml/min.  After a 1-2 hour 

recovery period at 30°C, dendrites were severed from the CA1 soma using a small 

piece of a breakable razor blade under a stereomicroscope.  Slices were then 

allowed to recover another 2 hours at 30°C.  This 2 hour recovery period is 

necessary to obtain field potentials and DHPG-induced LTD in cut dendrites 

(Huber et al., 2000).  Slices were then treated with either ACSF or DHPG (100 

µM; 5 min) and washed with ACSF for an additional 5 min.  Slices were then 

fixed overnight in 4% PFA (4°C), mounted in agarose (3%), and re-sectioned at 

50 µm.  Free floating sections were blocked (10% goat serum; 0.7% Triton; 1 hr), 

incubated overnight in 1° antibody (Anti-Arc; Synaptic Systems; 1:400; Neuron 
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specific β-tubulin; AbCam; 1:1000) and 2 hrs in 2° AlexaFluor555 conjugated 

anti-rabbit antibody (1:500) all at room temperature.  Z-series (1 µm sections) of 

str. radiatum were taken on a Zeiss LSM 510 laser scanning confocal microscope 

using a Plan-Apochromat 63x/1.4 oil objective. Alexaflour 555 and 488 were 

excited with the 543 nm line of a HeNe laser and 488 nm line of an argon ion 

laser with emission filters LP 560 and BP 500-550, respectively.  For each 

experiment, all images were taken with the same laser and scanning configuration 

to allow for comparison across conditions.  Image analysis was performed on z-

compressed image stacks.  Using LSM software, each analyzed dendrite was 

traced with a 50 micron line.  The average intensity of the dendrite length was 

calculated from the obtained intensity profile of the Arc channel.  Cut and uncut 

dendrites were analyzed from the same image, at similar distances from the cut 

site.  

Synaptoneurosomes preparation and 35S Met labeling 

Hippocampal synaptoneurosomes were prepared from 4-5 week old Long-

Evans hooded rats (Charles River laboratories, Wilmington, MA), as previously 

described (Muddashetty et al., 2007).  Animals were anesthetized with sodium 

pentobarbital (50 mg/kg) delivered intraperitoneally and sacrificed by 

decapitation.  The brain was removed and immediately transferred to an ice-cold 

dissection buffer containing (mM): 212 sucrose, 2.6 KCl, 26 NaHCO3, 1.25 

NaH2PO4, 5 MgCl2, 0.5 CaCl2, 10 D-glucose, and brought to pH 7.4 by aerating 
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with 95% O2–5% CO2.  Dissected hippocampi from both hemispheres were 

combined and homogenized in buffer containing in mM:  118 NaCl, 4.7 KCl, 1.2 

MgSO4, 2.5 CaCl2, 1.53 KH2PO4, 212.7 glucose, 1 DTT, pH 7.4 and protease 

inhibitor cocktail (Calbiochem, San Diego, CA).  The homogenate was passed 

through a series of mesh filters, two 100 μm nylon filters and then one 5 μm 

PVDF Durapore membrane (Millipore, Bedford, MA).  Filtrate was centrifuged at 

1000g for 10 min and the pellet was resuspended in homogenization buffer.  The 

protein concentration of protein input, resuspended pellet (synaptoneurosome 

fraction), and supernatant was determined using a BCA colorimetric protein assay 

(Pierce, Rockford, IL). 

Prior to drug treatment, synaptoneurosome samples were pre-warmed for 

10 min in a 37C water bath.  Samples were stimulated with 100 μM R,S-DHPG 

(Tocris, Bristol, UK) in the presence of 50 μCi EXPRE35S235S protein labeling 

mix [35S] (Perkin Elmer, Waltham, MA) for 15 min.  Some samples were 

pretreated with 25 μM anisomycin (15 min) after pre-warming and immediately 

before the addition of DHPG.  At the end of DHPG treatment, each reaction was 

pelleted by centrifugation at 100g for 10 min and resuspended in 500 ml of lysis 

buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium 

deoxycholate, protease inhibitors) for immunoprecipitation.  

Radioimmunoprecipitation was performed essentially as described in 

Muddashetty et al. (2007).  After the samples were tumbled overnight at 4ºC with 
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2.5 μl polyclonal anti-arc antibody (a gift from P. Worley, Johns Hopkins 

University), 45 μl of a 1:1 slurry of A/G beads (Pierce) was added and the 

reaction was tumbled for 2 more hours at 4C.  Beads were washed three times 

with lysis buffer and the proteins were eluted with 45 ul of boiling 2X SDS 

sample buffer.  The entire eluate was resolved by SDS-PAGE (10%), transferred 

to nitrocellulose, and blocked in 5% milk.  Blots were incubated with monoclonal 

anti-arc antibody (1:100, Santa Cruz Biotechnology) overnight and washed three 

times prior to incubation with HRP-conjugated secondary antibody (1:5000; MP 

Biomedical, Aurora, OH).  Blots were processed using enhanced 

chemiluminescence and the band at 55 kDa was cut from the nitrocellulose and 

counted in a scintillation counter.  Background levels were determined by cutting 

the same size piece of nitrocellulose from a lower molecular weight.  The amount 

of [35S] incorporated into Arc was calculated as the counts per minute from the 

specific band minus the non-specific band. 

Lentiviral expression of Arc/Arg3.1 shRNA and Arc/Arg3.1-GFP 

DNA insert (CGA CTA CCG ATG CTG ATG TTT CAA GAG AAC 

ATC AGC ATC GGT AGT CGT TTT TC) encoding a short hairpin RNA 

targeting the Arc/Arg.3 gene (shArc) was cloned into a Lenlox b-actin GFP vector 

(cloning sites XhoI and HpaI) (Chih et al., 2005; Rial Verde et al., 2006).  As a 

control we used a Lenlox vector with a shRNA targeting DsRed gene (shDsRed) 

from the reef coral Discosoma sp. that is not expressed in mammalian cells. Both 
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vectors were provided by Dr. Peter Scheiffele at Columbia University and 

described in (Chih et al., 2005).  For production of lentivirus human embryonic 

kidney 293FT cells were transfected with shArc (or shDsRed) and two helper, Δ 

8.9 and vesicular stomatitis virus G protein (VSVG) plasmids, by using FuGENE 

transfection reagent (Roche Applied Science) according to manufacturer’s 

instructions.  After 48h, media was collected and filtered (0.45-μm). Hippocampal 

cultures were infected on at 7-10 DIV at titer to infect 90% of neurons and 

analyzed at 21 DIV.  A plasmid (pcDNA EGFPC3) expressing an N-terminal 

fused Arc/Arg3.1-GFP was provided by Dr. Paul Worley at Johns Hopkins 

University, was cloned into the FUGW lentiviral vector provided by Dr. Thomas 

Südhof at UT Southwestern (Lois et al., 2002; Shepherd et al., 2006).  Lentivirus 

was produced and used to infect neurons as described above. 

Electrophysiology 

Whole cell patch clamp recordings were performed on low density 

dissociated hippocampal neurons infected lentivirus expressing either shArc or 

shDsRed as described above.  Neurons were visualized using IR-DIC and GFP 

fluorescence to identify infected neurons.  Neurons were perfused at 1 ml/min at 

37ºC in Tyrode solution consisting of (in mM) NaCl, 150; KCl, 4; HEPES, 10; 

glucose, 10; CaCl2, 2; MgCl2, 2; picrotoxin, 0.1; TTX, 0.001; and pH was 

adjusted to 7.4 with NaOH. Patch electrodes (3-7 MΩ) were filled with (in mM): 

0.2 EGTA, 130 K-gluconate, 6 KCl, 3 NaCl, 10 HEPES, 4 ATP-Mg, 0.36 GTP-
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Na, 14 phosphocreatine-Tris; pH 7.2, adjust to 285 mOsm with sucrose or H20. 

Cells were voltage-clamped at -60 mV, and mEPSCs were amplified using a 

Multiclamp amplifier (Axon Instruments). Records were filtered at 2 kHz, 

digitized at 10 kHz, and stored on a computer using custom acquisition programs 

in Labview (National Instruments, Austin, TX).  Capacitance, series resistance, 

and input resistance were measured in voltage clamp (Pfeiffer and Huber, 2007) 

with a 400-ms, –10 mV step from a –60 mV holding potential (filtered at 30 kHz, 

sampled at 50 kHz). The capacitance was calculated by first obtaining the decay 

time constant of a current transient induced by a voltage step (the faster time 

constant of a double-exponential decay fitted to the first 20 ms) and then dividing 

this by the series resistance. Cells were only used for analysis if the series 

resistance was less than 30 MΩ and was stable throughout the experiment.  Data 

were not corrected for junction potential. mEPSCs were detected off-line using an 

automatic detection program (MiniAnalysis; Synaptosoft Inc, Decatur, Ga.) 

(Pfeiffer and Huber, 2007) with a detection threshold set at a value greater than at 

least 2 S.D. of the noise values.  The detection threshold remained constant for the 

duration of each experiment. Only events with a monotonic rise time and 

exponential decay were included in the analysis. Inter-event interval and mEPSC 

amplitude were compared during a 5 minute baseline period and in 5 minute 

window 10 minutes after DHPG washout. 
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Hippocampal slices were prepared from rats (postnatal day 26-34) as 

described (Volk et al., 2006). Briefly, rats were transcardially perfused with ice 

cold dissection buffer for approximately 1 min prior to decapitation. The brain 

was removed, and the hippocampus dissected and sliced at 300 µm in slushed 

(partially frozen) dissection buffer containing (in mM): 2.6 KCl, 1.25 NaH2PO4, 

26 NaHCO3, 0.5 CaCl2, 5 MgCl2, 212 sucrose, and 10 dextrose (300mOsm), 

using a vibratome (Leica VT 1000S, Germany). Slices were transferred to a 

submerged recording chamber (Warner Instruments), maintained at 30°C and 

perfused continuously with artificial cerebrospinal fluid (ACSF) containing (in 

mM): 119 NaCl, 2.5 KCl, 1 NaH2PO4, 26 NaHCO3, 2 CaCl2, 1 MgCl2, 11 

dextrose and picrotoxin 0.02 (290-300mOsm) at a rate of 2.5-3 ml/min. Whole 

cell voltage clamp recordings were obtained from CA1 pyramidal neurons in 

slices visualized using IR-DIC optics.  Neurons were clamped at -60 mV through 

whole cell recording pipettes (~3-7 MΩ) filled with an intracellular solution 

containing (in mM): 130 K-Gluconate, 6 KCl, 3 NaCl, 10 HEPES, 10 sucrose, 2 

QX-314, 0.2 EGTA, 4 ATP-Mg, 0.4 GTP-Na, 14 phosphocreatine-Tris; pH 7.2, 

290-310 mOsm. EPSCs were evoked every 10 seconds using a single bipolar 

electrode placed in stratum radiatum of area CA1 (along the Schaffer collaterals) 

50–200 µm from the recorded neurons with monophasic current pulses (5–25 µA, 

200µs) with a bipolar tungsten stimulating electrode. Peak EPSC amplitude was 

used to quantify synaptic responses and measure LTD. EPSC amplitudes in each 
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experiment were normalized to a 10 min pre-DHPG baseline value and averaged 

across individual experiments (Fig. 5G). Series and input resistance were 

measured throughout the experiment. Input resistance values ranged from 160-

320 MΩ.  Series Resistance values ranged from 12 to 36 MΩ and did not change 

after DHPG application in either Arc antisense oligo (baseline SR = 24.7±3.4 MΩ 

vs. SR at 50min = 24.7±2.7 MΩ; paired t-test; p=0.7) or mismatch oligo filled 

neurons (baseline SR = 23.0±3.1 MΩ vs. SR at 50min= 24.6±2.9 MΩ; p = 0.6).  

A junction potential of -10 mV was not compensated for. 

Immunostaining 

Neurons were fixed and permeabilized with cold methanol (-20ºC) for 10 

minutes prior to addition of 1° antibodies to Arc (Santa Cruz; C7 mouse 

monoclonal; 1:100 or Synaptic Systems; rabbit polyclonal; 1:800).  The total area 

of dendritic fluorescence (at least twice the background) was quantified and 

normalized to the control (untreated) condition for each experiment. 

Ratiometric measurements of internalized and surface GluR1 were 

performed as described in Chapter 2 (Lin JW, 2000).  To measure internalized 

GluR1 only, live neurons were labeled with GluR1 antibody immediately after 

media or DHPG treatment for 15 min (37ºC).  Neurons were then fixed and 

remaining surface GluR1 was blocked with unlabelled donkey anti-rabbit IgG 

(0.2 mg/ml) (Jackson Immunoresearch) as described (Ehlers, 2000).  After 

permeabilization (0.1% TritonX-100), neurons are labeled for 1 hour with 
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AlexaFluor555 conjugated secondary antibody.  Fluorescence images were 

acquired on a Nikon TE2000 microscope with a cooled CCD camera (CoolSnap 

HQ; Roper Scientific) and quantified with Metamorph software (Molecular 

Devices).  Healthy neurons are first identified by their smooth soma and multiple 

processes under DIC microscopy. GluR1 immunoreactive puncta are defined as 

discrete points along a dendrite (within 50 μm from the soma) with fluorescence 

intensity at least twice the background staining of a region adjacent to the 

dendrite. For each neuron GluR1 puncta are analyzed in 3 dendrites. The GluR1 

puncta values (number, area, average fluorescence intensity) from each dendrite 

were averaged and represent the value for that cell and this value equals an n of 1. 

5-30 cells were analyzed per condition in each culture. N values are indicated on 

the bar graphs of group data in each figure.  Statistical comparisons were 

performed with the n = to number of cells. Each experiment was performed on 2-

8 separate cultures (indicated in Fig. legends) with three different coverslips per 

condition. 
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RESULTS 
 

We observed that DHPG treatment of cultures leads to rapid increases in 

dendritic Arc protein levels (within 10 minutes) as detected with 

immunocytochemistry (Fig. 5.1).  Anisomycin, but not the DNA transcription 

inhibitor actinomycin D, blocked mGluR-induced increases in Arc, suggesting 

that mGluRs stimulate the new synthesis of Arc protein from pre-existing RNA. 

In contrast, treatment of dissociated hippocampal neurons with a chemical 

induction paradigm for NMDAR-LTD (20 μM NMDA; 3 min) did not elicit an 

increase in dendritic Arc immunofluorescence (Fig. 5.1).   

Local, dendritic synthesis or rapid transport from the cell body could both 

account for increases in dendritic Arc levels.  To address this question, we locally 

perfused a distal region of dendrite with DHPG and then performed 

immunocytochemistry for Arc (Fig. 5.2) (Sutton et al., 2007).   Addition of Alexa 

488 hydrazide in the perfusion pipette enabled post-fixation identification of the 

perfused region.  Arc levels were increased in the DHPG-perfused region in 

comparison to neighboring untreated dendrite (paired t-test; p = 0.01). These 

increases in dendritic Arc were due to new protein synthesis, because they were 

blocked by the presence of anisomycin in the bath (Fig. 5.2; DHPG vs. DHPG + 

anisomycin; p= 0.04). This demonstrates that local, dendritic activation of 

mGluRs is sufficient to induce synthesis of dendritic Arc.   



 

102 
 

Figure 5.1. Activity-regulated cytoskeleton-associated protein (Arc) is rapidly 
synthesized in dendrites in response to mGluR, but not NMDA stimulation. 
A, DHPG treatment of dissociated hippocampal neurons results in an increase in 
the total area of Arc immunofluorescence in dendrites 10 min after DHPG onset. 
Pretreatment with anisomycin, but not actinomycin D, blocks the DHPG-induced 
increases in Arc puncta. Scale bars = 10 and 5 μm. N = # cells each bar. Data 
from 4-5 cultures/ condition.  B, Quantification of Arc immunofluorescence 
reveals that brief DHPG treatment increases Arc staining in dendrites, which is 
blocked by pretreatment with anisomycin, but not actinomycin D.  Two-way 
ANOVA was used to determine statistical significance.  Experiments performed 
with Elena Nosyreva. C,  Representative Arc immunofluorescence in low-density 
dissociated hippocampal cultures exposed to control media or NMDA treatment 
(20 μM; 3 min).  Neurons were fixed 10 min after treatment onset. Scale bar = 10 
μm. B, Quantification of Arc immunofluorescence from one culture reveal that 
brief NMDA treatment does not alter Arc-positive staining 10 min after onset of 
treatment. N = # cells per condition is on each bar. 
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Figure 5.2. Local stimulation of mGluRs increases Arc synthesis.  Local 
perfusion of DHPG and Alexa488 hydrazide to cultured hippocampal neurons. A, 
DIC image of distal dendrite perfused with DHPG.  B, Quantification of Arc 
immunofluorescence in the perfused dendritic region.  n = 8 dendrites/4 cultures 
per condition.  C, Representative Arc immunofluorescence in dendritic regions 
perfused (as indicated by green) with either DHPG alone or DHPG + anisomycin.  
Scale bars =  10 µm.  Experiments performed in conjuction with Brad Pfeiffer. 
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To determine if mGluR stimulation increases total Arc protein levels, acute 

hippocampal slices were treated with DHPG, and Arc levels were quantified by 

western blot.  Similar to cultured neurons, DHPG treatment of slices increased 

total Arc protein levels, and this increase was blocked with anisomycin (Fig. 5.3).   

DHPG-induced LTD occurs in dendrites that have been severed from the 

CA1cell body layer in acute slices and is therefore thought to be dependent on the 

local or dendritic synthesis of new proteins (Huber et al., 2000).  To determine if 

DHPG increases Arc protein in isolated dendrites, we treated slices where the 

CA1 pyramidal neuron cell body layer had been mechanically severed from the 

dendrites.  DHPG effectively increased Arc levels in isolated dendrites as detected 

by immunohistochemistry (Fig. 5.4).  

Finally, we performed 35S Methionine labeling experiments in 

hippocampal synaptoneurosomes to determine if mGluRs stimulated the synaptic 

synthesis of Arc.  Synaptoneurosomes are subcellular fractions prepared by 

filtration that contain pre- and post-synaptic entities.  DHPG treatment increased 

35S Methionine incorporation into Arc, which was immunoprecipitated from 

synaptoneurosomes (Fig. 5.5).  These results provide strong evidence for rapid 

and dendritic synthesis of Arc protein in response to mGluR-LTD induction. 
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Figure 5.3. Brief mGluR stimulation increases total Arc protein levels 
through rapid tranlsation.  A, Representative western blots of Arc in acute 
hippocampal slices from mice treated with DHPG in the presence of ACSF or 
anisomycin (20 μM). B, Quantitative western blotting for Arc and VCP (valosin 
containing protein; used as a loading control) of acute hippocampal slices frozen 
at 10 min after DHPG onset. Anisomycin blocks DHPG-stimulated rapid 
increases in Arc. N = # animals is on each bar. Experiments performed by Elena 
Nosyreva. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

106 
 

Figure 5.4. Brief mGluR stimulation increases Arc protein in cut dendrites.  
A, Representative Arc immunofluorescence from CA1 regions where a cut (white 
line) severed dendrites from the pyramidal cell layer. s.p = Str. pyramidale, s.r.= 
Str. radiaum. Scale bars = 100 and 10 μm. B, Quantification of Arc 
immunofluorescence in dendrites which were severed (cut) from the soma or 
neighboring uncut dendrites. N = # of slices on each bar from 3 rats per condition. 
Experiments performed with Kimberly Huber and Kris Loerwald. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

107 
 

 
 
 
 
 
 
 
 
 
Figure 5.5 Brief mGluR stimulation increases Arc in synaptoneurosomes.  A, 
Western blot of the synaptoneurosome preparation reveals enrichment of PSD-95 
and a reduction of β-tubulin, GFAP, and acetyl H3 in comparison to whole 
homogenate (input) or supernatant (Sup). B, Quantification of 35S Met 
incorporation into Arc from synaptoneurosomes. N = # of animals on each bar. 
Experiments performed by Jennifer Ronesi. 
 
Knockdown of Arc protein increases basal synapse function and surface 
AMPAR expression 

 
To determine if mGluR-mediated AMPAR trafficking and mGluR-LTD 

require Arc, we utilized a lentivirus expressing short-hairpin (sh) RNA to 

knockdown Arc mRNA and protein (shArc) (Rial Verde et al., 2006).  Two weeks 

after infection of dissociated hippocampal neurons with shArc, total dendritic 

Arc-immunoreactivity was reduced by 83±2% (Fig. 5.6) in comparison to control 

neurons infected with a lentivirus expressing a shRNA against DsRed (shDsRed).  

Consistent with previous work, knockdown of Arc lead to increased 

excitatory synaptic function as measured by mEPSC amplitude (Fig. 5.7) (Rial 

Verde et al., 2006; Shepherd et al., 2006).  There was also a trend towards 

increased mEPSC frequency in neurons infected with shArc (Fig. 5.7).  Input 

resistance and capacitance were not different between shArc-, shDsRed- (Fig. 
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5.7), or uninfected neurons (RM = 190 ± 20 MΩ, CM = 19 ± 2 pF, n=20 cells). 

The stability of these parameters, together with the observed increase in synaptic 

function, reduce concerns of off target effects of these shRNAs (Alvarez et al., 

2006).   

 
 

 

 

 

 

Figure 5.6. Lentivirus delivery of shRNA against Arc decreases basal Arc 
protein levels.  A, Lentivirus expressing an shRNA against Arc (shArc) mRNA 
in comparison to sister cultures infected with a control lentivirus expressing 
shRNA against DsRed (shDsRed). Dissociated rat hippocampal neurons were 
infected at 7 DIV with shArc or shDsRed that co-expresses GFP. 10-12 days post-
infection, neurons were fixed, and Arc protein was visualized using 
immunofluorescence.  Scale bar = 10 μm B, Quantified group data reveal a ~80% 
knockdown in the total Arc immunofluorescence in dendrites of shArc infected 
neurons. N = # cells/condition from 2 cultures. Experiments performed by Elena 
Nosyreva. 

 
Along with increased synaptic function, shArc infected neurons exhibited 

a slight increase in surface GluR1 levels in comparison to shDsRed infected 

cultures (Fig. 5.8) consistent with a role for Arc in GluR1 endocytosis.  These 

data indicate that endogenous levels of Arc in our cultures reduce excitatory 

synaptic function and surface AMPAR levels. 
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Figure 5.7.  Knockdown of endogenous Arc increases synaptic transmission.   
A, Representative mEPSCs from shArc and shDsRed infected neurons. Scale bars 
= 30 pA/100 msec.  Neurons expressing shArc exhibited increased mEPSC 
amplitude, but no difference in mEPSC frequency, B, input resistance or 
capacitance in comparison to neurons infected with shDsRed or uninfected 
neurons (data not shown). N= number of cells/condition from 4 cultures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8. Knockdown of endogenous Arc increases surface GluR1 
expression.  A, Representative surface GluR1 on dendrites of neurons infected 
with either shDsRed or shArc. Scale bars = 10 μm. B, Group data reveal that 
knockdown of Arc increases basal surface GluR1 in control cultures. N = # 
cells/condition from 8 cultures. 
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Arc knockdown abolishes mGluR-induced changes in surface AMPAR 
expression and LTD 
 

We next utilized shArc infected neurons to examine whether mGluR-

mediated AMPAR trafficking requires Arc protein.  Depleting Arc levels in 

neurons abolished DHPG-induced decreases in GluR1 surface expression 

observed 15 min after DHPG treatment. In contrast, NMDA-induced decreases in 

surface GluR1 remained intact (Fig. 5.9). Because knockdown of endogenous Arc 

blocked surface GluR1 changes relatively quickly after DHPG (within 15 min), 

Arc may be necessary for mGluRs to trigger endocytosis of GluR1. In support of 

this idea, DHPG failed to increase GluR1endocytosis in shArc-expressing neurons  

as measured using live antibody labeling of surface GluR1, in contrast to sister 

cultures expressing shDsRed (Fig. 5.10).   

DHPG treatment of dissociated hippocampal cultures results in a long-

term decrease in mEPSC frequency (Moult et al., 2006; Snyder et al., 2001).  

Along with the changes in surface AMPARs, this suggests that most, if not all, the 

AMPARs at a single synapse are removed by DHPG.  To determine if Arc was 

required for mGluR-LTD of mEPSCs in culture, we performed whole cell patch 

clamp recordings from neurons infected with lentivirus expressing either shArc or 

shDsRed.  In control cultures expressing shDsRed, DHPG application induced a 

decrease in mEPSC frequency 10 minutes after drug washout (p=0.02).  In 

contrast, DHPG was ineffective in decreasing mEPSC frequency in shArc- 
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expressing neurons (p = 0.78; Fig. 5.11).  Furthermore, the magnitude of DHPG-

induced LTD of mEPSC frequency was different between shArc and shDsRed 

infected neurons (p = 0.02).  These findings demonstrate that endogenous Arc is 

required for mGluR induced decreases in surface AMPARs and synaptic function. 
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Figure 5.9. Endogenous Arc is required for mGluR stimulated decreases in 
AMPAR surface expression. A, Representative images of surface GluR1 
immunofluorescence in low-density dissociated hippocampal cultures infected 
with lentivirus expressing shArc or shDsRed treated with media (control), DHPG, 
or NMDA and fixed 15 min after treatment onset. Scale bar = 10 μm. B, Group 
data reveal that knockdown of Arc blocks DHPG- induced decreases in surface 
GluR1. Data pooled from 5 cultures. C, Arc knockdown does not affect NMDA-
induced decreases in surface GluR1. N = #cells on each from 3-5 
cultures/condition. Two-way ANOVA and Fisher’s PLSD were used to determine 
statistical significance. 
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Figure 5.10.  Endogenous Arc is required for mGluR-stimulated increases in 
GluR1 internalization.  A, Representative images of internalized GluR1 
immunofluorescence in low-density dissociated hippocampal cultures infected 
with lentivirus expressing shArc or shDsRed. Neurons were live labeled with N-
terminal GluR1 antibody immediately after treatment with media (control) or 
DHPG (100 μM; 5 min) and fixed 15 min later. Scale bar = 10 μm. B, Group data 
reveal that knockdown of Arc blocks DHPG- induced endocytosis of surface 
GluR1. Data pooled from 5 cultures. 
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Figure 5.11. Endogenous Arc is required for mGluR-LTD.  A, Representative 
mEPSCs recorded from neurons infected with shArc or shDsRed before DHPG 
treatment and 10 min after DHPG washout. Recordings performed in the presence 
of 1 μM TTX and 100 μM picrotoxin. B, mEPSC frequency 15 minutes after 
onset of DHPG treatment in shArc and shDsRed infected neurons plotted as a 
percentage of pre-treatment mEPSC frequency. Group data reveal that Arc 
knockdown blocks DHPG-induced decreases in mEPSC frequency. N = # cells on 
each bar from 4 cultures/condition. 

 
Rapid translation of Arc is necessary for mGluR-induced decreases in 
surface GluR1 and LTD 

 
Although knockdown of endogenous Arc blocks mGluR-induced synaptic 

changes, these experiments do not address whether new synthesis of Arc in 

response to mGluRs is required for plasticity.  To acutely block new synthesis of 

Arc, we employed an antisense oligonucleotide against Arc mRNA to specifically 

block its translation (see Materials and methods). We acutely introduced the Arc 

antisense oligo, or a control mismatch oligo (with 5 mismatched nucleotides) into 

cultured neurons using a lipid mediated transfer.  Thirty minutes after oligo 

delivery, neurons were treated with DHPG and processed for Arc 

immunofluorescence. DHPG induced a rapid increase (within 10 min) in dendritic 

Arc immunoreactivity in the presence of Arc mismatch oligo. Pretreatment with 
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Arc antisense oligo effectively blocked DHPG-induced increases in Arc without 

altering basal Arc levels (Fig. 5.12a,b). The Arc antisense oligos do not generally 

impair mGluR stimulated protein synthesis, because they did not affect DHPG-

induced increases in dendritic MAP1b (Fig. 5.12c,d). 

Using the antisense oligo, we tested the effects of blocking rapid Arc 

synthesis on mGluR-induced GluR1 trafficking. Delivery of Arc antisense oligo 

into neurons did not affect basal levels of surface GluR1, but reduced the decrease 

of surface GluR1 triggered by DHPG one hour after treatment (Fig. 5.13). The 

ability to acutely block mGluR stimulated increases in dendritic Arc and 

decreases in surface GluR1 was replicated with another Arc antisense oligo which 

targeted a different region of the Arc mRNA (Arc antisense 2; Fig. 5.13b) 

(Messaoudi et al., 2007).   
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Figure 5.12. Arc Antisense Oligonucleotides block mGluR-induced increases in 
dendritic Arc translation without disrupting endogenous Arc protein or mGluR-
induced translation of MAP1B.  A, Representative images of Arc 
immunofluorescence in dissociated hippocampal neurons. Antisense oligonucleotide 
directed against Arc mRNA, or a mismatch oligonucleotide was introduced into 19-
21 DIV neurons via a lipid-based delivery system. Neurons were treated with media 
(control) or DHPG and fixed 10 min after onset of treatment. Scale bar = 10 and 5 
μm. B, Quantification of the area of the dendritic Arc fluorescence reveal that either 
one of two unique Arc antisense oligonucleotides (Arc antisense and Arc antisense 2) 
block DHPG-induced increases in Arc protein without affecting basal Arc levels (in 
control mismatch oligo treated cultures). Data from 2 cultures per condition. C, 
Representative MAP1b immunofluorescence in low-density dissociated hippocampal 
cultures exposed to control media or DHPG treatment (100 μM; 5 min) in the 
presence of Mismatch control oligo or Arc antisense oligo. Neurons were fixed 10 
min after treatment onset. Scale bar = 10 μm. B, Quantification of MAP1b immuno-
fluorescence reveals that DHPG induces increases in MAP1b protein levels which are 
unaffected by oligo pretreatment. N = # cells on each bar. Data from 4 cultures. ** p< 
0.01.
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We hypothesize that mGluR stimulated Arc translation mediates persistent 

increases in GluR1 endocytosis rate.  To test this idea, we examined the effects of 

the Arc antisense oligos (or mismatch control oligos) on mGluR-stimulated, long-

term increases in GluR1 endocytosis rate using the ratiometric 

immunofluorescence method.  One hour after DHPG treatment, GluR1 

endocytosis rate was increased in cultures pretreated with mismatch control 

oligos.  In contrast, cultures pretreated with Arc antisense oligos failed to 

demonstrate persistent increases in GluR1 endocytosis rate after DHPG (Fig. 

5.14).  These data support our hypothesis that new synthesis of Arc leads to long-

term increases in AMPAR endocytosis rate. 

To determine if rapid Arc synthesis is required for DHPG-induced LTD of 

evoked EPSCs, we introduced Arc antisense oligos (or mismatch oligo; 250 μM) 

into CA1 pyramidal neurons of acute rat hippocampal slices via a whole cell 

recording pipette. At least 30 min after breaking into the cell, LTD induction was 

attempted with bath DHPG application (100 μM; 5 min).  LTD was observed in 

cells infused with control mismatch oligos (74 ±5% of baseline 40 -50 min post-

DHPG; n = 7; p < 0.001; Fig. 5.15).  In contrast, DHPG failed to induce LTD in 

neurons infused with Arc antisense oligo (92 ± 8%; p = 0.43; n = 7; Fig. 5.15). All 

LTD experiments were performed either within the same slice using two 

simultaneous patch clamp recordings of neighboring CA1 neurons (one filled with 
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each oligo) or on the same day from a sister slice. The level of LTD in cells filled 

with Arc antisense oligos was reduced in comparison to cells filled with control 

mismatch oligo (paired t-test with same day control; p=0.007; Fig. 5.15). 
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Figure 5.13. Acute blockade of Arc translation blocks the long-term effects of 
mGluR activation on surface GluR1.  A, Representative images of surface 
GluR1 in neurons treated with antisense or mismatch oligonucleotides 30 min 
prior to media (control) or DHPG treatment. One hour after DHPG, neurons were 
fixed and processed for surface GluR1 immuno-fluorescence. Scale bar = 10 and 
5μm. B2, Quantified group data reveal that DHPG fails to induce long-term 
decreases in surface GluR1 in neurons pretreated with either Arc antisense 
oligonucleotides, in contrast to neurons treated with mismatch oligonucleotides. 
Data from 2-3 cultures/condition. 
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Figure 5.14. Acute blockade of Arc translation blocks the long-term effects of 
mGluR activation on GluR1 trafficking.  A, Representative double-label 
images of surface (green) and intracellular (red) GluR1 in dissociated 
hippocampal neurons treated with Arc antisense oligonucleotide or mismatch 
oligonucleotide. One hour after media (control) or DHPG treatment (100 μM, 5 
min), live neurons were labeled with GluR1 antibody.  D, Ratiometric 
quantification of internal to surface GluR1 in the same dendrites reveal that Arc 
antisense oligonucleotide blocks DHPG-induced, long-term increases in GluR1 
endocytosis rate. N=number of cells per condition on bar, Data pooled from 2 
cultures per condition.  * p < 0.05. 
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Figure 5.15. Acute blockade of Arc translation blocks mGluR induced LTD 
in acute hippocampal slices.  A,B Average normalized EPSC amplitudes of CA1 
neurons from acute hippocampal slices recorded with pipettes containing 250 μM 
mismatch oligonucleotide (A) or Arc antisense oligonucleotide (B). DHPG (100 
μM, 5 min) applied to the bath resulted in a LTD of EPSC amplitudes in cells 
filled with mismatch oligonucleotide. In contrast, intracellular introduction of Arc 
antisense oligonucleotide via patch pipette blocks DHPG-induced LTD. N = # of 
neurons. C, Representative EPSCs from cells filled with Arc antisense 
oligonucleotide or mismatch oligonucleotide taken during pre-DHPG baseline (1) 
or 50 min after LTD induction (2; indicated in A and B). Scale bars = 50pA/ 10 
msec. D, LTD of EPSC amplitude (plotted as a percent of pre-DHPG baseline) at 
60 min in Arc antisense oligonucleotide infused neurons that were paired with 
same day or same slice control neurons infused with mismatch oligonucleotide. 
Average of 7 experiments is plotted in bold. Experiments performed by Brad 
Pfeiffer.
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Overexpression of Arc protein decreases basal levels of surface AMPARs and 
occludes mGluR-dependent decreases in AMPAR surface expression. 

 
Our data indicate that Arc and rapid synthesis of Arc are necessary for 

mGluR-LTD and decreases in surface AMPARs.  Expression of Arc alone may be 

sufficient to stimulate endocytosis and decrease surface expression of GluR1 to 

thereby prevent or occlude subsequent mGluR induced changes in AMPAR 

trafficking.  To test this, we over-expressed an N-terminally GFP-tagged Arc in 

neurons via lentiviral mediated expression (Chowdhury et al., 2006).  As 

previously observed, Arc overexpression increased GluR1 internalization and 

decreased surface GluR1 to 54 ± 5% of that observed in neurons infected with 

lentivirus expressing GFP only (Fig. 5.16) (Chowdhury et al., 2006; Rial Verde et 

al., 2006).  Overexpression of Arc protein also occluded the effect of mGluR 

stimulation on AMPAR surface levels suggesting that Arc expression alone is 

sufficient to mimic mGluR-LTD.   

Consistent with previous work, we observed that Arc overexpression 

occluded NMDA stimulated decreases in surface GluR1 (Fig. 5.16) (Rial Verde et 

al., 2006). Together with our results of Arc knockdown,(Figs. 5.7-5.11), our data 

suggest that endogenous Arc is primarily utilized for mGluR-mediated AMPAR 

surface expression changes, and Arc overexpression impacts both mGluR and 

NMDAR-mediated AMPAR trafficking mechanisms. 
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Figure 5.16. Overexpression of Arc in hippocampal neurons increases GluR1 
endocytosis and occludes mGluR induced decreases in surface GluR1. A, 
Representative immunofluorescence of internalized GluR1 in hippocampal 
dissociated neurons infected with lentivirus containing GFP or Arc-GFP (green). 
Scale bars = 10 and 5μm B, Quantification of internalized GluR1 puncta reveal that 
neurons with Arc-GFP expression have increased GluR1 endocytosis rate as 
compared to neurons expressing GFP only. Data from 3 cultures. C, Representative 
images of surface GluR1 staining in neurons infected with lentivirus containing GFP 
or Arc-GFP. Neurons were treated with media (control) or DHPG (100 μM, 5 min) 
and fixed one hour after onset of treatment. D, Quantification of surface GluR1 
puncta number in GFP or Arc-GFP infected neurons treated with media (control) or 
DHPG reveal that Arc-GFP overexpression decreases basal surface GluR1 levels and 
blocks DHPG-induced decreases in surface GluR1. Data from 3 cultures. E, 
Representative images of surface GluR1 staining in neurons infected with lentivirus 
containing GFP or Arc-GFP. Neurons were treated with media (control) or NMDA 
and fixed one hour after onset of treatment. F, Quantification of surface GluR1 
puncta number in GFP or Arc-GFP infected neurons treated with media (control) or 
NMDA reveal that Arc-GFP overexpression decreases basal surface GluR1 levels and 
blocks NMDA-induced decreases in surface GluR1. Data from 3 cultures. 
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Manipulating Arc interactions with peptide mimic recapitulates Arc 
overexpression 

  In order to isolate the regions of Arc responsible for controlling AMPAR 

trafficking, we constructed a peptide mimic of Arc89-100, the putative region for 

Arc binding to endophilin.  In pulldown assays, Arc binds to the bar domain of 

endophilin through Arc89-100, and expression of an Arc deletion mutant lacking 

this region does not affect surface GluR1 levels or mEPSC properties 

(Chowdhury et al., 2006).  Introduction of this peptide mimic into hippocampal 

neurons resulted in a decrease in surface GluR1 puncta measured by 

immunofluorescence.  No further decrease in surface AMPARs was observed 

after subsequent stimulation of mGluRs by DHPG application (Fig. 5.17).  

The mechanism through which the Arc89-100 peptide causes decreases in 

surface AMPARs is through an increase in GluR1 endocytosis (Fig. 5.18a), 

suggesting that Arc interactions at this region imitate the consequences of Arc 

overexpression.  Furthermore, treatment of neurons with DHPG prior to 

application of the Arc89-100 peptide effectively inhibited decreases in surface 

AMPARs prompted by the peptide (Fig. 5.18b).  Therefore, application of Arc89-

100 peptide blocks DHPG-induced changes in AMPAR surface expression and 

vice versa.  This mutual occlusion implicates a shared mechanism between 

mGluR- and Arc89-100-mediated changes in surface AMPAR expression.   
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Additionally, introduction of Arc89-100 peptide into hippocampal neurons 

expressing low levels of Arc (shArc) was able to decrease surface expression 

AMPARs (Fig. 5.19).  This result demonstrates that despite the inability of 

neurons to synthesize Arc, the Arc89-100 peptide serves to decrease AMPAR 

surface expression.   
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Figure 5.17. Arc89-100 peptide decreases GluR1 surface expression and 
inhibits DHPG-induced decreases in AMPAR surface expression.  A, DIC 
images with overlay of fluorescent GFP channel of neurons treated with media or 
Arc89-100 peptide conjugated to a tat sequence (Arc-tat) and a FITC fluorophore.  
B,  Dose response quantification of surface AMPARs from dissociated 
hippocampal neurons treated with a scramble peptide or increasing concentrations 
of Arc89-100 peptide (Arctat).  Surface AMPARs were also quantified from 
cultures treated with DHPG.  N = number of cells is on each bar. 
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Figure 5.18. Arc89-100 peptide increases AMPAR endocytosis and DHPG 
treatment occludes Arc89-100 peptide-mediated decreases in surface 
AMPAR. A, Quantification of internalized GluR1 following treatment with a 
scramble peptide or Arc89-100 peptide (Arctat).  Internalized GluR1 puncta are 
also counted in cultures treated with DHPG.  B,  DHPG was applied to 
hippocampal neurons and Arctat peptide was subsequently introduced.  Graph 
depicts surface GluR1 puncta quantification after treatment.  N = number of cells 
on each bar. 
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Figure 5.19. Arc89-100 peptide decreases surface GluR1 in Arc knockdown 
neurons. A, Quantification of surface GluR1 in dissociated hippocampal neurons 
expressing lentivirus with short hairpin RNA targeted against dsRed (shdsRed) or 
Arc (shArc) treated with a scramble peptide or Arc89-100 peptide (Arc-tat).   
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DISCUSSION 
 

We find that Arc synthesis is specifically induced by mGluR-, as opposed 

to NMDAR-activation.  Although NMDA treatment elicits a prolonged decrease 

in surface AMPAR levels, this decrease does not require protein synthesis nor is it 

associated with persistent increases in AMPAR internalization rates (Figs. 2.2, 

2.5). Furthermore, stimuli which typically induce NMDAR-LTD, such as low 

frequency stimulation (1Hz; LFS) do not induce Arc transcription or translation 

(Steward and Worley, 2001b). Similarly, we observed that chemical induction of 

NMDAR-LTD did not increase Arc levels (Fig. 5.1).  NMDAR and mGluR-LTD 

in area CA1 utilize distinct mechanisms and affect different synapses or 

populations of AMPARs (Huber et al., 2000; Huber et al., 2001; Oliet et al., 

1997). Our data suggest that the presence of Arc at synapses or with AMPARs 

makes them selectively susceptible to mGluR induced endocytosis and LTD. 

Upon induction Arc mRNA is rapidly transported into dendrites, but it is 

unknown if Arc is locally translated in response to synaptic activity (Steward et 

al., 1998; Steward and Worley, 2001b).  Here we provide strong evidence for 

dendritic and synaptic synthesis of Arc in response to mGluR activation (Figs 5.1-

5): 1) Bath application of DHPG induced a rapid (10 min) increase in dendritic 

Arc levels which relied on protein synthesis from preexisting mRNA. 2) Local 

dendritic activation of mGluRs was sufficient to induce an anisomycin sensitive 

increase in dendritic Arc. 3) MGluR activation of synaptoneurosomes increased 
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35S Met incorporation into Arc. 4) DHPG treatment of slices in which the 

dendrites were severed from their cell bodies was capable of increasing Arc 

levels.  The latter result indicates that the dendritic Arc does not stem from soma 

mediated synthesis and transport of Arc into dendrites.  

These results provide strong evidence that mGluRs locally synthesize Arc 

in dendrites and thus is a strong candidate LTD protein.  To study mGluR-induced 

AMPAR trafficking and Arc synthesis during LTD in cultured neurons, we 

utilized DHPG. However, we have previously demonstrated on a number of levels 

that DHPG-induced LTD shares common mechanisms with a synaptically 

induced form of mGluR-LTD (Huber et al., 2002b; Huber et al., 2000; Huber et 

al., 2001; Volk et al., 2006) and would predict that synaptically-induced mGluR-

LTD would also stimulate dendritic synthesis of Arc. 

Arc is a fascinating gene since its induction coincides with recent salient 

experience and activity in neurons.  Upon induction, Arc mRNA is transported to 

dendrites, but little is known about the role of local Arc synthesis in synaptic 

plasticity.  Furthermore, mGluR-dependent LTD depends on the rapid synthesis 

of new dendritic proteins, but the proteins that mediate LTD were unknown.  Here 

we provide evidence that induction of LTD with brief mGluR activation in 

cultured neurons is associated with persistent increases in GluR1 endocytosis rate 

that relies on new Arc synthesis.  MGluR-LTD inducing stimulation causes rapid 

synthesis of Arc protein in isolated dendrites and synaptoneurosomes, thus 
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dictating local or synaptic synthesis of Arc (Figs. 5.4, 5.5).  Knockdown of 

endogenous Arc results in increased surface GluR1 and mEPSC amplitudes, but 

prevented mGluR-induced changes in AMPAR trafficking and mEPSCs, 

demonstrating a role for Arc in both constitutive and mGluR-triggered AMPAR 

endocytosis (Figs. 5.7-11).  Arc overexpression is sufficient to mimic and occlude 

mGluR-induced decreases in surface GluR1 providing evidence for a common, 

shared mechanism between Arc induced depression and mGluR-LTD.   

Together, these data support a model by which mGluRs trigger AMPAR 

endocytosis through existing Arc protein, as well as stimulate local synthesis of 

Arc which results in a long-term increase in AMPAR endocytosis rate. The 

increased endocytosis rate then maintains decreased surface GluR1 expression 

and LTD.  Our findings support recent studies that Arc is associated with synaptic 

weakening through stimulation of AMPAR endocytosis (Chowdhury et al., 2006; 

Plath et al., 2006; Rial Verde et al., 2006; Shepherd et al., 2006).  However, we 

find that Arc is specifically required for an mGluR-, as opposed to NMDAR-

dependent LTD. Although NMDA treatment elicits a prolonged decrease in 

surface AMPAR levels, induction of NMDAR-LTD does not require protein 

synthesis, Arc protein, nor is it associated with persistent increases in AMPAR 

internalization rates (Figs. 2.2,2.5,5.9).  Furthermore, stimuli which typically 

induce NMDAR-LTD, such as low frequency stimulation (1Hz; LFS) do not 

induce Arc transcription or translation (Steward and Worley, 2001). Similarly, we 
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observed that chemical induction of NMDAR-LTD did not increase Arc levels 

(Fig. 5.1).  Previous work demonstrated that LFS-induced LTD is absent in the 

Arc knockout (KO) mouse (Plath et al., 2006).  However, it was unclear from this 

study whether an mGluR or NMDAR-dependent LTD was deficient in the Arc 

KO.  In our study, the 20% of endogenous Arc remaining after Arc knockdown 

may be sufficient to support NMDAR-LTD (Fig. 5.6).  NMDAR and mGluR-

LTD in area CA1 utilize distinct mechanisms and affect different synapses or 

populations of AMPARs (Huber et al., 2000; Huber et al., 2001; Oliet et al., 

1997).  Our data suggest that the presence of Arc at synapses or with AMPARs 

makes them selectively susceptible to mGluR induced endocytosis and LTD.   

To study mGluR-induced AMPAR trafficking and Arc synthesis during 

LTD in cultured neurons, we utilized DHPG.  However, we have previously 

demonstrated on a number of levels that DHPG-induced LTD shares common 

mechanisms with a synaptically induced form of mGluR-LTD (Huber et al., 2002; 

Huber et al., 2000; Huber et al., 2001; Volk et al., 2007) and would predict that 

synaptically induced mGluR-LTD would stimulate and require dendritic synthesis 

of Arc.  In contrast to the effects of Arc knockdown with shArc, overexpression 

of GFP-tagged Arc inhibited both NMDA and mGluR induced decreases in 

surface GluR1 (Fig. 5.16).  Because Arc-GFP alone reduced surface GluR1 levels 

by 50%, we conclude that both LTD mechanisms were saturated, which prevented 

further surface GluR1 decreases in response to agonist.  This is consistent with the 
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previous finding that Arc overexpression in organotypic hippocampal slice 

cultures occludes an LFS-induced LTD that is presumably NMDAR dependent 

(Rial Verde et al., 2006).  Extremes of Arc expression such as a complete 

knockout or overexpression may impact both mGluR and NMDAR-LTD 

mechanisms, whereas mGluR-LTD is more sensitive to quantitative decreases in 

endogenous Arc and blockade of new Arc synthesis.   

Knockdown of endogenous Arc caused a decrease in surface GluR1, 

mEPSC amplitudes as well as a trend towards decreased mEPSC frequency in 

unstimulated or control cultures indicating a role for Arc in constitutive AMPAR 

cycling.  This supports previous findings with siRNA mediated knockdown or 

knockout of Arc (Rial Verde et al., 2006; Shepherd et al., 2006).  Surprisingly, we 

observed that endogenous Arc is required for mGluRs to trigger endocytosis and 

decreases in surface GluR1 (Figs. 5.9, 5.10).  Arc interacts with components of 

the endocytosis machinery endophilin 3 and dynamin 2, but not AMPARs 

(Chowdhury et al., 2006).  Therefore, mGluRs may stimulate association of 

existing Arc with endocytosis machinery, the synaptic membrane or interacting 

proteins of GluR1 to induce endocytosis.  In addition, blockade of mGluR-

induced Arc synthesis using antisense oligonucleotides inhibited the long-term 

effects of mGluRs on GluR1 surface expression, endocytosis rate and evoked 

EPSCs (Figs. 5.13-15).  In order to maintain plasticity, mGluRs may synthesize 
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more of an existing and rate-limiting component of the AMPAR endocytosis 

machinery, as opposed to a novel protein (Fig 5.20). 

 
Figure 5.20. Model of mGluR-LTD in the hippocampus. Stimulation of group 
1 mGluRs induces rapid and local synthesis of Arc.  Translation of new Arc is 
required for persistent increases in AMPAR endocytosis and maintenance of 
mGluR-LTD. 

 
In an effort to pinpoint the site of Arc required for increasing AMPAR 

endocytosis, we constructed a cell-permeable peptide designed to mimic the Arc 

site previously reported to bind to endophilin, Arc89-100.  In designing these 

experiments, we had expected this peptide to disrupt Arc interactions with 

endophilin and thereby prevent Arc-mediated AMPAR endocytosis in a 

dominant-negative fashion.  In contrast, the data demonstrate a scenario where the 

Arc89-100 peptide seems to imitate Arc overexpression (Figs. 5.17, 5.18).  There 

are several plausible hypotheses to explain these results.  Binding to Arc may lead 

to a conformational change in endophilin that enhances AMPAR endocytosis, and 

the peptide may sufficiently induce this change. Alternatively, Arc may bind with 
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a higher affinity to other proteins at the same region as the endophilin binding 

site.  Binding to proteins that inhibit endocytosis would account for a decrease in 

AMPAR surface expression upon increased Arc levels that might be disrupted 

with addition of the Arc89-100 peptide.  Interestingly, endophilin 3, which has 

been demonstrated to bind to Arc, may have an inhibitory effect on endocytosis 

(Sugiura et al., 2004).  Also, preliminary studies indicate that Arc binds WAVE 

(Wiskott-Aldrich syndrome protein family member) proteins, activators of the 

Arp2/3 actin polymerization machinery (Peebles and Finkbeiner, unpublished 

data) at the same site at which Arc binds endophilin.  WAVE function has been 

shown to regulate both LTP and LTD (Soderling et al., 2007), and loss of WAVE-

1 causes hippocampal learning and memory deficits (Soderling et al., 2003).  

Also, the possible interaction to WAVE proteins links Arc to components of actin 

cytoskeleton remodeling machinery and AMPARs.  Arp2/3 complexes with the 

AMPAR binding protein, PICK1, which inhibits its actin polymerization function.  

This interaction is required for NMDA-induced AMPAR internalization (Rocca et 

al., 2008).  Based on these studies, Arc may play a bi-functional role in plasticity 

depending on the abundance of its binding partners at the synapse. 
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CHAPTER SIX: Conclusions and Future Directions 

IMPLICATIONS OF PERSISTENT INCREASES IN AMPAR 
ENDOCYTOSIS 

 
 The persistent elevation of AMPAR endocytosis up to an hour after brief 

mGluR stimulation along with the increase in AMPAR trafficking to lysosomes 

suggest that AMPAR turnover is enhanced to maintain long-term depression at 

the synapse.  The “weakened” connection between two neurons is being actively 

maintained, a somewhat counterintuitive notion.  However, in light of the fact that 

long-term depression also requires new protein synthesis, these observations are 

not surprising.  LTD is likely an important encoding device to which neurons 

direct many resources.  Faster AMPAR trafficking allows for more rapid changes 

and adaptation to subsequent stimuli.  MGluR-LTD makes the population of 

AMPARs at the synapse more responsive to perturbations and may further serve 

to prime the synapse for information storage.  This may differ from NMDAR-

LTD which does not lead to persistent increases in AMPAR endocytosis.  These 

studies further distinguish NMDAR- and mGluR- LTD as distinct entities which 

may encode separate modalities of information.   

One way to test whether or not enhanced recycling plays a vital role in 

mGluR-LTD is to mechanically slow AMPAR trafficking.  In our studies, we 

found that live application of GluR1 antibodies slowed AMPAR endocytosis in 

comparison to biotinylation studies.  Prolonged application of concentrated 
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AMPAR antibodies prior to mGluR stimulation may result in reduced mGluR-

LTD, or even LTP, as newly synthesized and unlabeled receptors are inserted.   

The enhancement of AMPAR endocytosis and perhaps recycling may 

reflect constitutive mGluR activity and explain the transient reversal of mGluR-

LTD with mGluR inhibitors.  Most G-protein coupled receptors demonstrate 

constitutive activity, although the function and relevance in vivo is unclear (Smit 

et al., 2007).  One way to address whether constitutive mGluR activity is required 

for synaptic plasticity is the use of inverse agonists to disrupt mGluR signaling 

after LTD induction.  Following disruption by mGluR inverse agonists such as 

LY367385 (mGluR1) or MPEP (mGluR5), one can examine subsequent AMPAR 

trafficking.  Accordingly, if mGluRs signal constitutively through homer proteins, 

use of the mGluR c-terminal peptide to disrupt mGluR signaling through homers 

after establishment of mGluR-LTD would also be informative.  Unpublished data 

from the lab demonstrate that Arc translation requires mGluR interactions with 

homer proteins, as the mGluR c-terminal decoy peptide blocks mGluR-mediated 

increases in Arc synthesis (Jennifer Ronesi, unpublished data).  The homer 

scaffolding proteins may provide the link between constitutive mGluR activity 

and Arc synthesis in long-term depression.   

Finally, this line of questioning leads to the idea that activation of mGluRs 

may result in sustained translation of Arc to maintain increased AMPAR 

endocytosis.  In our studies, we only measured Arc levels 10 minutes after onset 
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of DHPG application.  If Arc is the ultimate modulator of AMPAR endocytosis, 

then Arc protein should remain elevated in the same timeframe that AMPAR 

endocytosis is enhanced.  DHPG application in vivo results in elevated Arc 

expression levels measured from 2-24 hours after agonist treatment (Brackmann 

et al., 2004).  These studies demonstrate that mGluR stimulation can lead to 

prolonged upregulation of Arc protein in the hippocampus and therefore sustained 

increases in Arc levels may account for persistent increases in AMPAR 

endocytosis observed in mGluR-LTD.  To maintain increased Arc levels, either 

persistent synthesis of Arc must be maintained, or Arc degradation needs to be 

abated.   

PROTEIN SYNTHESIS IN MGLUR-LTD 
 
 We demonstrated that Arc fulfills the criteria for an mGluR LTD protein.  

Synthesis of Arc increases upon mGluR stimulation, and Arc is required for 

mGluR-mediated changes in synaptic transmission and AMPAR trafficking.  

While Arc may be a major regulator of synaptic plasticity, there are still major 

gaps in the pathway between Arc synthesis and AMPAR endocytosis.  Arc does 

not interact with AMPARs directly, so it must act through AMPAR interacting 

proteins or endocytosis machinery.  Because of its association with mediators of 

clathrin-dependent endocytosis, Arc may generally boost endocytosis machinery 

at excitatory synapses, because mGluR stimulation is also associated with 
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decreases in NMDAR surface expression (Snyder et al., 2001).  Total levels of 

NR1, an NMDAR subunit, increase following Arc overexpression (Chowdhury et 

al., 2006), but it is unclear whether the number of surface NMDARs changes.  

Measuring the endocytosis of NMDARs or recycling transferrin receptors will 

indicate whether general endocytosis is upregulated.   

Another possible mechanism of Arc action is through modulation of 

AMPAR interacting proteins.  Many proteins (as discussed in the introduction) 

intricately control the population of AMPARs at the synaptic surface.  Arc may 

endocytose AMPARs through one of these protein adaptors.  Alternatively, 

stimulation of mGluRs could also trigger the synthesis of other proteins involved 

in AMPAR trafficking, and Arc may be a master regulator of these new proteins.  

Possible candidates include proteins translated in response to mGluR stimulation 

such as Map1B and CamKII, or other components of endocytosis and actin 

cytoskeleton remodeling machinery.  Arc has been shown to interact with CamKII 

and potentiates CamKII-mediated neurite outgrowth in neuroblastoma cells 

(Donai et al., 2003). 

ROLE OF ARC IN LTP AND LTD 
 
 An additional unanswered question arising from these studies is the 

specific role of Arc in different forms of plasticity.  Acute blockade of Arc 

synthesis using antisense oligonucleotides was first demonstrated to inhibit the 
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late-phase of LTP in vivo, as well as hippocampal memory consolidation 

(Guzowski et al., 2000).  More recently, it has been shown using this same 

method that LTP in the dentate gyrus requires a sustained synthesis of Arc for at 

least 2 hours after induction (Messaoudi et al., 2007), and Arc KO mice have a 

deficit in late-phase LTP (Plath et al., 2006).  Together with our work, this 

indicates that translation of Arc is important to maintain both synapse 

strengthening and weakening.  How can the same protein mediate opposing and 

possibly molecularly distinct functional states?   

One hypothesis is that different domains of Arc may play different roles in 

LTP versus LTD.  During LTP, Arc is thought to function in the regulation of 

cofilin dephosphorylation and actin polymerization (Messaoudi et al., 2007).  If 

Arc is required for stabilization of structural synaptic plasticity, then multiple 

forms of plasticity could conceivably utilize Arc.  MGluR activation induces 

structural changes in dendritic spines which require new protein synthesis, but it 

is unknown whether these changes contribute to LTD or require Arc (Vanderklish 

and Edelman, 2002).   

An alternate explanation to how Arc may oversee opposing actions in the 

neuron is through its binding partners at the synapse.  For example, mGluR 

stimulation also stimulates translation of αCamKII in hippocampal slices (Volk et 

al., 2007).  Arc potentiates CamKII-mediated outgrowth of neurites (Donai et al., 
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2003), and therefore may also potentiate other CamKII-mediated events and 

interactions with substrates.   

Arc may also play distinct roles in different parts of the hippocampus.  

Studies of Arc mRNA localization following seizure and exposure to novel 

environments reveal dissimilar patterns of expression in different regions of the 

hippocampus.  Following electroconvulsive seizure (ECS) stimulation, Arc 

mRNA is robustly induced and sustained in the dentate gyrus region for many 

hours, while increases in Arc mRNA in the CA regions of the hippocampus were 

minimal and decayed rapidly within an hour following ECS (Larsen et al., 2005; 

Link et al., 1995; Lyford et al., 1995).  In contrast, exploration of toy-filled novel 

environments increased Arc mRNA in a large majority of neurons in the CA1 

region, while only a small fraction of dentate gyrus granule cells were heavily 

labeled for Arc mRNA (Pinaud et al., 2001; Steward et al., 2001).  Intriguingly, 

repeated exposure to the same novel environment revealed two regions of Arc 

mRNA labeling in a subset of CA1 neurons (Steward et al., 2001), indicating that 

Arc can be reactivated in a stable network within the CA1 region.  Studies 

documenting the necessity for Arc translation in long-term potentiation have been 

performed in the dentate gyrus region (Guzowski et al., 2000; Messaoudi et al., 

2007), while our studies detailing the role of Arc translation in long-term 

depression have been performed using neurons from the CA hippocampal regions.   

Because Arc mRNA is induced in distinct patterns in different regions of the 
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hippocampus, these differences may give us insight into how newly translated Arc 

protein participates in distinct forms of synaptic plasticity. 

To fully address these topics, further mutational analysis of Arc protein, 

careful examination of Arc binding partners, and attention to the role of Arc 

induction in neural networks of different cortical regions will be necessary.  For 

mGluR-LTD, the Arc89-100 region is important for AMPAR trafficking.  

Because this region has been reported to bind both endophilin and WAVE, this 

supports alternate Arc binding partners as a possible mechanism for Arc dual 

functionality.  Alternatively, because it associates with endophilin and dynamin, 

Arc may function in close relation to the endocytic zone around the synapse, 

which when disrupted, causes a decrease in synaptic AMPAR expression (Lu et 

al., 2007).  One explanation for this apparently counterintuitive phenomenon is 

that endocytic zones not only supply endocytic machinery to synapses, but may 

also form a physical barrier for AMPAR diffusion away from synapses and their 

subsequent removal at extrasynaptic sites.  Could Arc be involved in decoupling 

the endocytic zone from activated synapses, thereby decreasing AMPARs at the 

synapse and mediating mGluR-LTD?  Without a diffusional barrier, more 

AMPARs may exit the synaptic region and enter extrasynaptic sites that could 

maintain higher endocytosis rates.  This may also account for the data collected 

after application of the Arc89-100 tat peptide.  Perhaps the peptide is sufficient to 

uncouple the endocytic zone from synapses.  If Arc is indeed playing a role in 
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decoupling the endocytic zone from synapses, then further disruption of endocytic 

zones, such as through the physical link between dynamin-3 and homer proteins, 

should have no additional effect on changes in synaptic AMPAR expression.  

Furthermore, fluorescent imaging of synapses should reveal less colocalization 

with clathrin puncta, a marker for endocytic zones, in neurons overexpressing Arc 

protein or with application of the Arc89-100 tat peptide. 

Arc INDUCTION AND MGLUR-LTD AS A WAY TO ENCODE 
NOVELTY? 

 
Arc mRNA is induced and transported to dendrites within one hour after 

neuronal activation (Link et al., 1995; Steward et al., 1998; Steward and Worley, 

2001b).  Once Arc mRNA is in dendrites, it accumulates at active synapses within 

15 minutes (Steward and Worley, 2001b).  Our findings would predict that 

synaptic mGluR activation is more likely to induce LTD in a time window 

following salient, Arc-inducing events.  LTD in the hippocampus, in general, is 

facilitated during exposure to novelty and is hypothesized to encode novel objects 

in a spatial context (Kemp and Manahan-Vaughan, 2004; Kemp and Manahan-

Vaughan, 2007; Manahan-Vaughan and Braunewell, 1999).   Novelty is a robust 

Arc induction stimulus and may underlie the facilitation of LTD and the encoding 

of novel objects (Guzowski et al., 2006; Kelly and Deadwyler, 2002; Ons et al., 

2004).  Because Arc mRNA is transported to dendrites following exposure to a 

new environment, then what is the role of Arc translation and Arc protein in 
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encoding novelty?  Because mGluR-LTD is likely facilitated in Arc mRNA-

expressing neurons, one reasonable hypothesis is that translation of Arc is 

permissive for an attenuated responsiveness to repeated exposure to an 

environment and perhaps plays a role in adaptation.  However, experimental 

evidence supporting this idea is lacking.  Instead, more data support a role for 

mGluR-LTD in directly encoding novelty and novelty-associated behavior.  

Novel exploration facilitates LTD in the hippocampus, and LTD is expressed 

differentially in the dentate gyrus versus CA1 following exposure to different 

types of novelty (Kemp and Manahan-Vaughan, 2004; Kemp and Manahan-

Vaughan, 2008; Manahan-Vaughan and Braunewell, 1999).  Together, these data 

suggest that coincident Arc induction and mGluR-LTD may link novel, conscious 

experience with long-term changes at synapses, thereby providing a mechanism 

for adaptive behavior. 

Other forms of adaptive behavior that may rely on Arc induction and 

mGluR-mediated plasticity include responses to stress or cocaine and visual 

experience.  MGluR-LTD is enhanced after exposure to stress or cocaine, stimuli 

known to induce Arc mRNA (Chaouloff et al., 2007; Fosnaugh et al., 1995; 

Mameli et al., 2007; Mikkelsen and Larsen, 2006; Ons et al., 2004).  Arc has also 

been shown to filter out activity of low orientation specificity neurons in the 

visual cortex following repetitive presentations of the same stimulus (Wang et al., 

2006), a function potentially executed by mGluR-dependent long-term 
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depression.  Therefore, the local translation of Arc by mGluRs and facilitation of 

LTD may function to depress synapses whose activation occurs within a time 

window after behaviorally relevant stimuli.   

ROLE OF MGLUR-LTD AND ARC IN FRAGILE X SYNDROME 
 

The discovery of a protein whose synthesis is required for mGluR-LTD, 

such as Arc, may have important implications for understanding the 

neurobiological mechanisms of Fragile X Syndrome (FXS).  In the mouse model 

of Fragile X Syndrome, Fmr1 KO mice, mGluR-LTD is enhanced and no longer 

requires new protein synthesis (Hou et al., 2006; Huber et al., 2002a; Koekkoek et 

al., 2005; Nosyreva and Huber, 2006).  MGluR-LTD is associated with a 

reduction in surface AMPARs in Fmr1 KO mice, which, unlike their wild-type 

counterparts, these decreases in surface AMPARs are resistant to inhibition by 

anisomycin (Nosyreva and Huber, 2006).  However, these decreases in surface 

AMPARs still rely on the same mechanism of removal: increased internalization 

of AMPARs (Nakamoto et al., 2007; Nosyreva and Huber, 2006).   

The mGluR theory of Fragile X Syndrome put forth by Bear and 

colleagues, postulates that aberrant, unchecked mGluR activity can account for 

the many neuropathological and clinical manifestations of the disease (Bear et al., 

2004).  In this theory, FMRP acts as a negative regulator of mGluR function, and 

without the protein, exaggerated mGluR-driven abnormalities ensue.  One 
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potential prediction from this theory is that mGluR-LTD proteins may be 

constitutively elevated at the synapse in a pre-activated state.  Could Arc be 

elevated in neurons lacking FMRP?  FMRP associates with Arc mRNA and 

therefore may normally regulate Arc mRNA localization or translation at the 

synapse.  In Fmr1 KO mice, synthesis of new Arc protein may be dysregulated 

(Iacoangeli et al., 2008; Zalfa et al., 2007; Zalfa et al., 2003).  This work, together 

with our findings that Arc synthesis is necessary for mGluR-LTD at wild-type 

synapses, suggest that altered regulation of Arc at Fmr1 KO synapses may 

account for the abnormal LTD.   

We also demonstrated that overexpression of Arc mimics and occludes 

mGluR-LTD in wildtype neurons, and does not enhance mGluR-LTD.  However, 

FMRP may control other transcripts that may in turn regulate Arc action at the 

synapse.  Alternatively, enhanced mGluR-LTD at Fragile X synapses may depend 

on a completely separate set of proteins to internalize AMPARs.  These questions 

will be addressed by examining basal and activated Arc levels and by 

experimental manipulation of Arc levels in FMR1 KO neurons. 

Introduction of  FMRP into mature, postnatal neurons Fmr1 KO mice 

leads to synapse elimination (Pfeiffer and Huber, 2007), demonstrating a role for 

FMRP in controlling synaptic connections between neurons.  Are synapses 

eliminated during mGluR-LTD in wild-type neurons and could Arc also play a 

role in FMRP-mediated synapse loss?  Additionally, homer proteins are not as 
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tyrosine phosphorylated and less associated with mGluR5 in FMR1 KO mice 

compared to wildtype mice (Giuffrida et al., 2005).  Homer interactions between 

dynamin 3 may also be disrupted in Fragile X Syndrome.  If so, then endocytic 

zones may be pathologically decoupled from synapses.  Delving into these 

questions will reveal more about the role if FMRP at the synapse. 

Determining the mechanisms underlying mental retardation in Fragile X 

Syndrome remains elusive due to the subtle nature of neuropathology in the 

disease.  However, these small perturbations in synaptic development and 

plasticity due to the lack of FMRP reveal the complexity as well as the sturdiness 

of human learning capacity.  Further inquiries into these topics will provide 

information about a pathological state of mental retardation which may potentially 

reveal insight into how neurons encode learning and memory. 

In summary, the studies described in this dissertation describe a means 

through which mGluRs persistently alter AMPAR trafficking.  Identification of 

LTD proteins has been a difficult and laborious process, but these studies describe 

a specific mGluR-mediated mechanism, persistently increased AMPAR 

endocytosis, which may direct more targeted searches for regulators of synaptic 

plasticity.   Increases in mGluR-mediated AMPAR internalization require the new 

and local translation of Arc.  The involvement of Arc in mGluR-directed plasticity 

links behaviorally-driven neural activity with persistent changes at the synapse, a 

possible connection between environmental stimuli and learning.   
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