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ABSTRACT 

 
 Each neuron in the mammalian central nervous system makes up to ten thousand 

synaptic connections with other neurons yet is able to regulate the strength of individual 

connections locally.  Synaptic enhancement or depression induced at one location on the 

dendritic arbor does not spread through out the entire neuron.  This means neurons must 

be able to regulate the complement and concentration of the synaptic proteins locally, 

near synapses.  The local concentration of synaptic proteins is influenced by many 

processes, including protein trafficking, buffering and sequestration, and most directly by 

protein synthesis and degradation.  In recent years, it has been shown that neurons can 

synthesize proteins locally in their dendrites.  These studies have suggested that any 

cellular process that regulates protein availability could be of importance in regulating 

synaptic function and plasticity.  Indeed, the evidence for the contribution of local protein 

degradation to the regulation of synaptic function and plasticity has started to emerge in 

recent years.   

 

 Here, we show that synapses have the machinery required to degrade proteins and 

local protein degradation occurs in the dendrites.  Furthermore, we demonstrate the 

requirement for protein degradation for one of the main cellular correlates of synaptic 

plasticity, namely the trafficking of glutamate receptors.  In turn, we demonstrate how 

neuronal activity regulates protein degradation at synapses, specifically by mobilizing the 

enzymatic machinery for protein degradation.  These data show that the interplay 

between protein degradation and synaptic activity functions to sculpt the protein 

composition of the synapses. 
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Synaptic plasticity -the dynamic modification of functional synaptic strength 

between neurons of the central nervous system- is generally believed to be a physical 

mechanism underlying learning and memory.  Long-term synaptic plasticity was first 

demonstrated in mammals by Bliss and Lømo (1973).  They examined synaptic 

transmission between perforant path fibers and granule cells in the dentate gyrus of the 

hippocampus by recording population excitatory postsynaptic potentials (EPSPs), which 

are the extracellular responses to perforant path stimulation.  In these experiments, they 

demonstrated that brief high frequency stimulation (HFS) of the perforant path fibers 

resulted in a long-term increase in amplitude of the EPSPs; this increase lasted for hours 

in anesthetized animals and for days in implanted rabbits.  These experiments provided 

evidence supporting Hebb’s postulate (1949): When a synaptic connection is successfully 

and repeatedly used to generate synaptic responses between two neurons, the strength of 

that connection is increased. Similar kinds of synaptic enhancement, referred to as long-

term potentiation (LTP), were also shown later in the rat hippocampus between Schaffer 

collateral/commissural synapses in the CA1 region of the hippocampus as well as in the 

mossy fiber synapses in the CA3 region of hippocampus (Malenka and Nicoll, 1999).   

 

Input specificity of LTP 

 

One interesting property of LTP is that it is input-specific: LTP induced at one set 

of synapses in a neuron does not spread to the entire dendritic arbor (Andersen et al., 

1977).  For example, consider two ESPSs evoked in one pyramidal neuron in response to 

the stimulation of two different Schaffer collateral inputs.  Before induction of LTP, two 
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EPSPs have the same amplitude.  When only one of these inputs is tetanized with HFS to 

induce LTP, only the EPSP of the tetanized input and not the other is potentiated.  This 

means when generated at one set of synapses by repetitive stimulation, LTP does not 

spread to the other synapses of the same neuron.  Such an ability to regulate synaptic 

inputs independently, as opposed to carrying the same information at all synapses, 

endows the neuron with the ability to encode greater information. 

 

Protein synthesis requirement for late-phase LTP 

 

The capacity of the neurons to independently modulate their individual synaptic 

connections suggests that the cellular processes that mediate the enduring changes during 

synaptic plasticity must act locally.  One interesting example of such a cellular process is 

protein synthesis: Synapses need to make new proteins in order to achieve enduring 

changes in their synaptic strength (Frey et al., 1988; Otani et al., 1989; Stanton and 

Sarvey, 1984).  When LTP is induced in hippocampal slices in the presence of protein 

synthesis inhibitors or transcription inhibitors, an early enhancement in synaptic strength 

(early-phase LTP (E-LTP), lasting 2 - 3 hours depending on the induction protocol used) 

is followed by a decline back to the baseline levels of synaptic transmission (Frey and 

Morris, 1997; Schuman, 1997).  The gene expression and protein synthesis-dependent 

phase of LTP (late-phase LTP (L-LTP)) can last as long as the hippocampal slice remains 

alive (~12 hours) (Reymann et al., 1985).  Furthermore, L-LTP recorded in vivo lasts for 

several days to weeks (Bliss and Gardner-Medwin, 1973; Leung and Shen, 1995; Staubli 

and Lynch, 1987). The requirement for protein synthesis for late-phase LTP suggests that 
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the newly synthesized proteins are involved in sculpting the synaptic protein composition 

to modulate synaptic strength.  However, when the two properties of LTP, synapse 

specificity and protein synthesis requirement, are considered, an interesting question 

arises (Schuman, 1997):  How do the newly synthesized proteins target only the activated 

synapses if one considers the soma as the main site of protein synthesis?  

 

In order to answer this challenging question, different hypotheses were suggested.  

One of these hypotheses claims that the newly synthesized “synaptic plasticity” proteins 

in the soma are transported to the dendrites and then captured at the potentiated synapses 

by a tag that is generated at the synapse in response to the plasticity-inducing stimuli 

(Frey and Morris, 1997).  A more efficient way of getting around the synapse-specific 

protein distribution problem is to bypass the somatic protein synthesis and subsequent 

transport to specific synapses steps and directly synthesize the “synaptic plasticity” 

proteins locally within the dendrites.  This is a much simpler solution compared to the 

“synaptic tag” idea and could, in principle, endow each synapse with its own set of 

protein synthesis machinery to synthesize its own proteins.  According to the local 

protein synthesis idea, plasticity-inducing stimuli will generate signals that activate the 

protein synthesis machinery residing next to the synapses, resulting in site-specific 

production of proteins required for synaptic plasticity.   
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Local protein synthesis 

 

There is much evidence showing that dendrites have the capacity to synthesize 

proteins locally: i) The machinery for protein synthesis exists in the dendrites: 

Polyribosomes and mRNAs are present in the dendrites and preferentially localized next 

to the synaptic sites (Bodian, 1965; Steward and Levy, 1982; Steward and Schuman 

2001).  ii) Protein synthesis can occur in reduced synaptic preparations like synaptosomes  

(Bagni et al., 2000; Yin et al., 2002).  iii) In the CA1 region of the hippocampus, 

patterned synaptic activation results in the incorporation of 3H-leucine to the proteins in 

dendritic processes and not soma (Feig and Lipton, 1993).  These experiments suggest 

that dendrites have the protein synthesis machinery that could be regulated by synaptic 

activity.  The demonstration of local protein synthesis during synaptic plasticity relied on 

the observation that neurotrophin application (BNDF or NT-3) causes a rapid and long 

lasting increase in synaptic strength (Kang and Schuman, 1995) that is attenuated by brief 

pretreatments of protein synthesis inhibitor (Kang and Schuman, 1996).  In this study, the 

immediate requirement for protein synthesis in synaptic potentiation suggests that 

proteins must be synthesized close to synapses.  Indeed, the protein synthesis dependent 

synaptic enhancement did not depend on the presence of neuronal soma: when the soma 

was mechanically dissociated from the synaptic neurophil, a protein synthesis inhibitor-

sensitive synaptic enhancement with neurotrophin application was still observed.  This 

strongly suggests that dendrites have the capacity to synthesize proteins locally during 

synaptic plasticity.   
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In addition to the experiments presented above, hippocampal culture systems have 

been used to study local protein synthesis using biochemistry and imaging. Similar to 

slices, neurites that are mechanically dissociated from their cell bodies in culture can 

incorporate 3H-leucine and express proteins following transfection of mRNAs (Torre and 

Steward, 1992; Crino and Ebervine, 1996).  Furthermore, Aakulu et al. were the first to 

visualize dynamic local protein synthesis in the dendrites using a GFP-based fluorescent 

protein synthesis reporter.  This reporter had a myristoylation signal that limits GFP 

diffusion and allows the membrane incorporation of GFP near the site of synthesis.  

Using this reporter, Aakulu et al. demonstrated that protein synthesis can occur in 

transected dendrites and at distinct and stationary “hot-spots” near synapses (Aakulu et 

al., 2001).    

 

Protein degradation at the synapse 

 

The molecular and cellular mechanisms underlying synaptic plasticity has been an 

area of intensive research in recent years.  Accumulating data suggest that synaptic 

plasticity is associated with changes in the synaptic protein content both at the level of 

modification of existing proteins as well as modulation of the abundance of individual 

synaptic proteins.  The data presented above suggest that the locally synthesized proteins 

during synaptic plasticity may be one mechanism neurons use to locally regulate their 

synaptic protein content.  In addition to protein synthesis, the local concentration of 

synaptic proteins is also influenced by protein trafficking, buffering and sequestration, as 

well as protein degradation.  Among these cellular processes, protein degradation could 
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be considered the most direct regulator of protein abundance because newly synthesized 

proteins may be functionally inactive and require posttranslational modifications in order 

to be fully functional.  On the other hand, protein degradation is direct and irreversible: 

when the long lasting nature of the synaptic plasticity is considered, protein degradation 

may provide another mechanism to sculpt protein content for enduring long-term changes 

in the synaptic efficacy.   Thus, it is not surprising that several recent studies have 

implicated regulated protein degradation in the control of synaptic development and 

plasticity (Bingol and Schuman, 2005).  Most protein degradation occurs through a 

highly regulated cellular pathway called the ubiquitin-proteasome system (UPS).  

 

 In the subsequent chapters, I will first describe the studies that demonstrate some 

basic mechanisms of synaptic plasticity and how the UPS is involved in different aspects 

of synaptic function.  Second, I will describe my studies that show protein degradation 

can occur locally in the dendrites.  Third, I will describe a role for UPS in one of the 

cellular mechanisms of synaptic plasticity, namely glutamate receptor trafficking, and 

will discuss possible targets of UPS at the synapse.  Lastly, I will describe how the 

localization of UPS components may be regulated by synaptic activity.   
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SYNAPTIC PLASTICITY 

  

There are two extensively studied forms of synaptic plasticity: long-term 

potentiation (LTP) and long-term depression (LTD).  Work in the last 10 years has shown 

that there is not only one type of LTP or LTD (Malenka and Bear, 2004).  Depending on 

the stimulation protocols, the type of the synapse studied and the age of the animals used, 

the cellular mechanism for induction and maintenance of the synaptic plasticity differs.  

The most widely studied forms of LTP and LTD are induced by the activation of one 

class of ionotrophic glutamate receptors found on the postsynaptic membrane, namely N-

methyl-D-aspartate receptors (NMDARs).  NMDARs act as coincidence detectors during 

synaptic transmission: For NMDARs to open, two events have to occur simultaneously, 

glutamate must bind and postsynaptic membrane must depolarize.  This property of the 

NMDARs allows the synapse to detect if the presynaptic and postsynaptic neurons are 

active at the same time, a prerequisite for Hebbian plasticity.  Opening of NMDARs leads 

to an influx of Ca++ in the postsynaptic cell, where the synaptic plasticity inducing 

signaling cascades are initiated.  The reason why NMDARs require postsynaptic 

depolarization to open is because of the Mg++ block of the channel gate at resting 

membrane potentials (Mayer et al., 1984).  The initial postsynaptic depolarization to 

remove the Mg++ block is provided by another class of glutamate receptor on the 

postsynaptic membrane, namely α-amino-3-hydroxy-5-methylsoxazole-4-propionate 

receptors (AMPARs). AMPARs are multimeric protein complexes that are composed of 

combinations of four different subunits (GluR1-4) (Bettler and Mulle, 1995).  In most 
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adult excitatory neurons, combinations of GluR1-GluR2 or GluR2-GluR3 are found at 

the synapses.  GluR4 containing AMPARs are expressed mainly in early postnatal 

development (Spreafico et al., 1994).  All four GluRs have similar topologies: an N-

terminal extracellular domain, which is followed by four transmembrane domains and the 

intracellular C-terminal domain that mediates most of the protein-protein interactions.  

AMPARs can be classified based on the length of their C-terminal: GluR1 and 4 have 

long C-terminal tails whereas GluR2 and GluR3 have short tails.  The significance of this 

distinction is the differential binding of these different C-terminal tails to different sets of 

proteins at the synapse.  Thus, in neurons, different combinations of AMPAR subunits 

form channels with different interacting partners, endowing them with unique properties 

that may be important for synaptic plasticity.  

 

The hippocampus  

Synaptic plasticity is widely studied in the hippocampal slice preparation owing 

to the laminar organization of the hippocampus (Reymann et al., 1985). The 

hippocampus is a telencephalic structure that has two crescent-like shaped regions, 

Ammon’s horn and the dentate gyrus.  The characteristic shapes of these regions are 

formed by the cell bodies of the principal neurons: pyramidal neurons and granular 

neurons in Ammon’s horn and dentate gyrus, respectively. The Ammon’s horn is 

subdivided into three regions, CA1, CA2 and CA3 (CA: cornu ammonis). The 

hippocampus receives inputs mainly from the entorhinal cortex. The entorhinal cortex 

axons form the perforant path fibers that make connections to the dendrites of the granule 

cells of dentate gyrus and pyramidal cells of CA3.  LTP was first demonstrated in these 
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connections between perforant path fibres and granule cells in the dentate gyrus (Bliss 

and Lømo, 1973).  

The flow of information in the hippocampus is uni-directional. The axons of 

granule cells in dentate gyrus (mossy fibers) form the main input of pyramidal cells of 

CA3. The axons of pyramidal cells in CA3 (Schaffer collateral fibers) contact with the 

dendrites of pyramidal cells of CA1.  These defined routes for information flow and the 

laminar structure of the hippocampus make it possible to study the specific synaptic 

connections by selectively stimulating axons and recording EPSPs either from a single 

cell from the cell body layer or from a group of neurons from the dendritic layer.   

Long-term potentiation 

 

Depending on the type of the synapse studied, the mechanism and the site of 

induction of LTP (presynaptic or postsynaptic) differ (Bliss and Collingridge, 1993; 

Malenka and Nicoll, 1999).  For example, both CA1 and dentate gyrus LTP require the 

activation of NMDARs and influx of calcium in postsynaptic neurons (Collingridge et al., 

1983; Coan et al., 1987; Bashir et al., 1990; Lynch et al., 1983).  In contrast, LTP at 

mossy fiber synapses is independent of NMDARs and calcium influx.  However, mossy 

fiber LTP requires calcium influx in presynaptic neuron (Nicoll and Malenka, 1995; 

Castillo et al., 1994; Zalutsky and Nicoll, 1990).  These findings suggest that LTP 

exhibited at different synapses uses different underlying mechanisms.  During NMDAR-

dependent LTP, the events that are downstream of calcium entry are not entirely clear.  

There are many signaling cascades and proteins implicated in the induction of LTP but in 
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most cases, it is not clear if they are the “mediators” or “modulators”: if they are required 

for LTP or if they alter LTP but are inessential for its occurrence (Sanes and Lichtman, 

1999).   

 

One protein, calcium/calmodulin-dependent protein kinase (CamKII) has been 

shown to be a possible mediator of the NMDAR-dependent LTP induction (Malinow et 

al., 1989; Malenka et al., 1989):  CaMKII is required for LTP induction and LTP 

induction activates CamKII (Malenka et al., 1989; Malinow et al., 1989; Silva et al., 

1992).  Once activated by CaM, CamKII switches from CaM-dependent to partially 

CaM-independent state via autophosphorylation on Thr286 (Miller et al., 1988; Miller et 

al., 1986; Kennedy et al., 1990). This allows persistent activation of CamKII even though 

when the Ca+2 signal returns to baseline.  The importance of CamKII 

autophosphorylation was demonstrated in experiments where LTP induction triggered a 

long lasting increase in CaM-independent form of CamKII (Barria et al., 1997; Ouyang et 

al., 1997; Fukunaga et al., 1993). Furthermore, constitutively active CamKII mimics and 

occludes LTP (Pettit et al., 1994; Lledo et al., 1995). LTP is absent in CamKII 

autophosphorylation site mutant mice (Giese et al., 1998). These experiments suggest that 

CamKII activity is necessary and sufficient for LTP induction. One potential exception to 

the requirement for CamKII activity in LTP is for LTP exhibited in young tissue. CamKII 

expression is low during early postnatal stages of the development (Kelly and Vernon, 

1985). Furthermore, blocking CamKII activity has no effect on LTP in young rat pup 

slices (postnatal day 7 -8). In contrast, CamKII inhibitors block LTP in mature slices 

(>postnatal day 27). Finally, LTP can be induced in young mouse slices prepared from 
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CamKII autophosphorylation site mutant mice, suggesting that there is a developmental 

switch for CamKII requirement in LTP (Yasuda et al., 2003).  

 

AMPAR TRAFFICKING 

 

Recent research suggests that a key mechanism for the expression of NMDAR-

dependent LTP in postsynaptic neurons is the up regulation of AMPAR function either 

by posttranslational modifications or enhanced trafficking.  An example of the 

posttranslational modification of AMPARs is the phosphorylation of the GluR1 subunit 

by CamKII at S831.  Phosphorylation of this residue increases the single channel 

conductance of GluR1 (Derkach et al., 1999).  During LTP, the single channel 

conductance of GluR1 increases along with an increase in the S831 phosphorylation 

(Barria et al., 1997; Mammen et al., 1997).  Furthermore, LTP is reduced in amplitude in 

mice where S831 is mutated (Lee et al., 2003).  This mouse also contained another 

mutation at S842 of GluR1, which is a protein kinase A site (Roche et al., 1996; Banke et 

al., 2000).  So it is hard to draw conclusions about the specific requirement for S831 

phosphorylation by CamKII during LTP.   

 

It is now clear that one major mechanism to regulate synaptic strength is to 

change the number of AMPARs present on the postsynaptic membrane.  Changing the 

number of AMPARs allows the synapse to modulate its sensitivity and response to a 

given amount of neurotransmitter (Lynch and Baudry, 1984; Malinow and Malenka, 

2002).  Indeed, in recent years, it has been demonstrated that AMPARs can undergo rapid 
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trafficking in and out of the synaptic membrane both during basal transmission and 

synaptic plasticity.  AMPARs are either trafficked to synapses that contain only 

NMDARs or to synapses that contain both AMPARs and NMDARs (Isaac, 2003).  

Synapses that lack AMPARs and contain only NMDARs are called silent synapses. 

Silent synapses are functionally “inactive” at a resting membrane potential as NMDARs 

require membrane depolarization to open.  Thus, AMPAR trafficking has the potential to 

change both the number and strength of functional synapses. 

 

Constitutive trafficking of AMPARs 

 

   The constitutive trafficking of AMPARs was shown by inhibiting protein-

protein interactions between AMPARs and AMPAR-interacting proteins.  In these 

experiments, synaptic AMPAR responses were either increased or decreased depending 

on the protein-protein interaction blocked (Kim et al., 2001; Daw et al., 2000; Luthi et al., 

1999; Lüscher et al., 1999).  Although the specificity of the inhibition of the protein-

protein interactions might be a problem in these experiments, the main conclusion that 

the AMPARs undergo basal trafficking during synaptic plasticity still holds true 

(Malenka, 2003).   

 

Regulated trafficking of AMPARs during LTP 

 

The trafficking of AMPARs during synaptic plasticity has also been extensively 

studied.  Some experiments used a form of GluR1 that has different rectification 
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properties than endogenous receptors.  This allows the measurement of synaptically 

incorporated (functional) AMPARs during synaptic plasticity both in vitro and in vivo.  

Using this approach, it has been shown that synaptic delivery of the GluR1 subunit 

requires neuronal activity, and during LTP, new GluR1-containing AMPARs are inserted 

into the synapse (Hayashi et al., 2000).  The insertion of new AMPARs to the synapse 

requires NMDA receptor activity, suggesting a further link between AMPAR delivery 

and NMDAR-dependent LTP.  Pointing to the importance of protein interactions with the 

C-terminal tail of GluR1, overexpression of GluR1 C-terminal tail blocks LTP (Shi et al., 

2001).  Furthermore, increased activation of CamKII is sufficient to drive AMPARs to 

the synapse (Hayashi et al., 2000).  The increase in the synaptic population of AMPARs 

during LTP was also confirmed in dissociated neurons or slice culture experiments.  

Although the similarity of pharmacologically induced LTP (chem-LTP) in culture and 

LTP induced in slices with electrodes is in question, the experiments in culture revealed 

that after LTP, more AMPARs accumulate at synapses (Pickard et al., 2001; Lu et al., 

2001; Shi et al., 1999).   

 

Regulated trafficking of AMPARs during LTD 

 

Similar to the addition of new AMPARs to the synapse during LTP, there is 

growing evidence that suggests that AMPARs are removed from the synapse during 

LTD.  The possibility that LTD may involve synaptic removal of AMPARs came from 

studies that show that AMPARs undergo rapid endocytosis in response to agonist 

treatment or synaptic stimulation (Lissin et al., 1999).  In addition to stimulation of 
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AMPARs themselves, NMDAR activation, activation of the PKC pathway, insulin 

receptor or mGluR receptor activation also induce AMPAR internalization (Beattie et al., 

2000; Carroll et al., 1999; Ehlers, 2000; Man et al., 2000; Snyder et al., 2001).  AMPAR 

endocytosis is clathrin-dependent and blocked by either GDPßS or a peptide that prevents 

the interaction between amphiphysin and dynamin (Carroll et al., 1999; Man et al., 2000; 

Carroll et al., 1999; Man et al., 2000; Wang and Linden, 2000).   

 

The involvement of AMPAR endocytosis in LTD has been studied at different 

synapses.  In hippocampal cultures, low frequency field stimulation decreases miniature 

excitatory postsynaptic current (mEPSC) frequency and amplitude, which are 

traditionally regarded as measures of presynaptic and postsynaptic function, respectively. 

The decrease in mEPSCs was correlated with a reduction in the number of synaptic 

AMPARs (Carroll et al., 1999).  In hippocampal slices, LTD reduces the synaptic pool of 

AMPARs detected by subcellular fractionation (Heynen et al., 2000).  Furthermore, 

depleting surface AMPARs with treatments like NSF inhibitory peptide or prestimulation 

with insulin occludes subsequent LTD (Lüscher et al., 1999; Lüthi et al., 1999). Both 

LTD and AMPAR endocytosis are blocked by blockade of endocytosis with either 

GDPßS or a peptide that prevents the interaction between amphiphysin and dynamin.  

Similar results were also obtained from other central synapses like the excitatory 

synapses on dopamine cells in the ventral tegmental area and parallel fiber-Purkinje cell 

synapses in the cerebellum (Luscher et al., 1999; Wang and Linden, 2000; Gutlerner et 

al., 2002).  This suggests that the mechanism of LTD at different synapses may be 

common. However, different signaling cascades are involved at different synapses for 
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LTD induction.  For example, at hippocampal synapses protein phosphatase 1 (PP1) and 

calcineurin are required for LTD whereas in the cerebellum and the ventral tegmental 

area PKC and PKA activity are required, respectively (Ehlers, 2000; Beattie et al., 2000; 

Wang and Linden , 2000; Gutlerner et al., 2002).  It is worth mentioning that calcineurin 

and PP1 activity as well as calcium are both required for NMDA-induced AMPAR 

endocytosis and hippocampal LTD (Ehlers, 2000; Beattie et al., 2000).  The targets of 

these phosphatases during hippocampal LTD are not known.  One possible target might 

be the AMPAR itself.  During LTD, GluR1 gets dephophorylated at S845, which is a 

PKA site (Lee et al., 2000).  Depotentiation of previously potentiated synapses leads to 

dephosphorylation of CamKII site S831 (Lee et al., 2000).  In addition, mice that lack 

both of these phosphorylation sites lack LTD, and dissociated culture neurons prepared 

from these mice do not exhibit NMDA-induced AMPAR internalization (Lee et al., 

2003).  These results would suggest that dephosphorylation of GluR1 itself is required for 

LTD induction and AMPAR endocytosis requires dephosphorylation of these residues. 

 

Although the experiments described above point to AMPAR endocytosis as a 

mechanism for LTD, they suffer from the non-specificity of the manipulations 

performed.  For example, blockade of endocytosis with dynamin mutants or 

pharmacological manipulations does not specifically interfere with AMPAR endocytosis; 

other endocytosed proteins may be important.  Furthermore, as mentioned earlier, 

AMPAR endocytosis is induced by activation of different neurotransmitter receptors with 

different biochemical requirements, yet they all lead to AMPAR endocytosis.  Although 

this suggests that LTD can be induced by activation of many different signaling 
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pathways, it may also mean that AMPAR endocytosis is a “by-product” of these various 

stimulation protocols, rather than being causally related to synaptic depression. An 

attractive idea for the regulation of synaptic depression that has not been tested yet is the 

removal of AMPARs from the synaptic sites by lateral diffusion along the membrane.  As 

detailed in the next section, AMPARs are capable of diffusing along the plane of the 

membrane (Borgdorff and Choquet, 2002).  In theory, removal of the AMPARs away 

from the synaptic membrane would be sufficient for synaptic depression without a 

requirement for AMPAR endocytosis.  Indeed, the endocytosis machinery at synapses is 

not situated within the synaptic membrane but adjacent to it (Blanpied et al., 2002; Racz 

et al., 2004; Petralia et al., 2003).  This suggests that AMPAR removal from the synaptic 

sites has to precede its endocytosis.  Thus, LTD-inducing stimuli may regulate the 

distribution of AMPARs between the synaptic and extrasynaptic surface and not 

necessarily between synaptic and intracellular pools.   

 

Lateral diffusion of AMPARs 

 

The idea that receptors move laterally on the membrane and accumulate at 

synaptic sites through “capture” was first established at the neuromuscular junction. 

According to this idea, the nerve contact regions on the muscle act as a trap for freely 

diffusing acetylcholine receptors on the muscle membrane (diffusion-trap model) (Young 

et al., 1983). This shifts the surface receptor distribution from a uniform and low 

concentration to a local and high concentration.  Similar to acetylcholine receptors, 

AMPARs also move by diffusion along the membrane.  This was first demonstrated by 
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tracking a latex bead attached to a surface AMPAR (Borgdorff and Choquet, 2002). 

These experiments revealed that AMPARs diffuse along the membrane and alternate 

between stationary and mobile states within seconds. More interestingly, AMPARs have 

longer and more frequent stationary periods as the neurons mature. Furthermore, the sites 

where AMPARs become stationary are spatially correlated with synaptic sites. The 

stationary states may correspond to the synaptic accumulation of AMPARs via “capture” 

of the extrasynaptic AMPARs at the synapse.  

 

The bulkiness of the latex beads (~0.5 µm) used in these experiments precludes 

the direct visualization of synaptic AMPARs. The use of smaller tags, such as nanometer-

sized organic fluorophores, allowed the visualization of AMPARs inside synapses. These 

experiments demonstrated that AMPARs are also mobile inside the synapses (Tardin et 

al., 2003). However, diffusion characteristics in extrasynaptic and synaptic surfaces were 

different. AMPARs move freely on the extrasynaptic membrane, traveling long distances 

in the order of microns. In contrast, AMPARs at the synapse have restricted diffusion: 

they move transiently and over areas equal to or smaller than the size of the synapse 

(~0.1 µm2).  This suggests the presence of obstacles inside the synapse for AMPAR 

diffusion. These obstacles may include scaffolding proteins, membrane microdomains or 

other transmembrane proteins (Triller and Choquet, 2005).  

 

Although organic fluorophores are small enough to enter the synaptic cleft (~1 

nm), they have the disadvantage of poor photostability. Recently, semiconductor 

nanocrystals, quantum dots, were used to track the movements of AMPARs and glycine 
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receptors on the neuronal surface (Groce et al., 2004; Tahan et al., 2003). Quantum dots 

have strong photoresistance allowing longer recordings of the receptor movements (in the 

order of minutes) but they are 20 - 30 times larger than organic dyes. Thus, organic dyes, 

in spite of the photoinstability, deliver the best choice for tracking receptor movements at 

the synapse whereas quantum dots are more suitable to track extrasynaptic receptors. 

 

In addition to AMPAR surface trafficking, lateral mobilities of other glutamate 

receptors (NMDARs and metabotrophic glutamate receptors (mGluRs)) and glycine 

receptors were also studied (Groc et al., 2004; Serge et al., 2002; Dahan et al., 2003). 

These studies revealed that the amount of time each receptor spends at the synapse 

depends on the receptor type studied and probably reflects different association–

dissociation rates of interactions between different receptor types and scaffolding 

proteins.  A comparison of AMPAR and NMDAR lateral motilities (Groc et al., 2004) 

demonstrated that AMPARs move at least twice as fast as NMDARs in the extrasynaptic 

membrane. Diffusion within synapses was indistinguishable for AMPARs and NMDARs. 

AMPAR and NMDAR lateral movements were also differentially regulated by activity. 

Neuronal activity induced by KCl-depolarization caused a large increase in the mobility 

of extrasynaptic AMPARs (~6 times) but not of NMDARs (Groc et al., 2004).  The 

increase in the extrasynaptic mobility was mainly due to an increase in the fraction of 

AMPARs that are mobile at the extrasynaptic membrane.  Blocking neuronal activity 

with tetrodotoxin (TTX) had the opposite effect: mobility of extrasynaptic AMPARs 

decreased mainly due to a decrease in the fraction of mobile AMPARs. Similar to KCl, 

TTX had no effect on NMDAR mobility.  Interestingly, local changes in calcium had the 
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opposite effect on AMPAR mobility compared to global changes induced by KCl or 

TTX: local increase in calcium concentration slowed down AMPAR diffusion (Borgdoff 

et al., 2002) suggesting that AMPAR mobility is differentially regulated by global and 

local changes in neuronal activity. 

 

AMPAR PROTEIN-PROTEIN INTERACTIONS 

 

Many proteins that interact with AMPAR subunits have been identified (Malinow 

and Malenka, 2002).  AMPARs lack functional domains that would direct their 

trafficking so the trafficking of AMPARs during synaptic plasticity must rely on the 

interaction with AMPAR-interacting proteins during different stages of trafficking. Some 

of these proteins that are related to my thesis study are discussed below. 

 

A common domain that mediates many of the AMPAR protein-protein 

interactions is the PDZ (PSD-95, Discs-large, ZO-1) domain.  PDZ domains are modular 

protein-protein interaction domains that are 80 amino acids long (Kornau et al., 1995, 

Kennedy, 1995; Cho et al., 1992).  PDZ domains are present throughout the animal 

kingdom but similar sequences have been also found in yeast and even in bacterial 

proteins.  The human genome sequence contains >100 PDZ domain-containing proteins.  

In mammals, the greatest abundance of PDZ-containing proteins are found at the synapse 

(Kim and Sheng, 2004).  PDZ domains usually interact with the C-terminal ends of 

interacting partners (Kornau et al., 1995; Kim et al, 1995; Niethammer et al., 1996).  In 

addition, some PDZ domains interact with internal sequences or with other PDZ domains 
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(Sheng and Sala, 2001; Kornau et al., 1997; Craven and Bredt, 1998.) The presence of 

multiple PDZ domains in synaptic proteins is common and underlies the scaffolding 

function of PDZ domain-containing proteins to bring multiple partners of a complex 

together. 

 

PDZ domain proteins interacting with GluR2 subunit of AMPARs 

 

GRIP1/ABP: 

Yeast two-hybrid experiments using the C-terminal tail of GluR2/3 identified two 

highly related PDZ domain-containing proteins, glutamate receptor interacting protein 

and AMPAR binding protein (GRIP1 and ABP respectively) (Dong et al.,  1997; 

Srivastava and Ziff, 1999).  Both GRIP and ABP contain seven PDZ domains, and the 

PDZ domains 3, 5, 6 were shown to bind to the C-terminal tails of GluR2 and GluR3.  

Furthermore, GRIP and ABP bind to each other and to themselves through PDZ-PDZ 

interactions.  The last four amino acids of the GluR2 C terminus are involved in the 

interactions with GRIP/ABP.  The importance of PDZ domain interactions for the GluR2 

subunit was shown in experiments where these four amino acids were deleted.  Although 

the PDZ binding site-lacking GluR2 AMPARs were trafficked to the surface to the same 

extent as wild-type receptors, they were not stabilized at the surface, which led to a 

reduction in the surface AMPARs over time.  Further mutagenesis of GluR2 C-terminal 

tail, rendering it unable to bind to GRIP but not other PDZ containing proteins (e.g.,  

PICK1 – see below), also led to a reduction in the synaptic AMPAR, suggesting that 

GRIP may play a role in the stabilization of the AMPAR at the synaptic membrane 
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(Osten et al., 2000).  Consistent with this, in slice cultures, expression of GluR2 that lacks 

the PDZ domain binding site cannot be detected at synapses, suggesting that GluR2-PDZ 

interactions, including the GluR2-GRIP interaction, are important for surface 

stabilization of AMPARs (Shi et al., 2001). 

 

GRIP-interacting proteins 

 

GRIP also interacts with other proteins at the synapse, which fits with its 

scaffolding function.  One of these proteins, identified through yeast two-hybrid screens, 

is liprin-α, which itself interacts with the LAR family of protein tyrosine phophatases (Ko 

et al., 2003;  Wyszynski et al., 2002).  The importance of liprin-α in AMPAR trafficking 

was shown by the expression of dominant negative constructs that disrupt the GRIP- 

liprin-α interaction, leading to a reduction in surface AMPARs and dispersal of dendritic 

AMPAR clusters.  Liprin-α also interacts with another protein called GIT-1, a 

multidomain protein that functions as a GTP-ase activator for the ADP-ribosylation 

family of GTPases.  This class of proteins is implicated in the regulation of the actin 

cytoskeleton and membrane trafficking.  Disrupting the interaction between liprin-α and 

GIT-1 also reduces the surface clustering of AMPARs in the dendrites (Ko et al., 2003). 

 

Another GRIP-interacting protein is GRIP-associated protein-1 (GRASP-1), 

which is a neuronal RasGEF (Ye et al., 2000).  The interaction between GRIP and 

GRASP-1 occurs via PDZ domains of these proteins.  Overexpression of GRASP-1 in 
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cultured neurons specifically blocks the synaptic targeting of AMPARs, suggesting a role 

for GRASP-1 in AMPAR trafficking.    

 

The subcellular distribution of GRIP suggests that GRIP may have trafficking 

roles upstream of the synaptic targeting of AMPARs (Wyszynski et al., 1999).  GRIP is 

present near synapses but also within the dendritic shaft and in axons.  Indeed it was 

shown that GRIP directly interacts with the heavy chain of conventional kinesin (Setou et 

al., 2002).  Thus, GRIP may serve as a link between the microtubule motor proteins and 

the AMPARs during dendritic AMPAR trafficking.  Furthermore, Liprin-α may be 

indirectly involved in the dendritic trafficking of AMPARs through interactions with a 

kinesin family member, KIF1 (Shin et al., 2003).  Thus, AMPARs travel along 

microtubules within a complex of AMPAR-interacting proteins and different types of 

kinesin motor proteins.  The involvement of GRIP at different levels of AMPAR 

trafficking and perhaps in other cellular processes unrelated to AMPARs is suggested by 

the GRIP1 knock-out mice, which show hemorrhagic blisters and embryonic lethality 

(Bladt et al., 2002).  These blisters were also found at the lateral ventricle of the brain, 

suggesting GRIP functions both at synaptic junctions and dermo-epidermal junctions. 

 

PICK1 

In addition to GRIP, the GluR2 C terminus interacts with the PDZ domain of 

another protein, Protein kinase C alpha binding protein (PICK1) (Daw et al.,  2000; Xia 

et al.,  1999). PICK1, in addition to PKC, also interacts with other signaling proteins 

(e.g., the Eph family of ephrin receptors) (Torres and Steward, 1998).  PICK1 facilitates 
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the clustering of GluR2 subunits as shown by co-clustering experiments in heterologous 

cells.  It has also been shown that PICK-1 recruits PKC to the synapse following 

activation of PKC with phorbol esters.  Phorbol ester treatment of neurons also causes 

AMPAR internalization, and PICK1 overexpression reduces the surface amount of 

AMPARs (Chung et al., 2000; Perez et al., 2001).  These data suggest that PICK1 may be 

involved in the internalization of AMPARs by acting as a scaffold between PKC and 

AMPARs.   

 

GluR2 PDZ domain interactions during LTD 

Both PICK1 and GRIP bind to the C-terminal end of AMPARs with their PDZ 

domains.  As such, it is intriguing to postulate that these two different proteins with 

opposite effects on AMPAR surface stability might compete for the same binding site.  

The regulation of binding of GluR2/3 to GRIP and PICK proteins is mediated by the 

phosphorylation state of the GluR2 C-terminus S880 residue.  This PKC phosphorylation 

site is within the PDZ domain binding region of GluR2/3 and phosphorylated GluR2/3 

binds to PICK1 but not GRIP/ABP (Chung et al., 2000; Matsuda et al., 1999; Matsuda et 

al., 2000; Perez et al., 2001). PKC activation in hippocampal or cerebellar cultures 

promotes the phosphorylation of this residue.  Furthermore, phorbol esters redistribute 

PICK1 and PKC to synapses, disperse GluR2 clusters and reduce surface levels of 

AMPARs both in hippocampus and cerebellar cultures (Chung et al., 2000; Matsuda et 

al., 1999; Matsuda et al., 2000; Perez et al., 2001).  These data suggest that PKC-

regulated PICK1 binding to GluR2/3 may have a role in the endocytosis/intracellular 

stabilization of AMPARs during LTD both in the hippocampus and cerebellum.   
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However, the experiments performed to address the function of GRIP and PICK1 

during hippocampal and cerebellar LTD are conflicting.  In hippocampal slices, blocking 

the binding of GluR2 to both GRIP and PICK1 blocks LTD and increases basal 

transmission in a PKC-dependent manner.  However, blocking only the GluR2-PICK1 

interaction has no effect on LTD or basal transmission.  This suggests that in the 

hippocampus, GRIP functions to stabilize internalized receptors or destabilize surface 

receptors whereas PICK1 has no direct role in LTD (Daw et al., 2000; Hirbec et al.,  

2003).  In contrast to these results, Kim et al. found that blocking GluR2-PICK1 

interaction does inhibit hippocampal LTD and increases basal synaptic transmission (Kim 

et al., 2001).  Consistent with these results, in cerebellar cultures, interfering with the 

GluR2-PICK1 interaction blocks LTD (Xia et al., 2000).  Furthermore, a mutant form of 

GluR2 that cannot be phosphorylated on S880 fails to rescue LTD in cerebellar cultures 

prepared from GluR2-knock-out mice (Chung et al., 2003).  These results suggest that 

PICK1 is involved in the stabilization of AMPARs intracellularly and/or priming them 

for endocytosis.  Indeed, overexpression of PICK1 in cultured hippocampal cultures 

decreases surface levels of AMPARs (Perez et al., 2001).   

The contradictory results described above may reflect cell type differences 

between hippocampal and cerebellar preparations.  Furthermore, the conclusions drawn 

from culture preparations do not necessarily apply to slice preparations.  Finally, GRIP 

and PICK1 may have multiple roles during induction of LTD in the hippocampus and 

cerebellum.  The palmitoylation of GRIP suggests this might be the case: GRIP 

undergoes palmitoylation at its N terminus where the palmitoylation site is generated by 

alternative splicing of the GRIP transcript (Yamazaki et al., 2001).  Importantly only the 
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palmitoylated form of GRIP is localized to synapses.  Non-palmitoylated GRIP remains 

in the cytosol.  This suggests that GRIP may function to stabilize AMPARs both at the 

synapse and intracellularly and the regulatory step for the AMPAR endocytosis may 

involve palmitoylation of GRIP.  

Regulation of synaptic accumulation of AMPARs by PSD-95 

 

 Postsynaptic-density Protein-95 (PSD-95) 

 

PSD-95 is one of the most abundant scaffolding proteins found at the postsynaptic 

density (PSD) (Cho et al., 1992; Kistner et al., 1993; Peng et al., 2004; Hunt et al., 1996).  

PSD is an electron-dense structure beneath the postsynaptic membrane that contains a 

high concentration of glutamate receptors and associated regulatory and scaffolding 

complexes as well as signaling and cytoskeletal proteins (Kennedy, 1997). PSD-95 

belongs to a family of cytoskeleton-associated proteins termed MAGUKs (membrane-

associated guanylate kinases) that is composed of four members (PSD-95/SAP90 

(synapse-associated protein 90), PSD-93/chapsyn-110, SAP102 and SAP97).  The 

common structure in this family involves three PDZ domains, one Src homology 3 (SH3) 

domain, and a guanylate kinase-like (GK) domain (Woods and Bryant, 1993).  PSD-95 

forms multimers at the synapse similar to GRIP.  In contrast to GRIP, which forms 

multimers through interactions between PDZ domains, PSD-95 forms multimers through 

N-terminal interactions with each other (Hsueh and Sheng, 1999; Christopherson et al., 

2003).    
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The role of PSD-95 as a scaffolding protein was first demonstrated in D. 

melanogaster where mutations in a homolog of PSD-95, discs large (Dlg) led to a 

dispersal of Shaker K+ channel clusters (Gramates and Budnik, 1999).  At mammalian 

synapses, PSD-95 interacts with the C-terminal tail of NR2 subunit of NMDARs (Kornau 

et al., 1995).  In contrast to Shaker K+ channels, PSD-95 is not required for the clustering 

of NMDARs themselves (Sprengel et al., 1998; Migaud et al., 1998;  Passafaro et al., 

1999).  However, the signaling pathways downstream of NMDARs are sensitive to the 

interaction between PSD-95 and NMDARs, suggesting a crucial role for PSD-95 in 

bringing different components of signaling pathways together at the synapse.  For 

example, nitric oxide synthase (nNOS) is situated next to the intracellular gate of 

NMDARs via nNOS-PSD-95 interaction.  Signaling downstream of nNOS is disrupted if 

the interaction between NMDARs and PSD-95 is blocked.  This suggests a scaffolding 

role for PSD-95 critical for the formation of nNOS-PSD-95-NMDAR complex and 

nNOS signaling (Brenman et al., 1996; McGee and Bredt, 2003).  Another example of a 

PSD-95 scaffolding function is the interaction with proline-rich tyrosine kinase 2 (Pyk2), 

and its downstream effector Src non-receptor tyrosine kinase family (Kalia and Salter, 

2003; Tezuka et al., 1999; Huang et al., 2001).  Both of these proteins are implicated in 

synaptic plasticity and PSD-95 may have a role in bringing these signaling complexes to 

the NMDAR to regulate the tyrosine phophorylation of NMDARs.   

In addition to clustering receptor and signaling complexes, PSD-95 is also 

involved in regulating the activities of membrane receptors.  For example, the single 

channel conductance of inward rectifier K+ channel (Kir 2.3) is decreased by binding to 

PSD-95 (Nehring et al., 2000).  PSD-95 also is involved in synaptic adhesion. At the  D. 
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Melanogaster neuromuscular junction, fasciclin II (FasII) interacts with Dlg during 

development (Packard et al., 2003).  At mammalian synapses, PSD-95 interacts with 

neuroligin, a membrane protein that interacts with β-neurexins on the presynaptic side of 

the synapse (Irie et al., 1997).  The interaction between neuroligin and neurexins induce 

presynaptic differentiation, suggesting that PSD-95 may also participate in synapse 

development (Dean et al., 2003).   

PSD-95 is also involved in the regulation of the actin cytoskeleton in spines.  

Kalirin-7, a GEF for RAC1, binds to PSD-95 (Penzes et al., 2001).  RAC1 promotes 

spine formation in neurons and kalirin-7 functions downstream of EphB receptors, which 

have been implicated in spine development and NMDAR regulation (Penzes et al., 2003; 

Takasu et al., 2002).  As such, PSD-95 may be involved in the regulation of NMDARs by 

bringing NMDARs and EphB signaling components together.   

 

Another protein that interacts with PSD-95 is SynGAP, which is a synaptic GAP 

for the Ras and Rap small GTPases (Chen et al., 1998; Kim et al., 1998; Krapivinsky et 

al., 2004).  Overexpression of SynGAP in hippocampal cultures decreases surface 

AMPARs via decreasing AMPAR insertion into the membrane (Rumbaugh et al., 2006).  

Cultures prepared from homozygous knock-out SynGAP mice have accelerated synapse 

and spine development, resulting in bigger spines in the adult neurons (Vazquez et al., 

2004).  Consistent with these observations, synaptic transmission is increased in neurons 

from the SynGAP knock-out mice as well as in neuronal cultures treated with SynGAP 

siRNA (Rumbaugh et al., 2006).  Furthermore, SynGAP heterozygous mice have deficits 
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in spatial memory learning tasks (Zhu et al., 2002; Komiyama et al., 2002; Kim et al., 

2003).   

 

SynGAP suppresses ERK signaling; mice that are heterozygous for SynGAP 

show increased levels of ERK activity, and overexpression of synGAP reduces activation 

of ERK (Zhu et al., 2002; Rumbaugh et al., 2006). In contrast, P38 mitogen-activated 

protein kinase (MAPK) signaling is potentiated in SynGAP overexpressing neurons and 

reduced in SynGAP knock-out mice.  SynGAP is a GAP for both Ras and Rap.  The 

regulation of GAP activity towards these effectors may be regulated by phosphorylation 

via CamKII on multiple sites. (Oh et al., 2004;  Krapivinsky et al., 2004).   

 

The guanylate kinase-like (GK) domain of PSD-95 is enzymatically inactive.  

However, GK domain participates in protein-protein interactions as well:  GKAP, 

guanylate kinase-associated protein, interacts with the GK domain of all PSD-95 family 

members (Kim et al., 1997).  GKAP also interacts with Shank, which is another 

scaffolding protein at the synapse (Naisbitt et al., 2000).   

Finally, SPAR (spine-associated RapGAP), an inhibitory GAP for RAP, binds to 

PSD-95 and is a target of the ubiquitin-proteasome pathway, which will be discussed 

below (Pak and Sheng, 2003). 

 

 

PSD-95 regulates AMPAR abundance at the synapse
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Although PSD-95 does not interact with AMPARs directly, it regulates the 

abundance of AMPARs at the synapse.  Overexpression of PSD-95 in hippocampal 

cultured neurons increases GluR1 puncta size as well as AMPAR EPSCs (Stein et al., 

2003; Beique and Andrade, 2003; Ehrlich and Malinow, 2004).  Conversely, knockdown 

of PSD-95 with RNAi decreases AMPAR EPSCs (Kim et al., 2004).  These experiments 

suggest that synaptic PSD-95 modulates the abundance of AMPARs at the synapse.  One 

of the modes of dynamic regulation of PSD-95 at the synapse involves palmitoylation of 

PSD-95 (Craven and Bredt, 1999).  PSD-95 that has mutations at its N-terminal 

palmitoylation sites cannot accumulate at synapses, and neuronal activity disperses PSD-

95 clusters partly by depalmitoylating PSD-95.  This also leads to dispersal of AMPARs 

at the synapses as well (El-Husseini et al., 2002).  In addition to palmitoylation, PSD-95 

is also regulated by phosphorylation.  Cdk5, a serine-threonine kinase, negatively 

regulates PSD-95 by directly phosphorylating it at its N-terminal region (Morabito et al., 

2004).  Phosphorylated PSD-95 cannot form multimers, cluster receptors or localize to 

synapses.  So posttranslational modification of PSD-95 though palmitoylation and 

phosphorylation during synaptic activity may indirectly regulate AMPAR abundance at 

the synapse. 

 

PSD-95 does not directly interact with AMPARs so its scaffolding role for 

AMPARs abundance at the synapse may be surprising.  Subsequent studies have shown 

that PSD-95 acts indirectly to cluster AMPAR at the synapse through interaction with a 

protein called stargazin.  Stargazin is the first transmembrane protein identified that 

interacts with all AMPAR subunits (Tomita et al., 2003; Tomita et al., 2004; Fukata et 
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al., 2005; Chen et al., 2000).  The first clue for a role of stargazin in AMPAR trafficking 

came from the stargazer mice, which have spontaneous recessive mutations in the 

stargazin gene.   Stargazer mice lack functional surface AMPARs in cerebellar granule 

cells and suffer from epilepsy and cerebellar ataxia (Chen et al., 1999; Hashimoto et al., 

1999).  The stargazin gene codes for a four transmembrane-domain membrane protein 

with a PDZ domain at the intracellular C-terminal tail.   

 

             Biochemical and imaging data suggest that stargazin escorts the AMPARs to the 

synapse at two steps.  The first step is to stabilize the AMPARs on the non-synaptic 

surface either by actively trafficking AMPARs to the plasma membrane or by stabilizing 

them at the membrane once the AMPARs are delivered through interactions with other 

proteins.  The second step is to stabilize the non-synaptic surface AMPARs at the 

synaptic sites through interaction of stargazin with the PDZ domain of PSD-95.  This 

two-step mechanism of AMPAR trafficking  to the synapse is supported by experiments 

in which stargazin can rescue both synaptic and non-synaptic AMPAR currents in the 

stargazer cerebellar granule cells whereas stargazin that cannot bind to PSD-95 rescues 

the non-synaptic AMPAR currents but not the synaptic ones (Chen et al., 2000).  

Furthermore, in hippocampal culture and slices, overexpression of PSD-95 specifically 

increases the synaptic population of AMPARs whereas overexpression of stargazin 

specifically increases the surface amount of AMPARs with no change in synaptic 

AMPAR levels.  Expression of stargazin that cannot bind to PSD-95 acts as a dominant 

negative and decreases synaptic levels of AMPARs (Schnell et al., 2002; El-Husseini et 

al., 2000; Beique et al., 2003; Ehrlich and Malinow, 2004).  These results suggest that 
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stargazin and PSD-95 are the limiting proteins for the surface and synaptic AMPAR 

levels, respectively. 

   

 

UBIQUITIN-PROTEASOME SYSTEM 

 

Most proteins in a cell are degraded by the ubiquitin–proteasome system (UPS).  

The selective degradation of proteins via the UPS involves three steps: recognition of the 

target protein via specific signals, marking of the target protein with a ubiquitin chain, 

and delivery of the target protein to the 26S proteasome, a protein holocomplex that 

degrades the ubiquitinated proteins.   

 

Ubiquitination enzymes 

 

Ubiquitination is a process whereby target proteins can be marked for degradation 

by the proteasome.  It is a multi-step enzymatic process, using three classes of enzymes 

(E1s, E2s, and E3s), and involves the sequential transfer of ubiquitin from these enzymes 

to the target protein.  First, ubiquitin needs to become activated.  This activation is 

catalyzed by the ubiquitin-activating enzyme (E1) in an ATP-dependent reaction in 

which the C-terminal Gly residue of ubiquitin binds to the active site Cys of an E1 in a 

thioester linkage (Ciechanover et al., 1981; Hershko and Ciechanover, 1998).   
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Note that the eventual specificity of protein ubiquitination is not dependent on the 

activity of E1s because there is usually a single E1 enzyme that catalyzes the activation 

of ubiquitin for all of the cellular ubiquitination reactions.  Rather, the specificity of the 

ubiquitination reaction depends on the later steps of the ubiquitination process.  There are 

a significant but limited number of ubiquitin-carrier enzymes (E2s); and a much larger 

number of ubiquitin ligases (E3s) (discussed below).   Thus, the ubiquitination enzymes 

form a hierarchical cascade, where the substrate specificity of the overall ubiquitination 

reaction depends on the specific E2s and E3s that pair up to ubiquitinate the substrate.  

Each E3 recognizes a set of substrates that share one or more signals for ubiquitination, 

and they pair up with one or a few E2s (Pickart, 2001). 

 

When the compartmentalized structure of synapses is considered, it is quite 

possible that there is a similar hierarchy in ubiquitination enzymes.  There are likely only 

a handful of E1s to be found at the synapse.  Because the ubiquitination of synaptic 

proteins will certainly be regulated by synaptic events, it is likely that future research will 

identify a subset of synaptic E2s and E3s.  Of course, target proteins may also be 

ubiquitinated elsewhere and shipped to the synapses but when the rapidly changing 

composition of synapses is considered, it makes more sense to keep the machinery for 

regulation of these proteins at or near the synapse.   
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E2s  

 

There are 13 genes coding for different E2-like proteins in S.  cerevisiae genome, 

and certainly more E2 genes in higher organisms (Hochstrasser, 1996).  It is estimated 

that mammals express at least 20 - 30 different E2s.  This increase in number reflects 

both multiple isoforms of the E2s (Jensen et al., 1995; Rajapurohitam et al., 1999) and 

the evolution of novel E2s (Hauser et al., 1998).   

 

Functionally, E2s work as carriers of ubiquitin from E1 to E3s or to the substrate.  

Activated ubiquitin is transferred from E1 to an active site Cys of an E2 in a trans-

thiolation reaction, again involving the C-terminal Gly of ubiquitin.  There is a 14–16-

kDa core domain in E2s, which is ~35% conserved among family members.  The C-

terminal and N-terminal extensions of E2s are more variable, and are involved in 

interactions with specific E3s  (Mathias, 1998) and may also serve as membrane anchors, 

bringing them near substrates and E3s (Xie and Varshavsky, 1999; Sommer and Jentsch, 

1993).   

 

E3s

 

Ubiquitin is transferred from an E2 to the target protein either directly or 

indirectly with the aid of a ubiquitin ligase (E3).  Ubiquitin is linked by its C terminus in 

an amide isopeptide linkage to an ε-amino group of the target protein’s Lys residue.   
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There are two classes of E3 enzymes: HECT domain E3s and RING finger E3s.   HECT 

domain E3s accept and form thiolester intermediates with ubiquitin.  Thus, in this case, 

the transfer of ubiquitin to the target protein occurs from the E3 (Huibregtse et al., 1995).  

Members of the other class, the so-called RING finger E3s, catalyze the direct transfer of 

ubiquitin from an E2 without the formation of any ubiquitin-E3 intermediate (Joazeiro et 

al., 2000).   In this case, the E3 functions as an adapter, bringing the E2 and the target 

protein in proximity to one another so that the ubiquitination of the target protein can 

occur.  Many RING finger proteins, such as SCF are subunits of multi-protein complexes 

and they contain a scaffold protein that is a member of the cullin family of proteins. The 

cullins form a rod-like scaffold that contains docking sites for a substrate recognition 

complex (F-box protein-Skp1) and a catalytical complex (Rbx1 and an E2) (Petroski and 

Deshaies, 2005). The identity of these modular components determines which substrates 

will be ubiquitinated and ultimately degraded by the proteasome.  

 

Ubiquitin chain formation 

The signal that targets the proteins to the proteasome is a polyubiquitin chain, 

which is formed by the addition of ubiquitin to Lys48 of the previous ubiquitin in the 

chain.  This polyubiquitin chain is recognized by the proteasome subunits and other 

proteasome binding proteins.  Ubiquitin chains may have different branching patterns and 

different Lys residues other than Lys48 may be used.   In vivo, K11, K29, K48 and K63 

of ubiquitin can all be used to form polyubiquitin chains (Pickart, 2000). 

 



 37

 

 

 

Deubiquitinating enzymes 

 

Similar to the presence of phosphatases that make the phosphorylation reaction 

reversible, there are deubiquitinating enzymes (DUBs).  DUBs are cysteine proteases that 

generate free usable ubiquitin from a number of sources including ubiquitin-protein 

conjugates, ubiquitin adducts and ubiquitin precursors.  More than 90 DUBs have been 

identified from different organisms (Chung and Baek, 1999).  This makes them the 

largest family of proteins in the ubiquitin system, pointing to the importance of 

ubiquitination reversibility.   

 

There are two classes of DUBs: ubiquitin C-terminal hydrolyses (UCHs) and the 

ubiquitin-specific processing proteases (UBPs).   UCHs usually cleave ubiquitin from the 

C-terminus of small leaving groups and/or extended peptide chains by hydrolyzing the C-

terminus amides and esters of ubiquitin.   UBP enzymes are responsible for removing 

ubiquitin from larger proteins and disassembling polyubiquitin chains.   UCH enzymes 

are well-conserved across species; they have no apparent similarity to UBP enzymes.  At 

least 12 UCH sequences have been identified from different organisms.  One UCH has 

been identified in yeast, two in C.elegans, and three in humans.  UBP enzymes have a 

350 amino acid core catalytical domain and varying lengths of N- and C-terminal 

extensions, as well as some catalytic domain insertions.  These N- and C-terminal 
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extensions are thought to contribute to the substrate specificity and localization of 

different UBP enzymes.   More than 80 full-length UBP sequences have been identified 

from different organisms.  16 of these are in yeast, 6 of them are in mouse and 13 of them 

are in humans (Wilkinson, 2000; Chung and Baek, 1999). 

 

The proteasome 

The 26S proteasome is formed by the co-assembly of a 20S proteasome (the 

catalytic component) and 19S cap (the regulatory component).  The overall structure of 

the proteasome in eukaryotes is conserved (Glickman and Ciechanover, 2002; Pickart and 

Cohen, 2004; Wolf and Hilt, 2004).  The 20S proteasome is a self-compartmentalizing 

complex with a barrel shape that is composed of four stacked heptameric rings.  The two 

outer rings and the two inner rings contain the same set of seven different α and β 

subunits, respectively.  The beta subunits form a central chamber where the active sites 

reside on three different beta subunits (β1-2-5 and possibly β7 in mammals) (Glickman 

and Raveh, 2005; Groll et al., 1999).  These subunits are expressed with a propeptide that 

is posttranslationally removed to yield the active protease site (Chen and Hochstrasser,  

1996).  The N terminal extensions of the α-subunits form a gated channel to the inside of 

the proteasome on both ends.  This channel is too narrow for a folded protein to pass 

through and access the active sites.  This means the target proteins need to be unfolded to 

enter the proteasome (Groll et al., 2000; Bajorek et al., 2004).  The 20S proteasome has 

no capacity to degrade ubiquitinated proteins by itself.  For ubiquitin-dependent protein 

degradation to occur, the 20S proteasome has to associate with the regulatory 19S cap 
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particle.  The exact subunit composition of the 19S is less clear than 20S and may include 

some proteasome-interacting proteins like E3s, polyubiquitin binding proteins and 

deubiquitinating enzymes (Verma et al., 2000; Glickman and Raveh, 2005).  The 19S 

regulatory cap can be dissociated into two sub-complexes with high salt treatment: the lid 

and the base (Glickman et al., 1998).  The base sits on the α-subunits of the 20S and 

contains six ATPase subunits (Rpt1-6) alongside three non-ATPase subunits (Rpn1, 

Rpn2 and Rpn10).  The lid of the 19S particle contains eight stoichiometric subunits 

(Rpn3, Rpn5, Rpn6, Rpn7, Rpn8, Rpn9, Rpn11 and Rpn12).  The ATPases may be 

involved in the unfolding and channeling of the target protein in to the 20S particle.  The 

interaction between the base 19S and the 20S α-subunits rearranges the α-subunit N-

terminal extensions and leads to the opening of the 20S gate enabling substrate access to 

the active sites of the proteasome (Glickman and Ciechanover, 2002; Pickart and Cohen, 

2004; Wolf and Hilt, 2004; Whitby et al., 2000).   

Proteasome dynamics 

The proteasome structure is not static and the complement of proteins interacting 

with the defined 20S structure is dynamically regulated.  This suggests that the 

proteasome can undergo different plasticity events that modulate its function, localization 

and activity (Glickman and Raveh, 2005).  One classical example of proteasome 

plasticity is the assembly of proteasomes during immune response with different active 

site β subunits (immunoproteasomes) (Kloetzel, 2004).  Immunoproteasomes generate a 

different set of peptides from “housekeeping” proteasomes, ultimately influencing the 

repertoire of the viral peptides that are presented to T cells.   
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Another level of proteasome plasticity during the immune response is the binding 

of alternative caps to the ends of 20S proteasome.  As mentioned earlier, the 19S 

regulatory cap enables the 20S proteasome to degrade ubiquitinated proteins.  During an 

immune response, an alternative cap, PA28/11S-REG binds to one or two ends of 20S 

proteasome (Tanahashi et al., 2000; Hill et al., 2002).  PA28/11S-REG is a dome-shaped 

structure composed of seven α- and β-subunits. The amount of PA28/11S-REG increases 

in response to γ-interferon suggesting that PA28 modulates proteasome function during 

immune responses (Rechsteiner and Hill, 2005).  Similar to 19S, PA28 stimulates the 

peptidase activity of the 20S proteasome but does not stimulate the degradation of folded 

proteins.   The crystal structure of a distantly related activator, PA26, shows that binding 

of PA26 leads to opening of the gated axial channel into the 20S proteasome (Whitby et 

al., 2000; Forster et al., 2003).  In addition to enabling the target peptides to enter the 

proteasome interior through the axial gate provided by PA28, another function of PA28  

may be to act as “flushers” of the proteasome, facilitating the exit of peptide-products 

from the 20S particle (Glickman and Raveh, 2005).   

Different proteasome subunits undergo posttranslational modifications including 

phosphorylation and o-glycosylation.  The importance of phosphorylation in UPS 

function is suggested by experiments where phosphatase treatment disassembles 26S 

proteasomes into 19S and 20S particles.  Phosphorylation of the 19S subunit Rpt6 may be 

required for the 26S assembly as Rpt6 is more phosphorylated in 26S than 20S 

proteasomes (Satoh et al., 2001). This suggests that phosphorylation has a positive role in 

proteasome activity by stabilizing 26S proteasome. The physiological significance of 

phosphorylation of the proteasome was shown in experiments where γ-interferon 
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treatment decreased the phosphorylation of two 20S α-subunits correlating with the 

disassembly of 26 proteasome into 19S and 20S particles.  This suggests that immune 

response may involve regulation of the phosphorylation status of α-subunits and 

displacement of 19S with the subsequent binding of PA28/11S-REG (Bose et al., 2004; 

Rivett et al., 2001).  Many of the subunits that are phosphorylated also undergo covalent 

modifications via O-linked N-acetylglucosamine (O-GlcNAc) (o-glycosylation) (Sumegi 

et al., 2003).  Both phosphorylation and o-glycosylation targets the same residues, 

namely serine and threonine side chains.  This suggests that these posttranslational 

modifications may have opposing effects on the proteasome function.  Indeed, it was 

shown that hyperglycosylated proteasomes have slower hydrolysis rates towards some 

short synthetic peptide substrates (Zhang et al., 2003).   

Localization of the UPS components 

There is accumulating evidence that the dynamic localization of proteasome 

substrates between subcellular compartments may regulate their stability.  A well-known 

example is the cyclin-dependent kinase inhibitor p27 (kip1).  p27 is exported from the 

nucleus and degraded in the cytoplasm during G1 (Carrano et al., 1999), whereas during 

S-phase, it is degraded in the nucleus ( )Kamura et al., 2004 .  There are two different E3s 

that prime p27 for degradation at different stages of cell cycle and they are differentially 

compartmentalized between nucleus and the cytoplasm, providing the spatial control of 

p27 degradation.  Similar to p27, cyclin D1 of humans and the yeast mating switch 

endonuclease, Ho, must be exported from the nucleus in order to be degraded (Diehl et 

al., 1997; Kaplun et al., 2003).  Furthermore, recruitment of Grr1, an F-box receptor, to 
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the mother-bud neck after disassembly of the mitotic spindles is observed during 

cytokinesis.  Grr1 targets Hof1, whose degradation at the end of mitosis is necessary for 

the efficient contraction of the actomyosin ring and cell separation during cytokinesis 

(Blondel et al., 2005).   Finally, the generation of local lamellopodia and filopodia 

formation in fibroblasts may involve compartmentalized localization of UPS components.   

In these cells, the signaling proteins that regulate the actin cytoskeleton are differentially 

distributed between the cell body and the leading edge of the cell.  For example, RhoA 

induces a focal-adhesion complex in the cell body and gets excluded from the leading 

edge, where Cdc42 and Rac1 function to promote filopodia and lamellopodia, 

respectively.  The differential distribution of RhoA between the cell body and the leading 

edge is established by the localized degradation of RhoA in lamellopodia and filopodia 

via localized distribution of its E3, Smurf-1 (Wang et al., 2003).  The localized 

distribution of Smurf-1 and subsequent degradation of RhoA is established by atypical 

protein kinase C zeta (PKCζ), which is an effector of the Cdc42-Rac1-Par6 polarity 

complex.  These data suggest that the substrates and the components of the ubiquitination 

machinery are dynamically localized to regulate the stability of the target protein locally.

Localization of the proteasome 

 In addition to the dynamic recruitment of the substrate and ubiquitinating 

machinery to the sites of degradation, proteasome localization may also be regulated.  

Dramatic shifts in proteasome localization between the cytoplasm and the nucleus occur 

during oocyte development and the mitotic cycle (Yanagawa et al., 2002; Lafarga et al., 

2002; Kawahara and Yokosawa, 1992).  During DNA repair, 19S and 20S subunits are 
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recruited to double strand breaks (DSBs).  This recruitment requires intact homologous 

recombination or non-homologous end joining DNA repair pathways; the mutation of 

proteasome subunits results in hypersensitivity when combined with mutations of the 

DSB repair genes (Krogen et al., 2004).  Similarly, stalled RNA polymerase undergoes 

rapid degradation by the proteasome and this process may involve recruitment of the 

proteasome to the site of degradation (Takagi et al., 2005).  

 It has also been shown that proteasome subunits interact with a number of 

proteins. These proteasome-protein interactions may be involved in the recruitment of the 

proteasome to different subcellular compartments.  For example, membrane receptors 

including bovine retinal Ran binding protein-2 (RanBP-2), type-1 tumor necrosis factor 

receptor (TNFR1), and the ryanodine receptor interacts with the rpn2, rpn2 and rpn10 

subunits of the 19S proteasome. These interactions may provide a possible link for the 

recruitment of the proteasome to the membrane-associated protein complexes (Zhu and 

Craft, 1998; Ferreira et al., 1998; Boldin et al., 1995; Ferrell et al., 2000).  Furthermore, 

the protein-conducting channel formed by the Sec61 complex in the ER membrane 

interacts with the proteasome.  This suggests that the proteasome may be actively 

recruited to the ER membrane via an interaction with the Sec61 complex to degrade the 

misfolded proteins (Kalies et al., 2005).  In addition to membrane and ER localization, 

the proteasome may be localized to the mitotic spindle through interactions with dynactin 

(Kahana et al., 1998).  Finally, there is also evidence for the dynamic recruitment of the 

proteasome to the centrosome (Wigley et al., 1999). 
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 In addition to the proteins mentioned above, proteasomes also interact with 

ubiquitination enzymes, DUBs and polyubiquitin binding proteins.  These interactions 

may regulate the localization of the proteasome itself by locally recruiting the proteasome 

to the sites of ubiquitination.  Among ubiquitination enzymes, E2s such as Ubc1, Ubc2, 

Ubc4 and Ubc5, and E3s such as Ubr1, Ufd4, Hul5 and KIAA10 interact with the 

proteasomes (Leggett et al., 2002; Tongaonkar et al., 2000; Xie and Varshavsky, 2000; 

You and Pickart, 2001).  These interactions suggest that ubiquitination enzymes may 

deliver substrate proteins to the proteasome as well.  In addition to the ubiquitination 

enzymes, polyubiquitin binding proteins Rad23, Dsk2 and Ddi1, interact with the 19S 

proteasome (Funakoshi et al, 2002; Verma et al., 2000; Schauber et al., 1998).  These 

proteins may interact with the proteasome transiently to deliver ubiquitination substrates 

to the proteasome (Hartmann-Petersen and Gordon, 2004).  Finally, proteasomes also 

interact with DUBs (Holzl et al., 2000; Stone et al., 2004; Verma et al., 2000).  The 

DUB-proteasome interaction may indirectly regulate proteasome localization by 

trimming the polyubiquitin chain that tether the substrate protein to the proteasome.  

 

UBIQUITIN-PROTEASOME SYSTEM AT THE SYNAPSE 

 

Localization of the UPS at the synapse 

The proteasome has been studied most extensively in yeast, where it plays a key 

role in the control of the cell cycle.  As discussed earlier, some of the UPS enzymes have 

been identified in yeast, as have the proteasome subunits and accessory proteins (Leggett 
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et al., 2005).  In neurons, some of the components of the UPS have been observed in 

dendrites and near synapses (Patrick et al., 2003; Ehlers, 2003; Chapman et al., 1994).  

The presence of two main components of the UPS, ubiquitin as well as proteasome 

subunits, has been demonstrated at synapses and in the postsynaptic density PSD fraction, 

by direct immunofluorescence and immunoblotting (Ehlers, 2003; Patrick et al., 2003).  

Synapses also have the ubiquitination machinery as synaptic lysates form tagged-

ubiquitin conjugates in vitro (Ehlers, 2003).  Consistent with this observation, members 

of the E3 family of enzymes (including Nedd4, Staring, Siah, E6-AP, MDM2, fbx2, 

parkin, APC), E2 enzymes (bendless) and deubiquitinating enzymes (including usp14, fat 

facets, UCH-L1, UCH-L3, isopeptidase T) have also been linked to synaptic function 

(van Roessel et al., 2004; Dreier et al., 2005;  Juo and Kaplan, 2004; Colledge et al., 

2003; Tanaka et al., 2004; Chen et al., 2003; DiAntonio et al., 2001; Kawakami et al., 

1999;  Muralidhar and Thomas, 1993; Myat et al., 2002; Hegde et al., 1997; Jiang et al., 

1998; Wilson et al., 2002; Chin et al., 2002; Wheeler et al., 2002; Kato et al., 2005).  In 

addition, proteomic approaches using mass spectroscopy have confirmed the presence of 

UPS components at synapses (Jordan et al., 2004; Li et al., 2004).  In particular, 

deubiquitinating enzymes UCH-L1 and USP5, and proteasome 19S subunit ATPase 9 

were identified as components of PSD in these studies. These studies suggest that UPS 

components may reside inside PSD and not as a remote machinery away from the 

synaptic site.    
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The proteasome and synaptic plasticity 

 The first demonstration of the involvement of UPS in synaptic plasticity came 

from studies of the mollusk Aplysia californica.   The sensory-to-motor neuron synapses 

in Aplysia undergo a form of plasticity known as facilitation.   This facilitation is 

presynaptic in nature and requires the action of a cAMP-dependent protein kinase (PKA) 

for both short- (Klein and Kandel, 1980; Siegelbaum et al., 1982) and long-term 

facilitation (Kandel and Schwartz, 1982).   Long-term facilitation (LTF) requires the 

persistent activation of PKA, which is achieved by altering the relative levels of the 

catalytic (C) and regulatory (R) subunits.   During LTF, the C subunits remain constant 

but the R subunits are decreased (Greenberg et al., 1987; Bergold et al., 1990), leading to 

net increase in PKA activity.   Hegde et al.  determined that the loss of R subunits was 

achieved by the ATP-dependent degradation of the R subunits by the ubiquitin-

proteasome pathway (Hegde et al., 1993).  They showed that depletion of the proteasome 

from either reticulocyte or nerve tissue lysates blocked the degradation of the R subunits.  

In addition, a series of higher molecular weight and putative ubiquitin conjugates 

appeared when recombinant R subunits were added to reticulocyte lysates in the presence 

of ubiquitin, ATP, and hemin (an inhibitor of proteasome activity).   Furthermore, LTF 

produced by repeated serotonin application was completely blocked by inhibitors of the 

proteasome, further supporting the importance of ubiquitin-mediated proteolysis (Chain 

et al., 1999).   In addition, there was a specific time window during which LTF was 

blocked by proteasome inhibitors:  The application of lactacystin (an irreversible 

inhibitor of the proteasome) immediately after serotonin treatment blocked LTF, but 

application 3 - 6 hours later had no effect.  Taken together, these data demonstrate that 
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the activity of the proteasome is required early in LTF.   The switch from short- to long-

term facilitation requires CREB-mediated transcription and protein synthesis (Dash et al., 

1990).   Hegde et al.  went on to identify an immediate-early gene product essential for 

LTF in Aplysia:  a neuron-specific ubiquitin C-terminal hydrolase (Hegde et al., 1997).  

This protein associates with the proteasome to increase proteasome activity, presumably 

by de-ubiquitinating proteins prior to their delivery to the proteasome.   Injection of 

antibodies or antisense oligonucleotides against the hydrolase blocked serotonin induced 

LTF (Hegde et al., 1997).   The deubiquitinating activity of the hydrolase may increase 

the activity of the proteasome in order to ensure the degradation of protein substrates that 

block the formation of long-term memory storage.    

 The data described above suggest that synaptic stimulation activates the UPS, 

resulting in the degradation of proteins that normally inhibit plasticity.  According to this 

idea, one would expect to see blockade of LTF with proteasome inhibitors.  More 

recently, the Martin group has reported just the opposite result (Zhao et al., 2003).  They 

have shown that chronic proteasome inhibition, starting just after LTF induction, 

increases the amount of LTF observed 24 hours later.  This suggests that proteasome 

activity acts to constrain synaptic plasticity.  They have also shown that proteasome 

inhibition alone is sufficient to increase basal synaptic transmission even after 1 hour of 

incubation with inhibitors.  Proteasome inhibition also causes structural changes: After 

24 hours of proteasome inhibition, the number of sensory-motor synaptic contacts was 

increased.  These effects seem to be regulated by UPS on both sides of the synapse: 

Blocking the proteasome in isolated postsynaptic neurons caused an increase in 

glutamate-evoked postsynaptic potentials.  However, blocking the proteasome in the 
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isolated presynaptic sensory cells produced increases in neurite length and branching.  In 

the experiments described above, the proteasome is inhibited for periods in which one 

would expect to see decreases in free ubiquitin pools.  In hippocampal neurons, even 5 

minutes of proteasome inhibition is sufficient to decrease the free ubiquitin pool and 

accumulate significant levels of ubiquitinated substrates waiting to be degraded (Patrick 

et al., 2003).  Because ubiquitin is involved in many cellular processes and not just in 

degradation (Sigismund et al., 2004), it is important to note that the effects reported with 

long proteasome inhibitor incubations might be due to loss of other functions of ubiquitin 

(e.g.,  monoubiquitin-dependent endocytosis) and not due to loss of proteasome activity.   

E3s and synaptic plasticity 

 

Studies of E6-associated protein (E6-AP) also support the idea that proteasomal 

protein degradation is important for both synaptic and behavioral plasticity.    E6-AP was 

the first member of the HECT domain E3 family to be identified; it contains a conserved 

350 amino acid region that defines the HECT domain (Huibregtse et al., 1995).  E6-AP is 

required, together with the papillomavirus E6 oncoprotein, for the ubiquitination and 

degradation of the tumor suppressor p53 (Scheffner et al., 1995; Huibregtse et al., 1993; 

Scheffner et al., 1993).   E6 serves as an adaptor between E6-AP and p53, allowing E6-

AP to catalyze the ubiquitination of p53.  However, p53 is not the only target of E6-AP, 

and for its other substrates, E6-AP does not need an adaptor protein like E6 to transfer the 

ubiquitin to the substrate.    Mutations in the E6-AP gene (Ube3a) cause Angelman’s 

Syndrome (AS), a human hereditary disease that results in mental retardation, seizures, 

an abnormal gut, tremor and ataxia (Kishino et al., 1997).  This disorder is associated 



 49

with a maternally expressed, imprinted locus mapping to chromosome 15q11-13.  The 

molecular defects, due to point mutations, large deletions, complete absence of the gene, 

or imprinting mutations  (Sutcliffe et al., 1994; Horsthemke et al., 1997; Buiting et al., 

1995), lead to loss of E6-AP in those cell types where the paternal allele is silenced.  

 

The mouse model that possesses a maternal Ube3a null mutation has 

demonstrated the importance of E6-AP in learning and memory (Jiang et al., 1998).   The 

phenotype of these mice is comparable to the phenotypes of AS patients.  For example, 

the Ube3a null mice exhibit impairments in bar-crossing and rotating rod performance, 

which correlates with the ataxia and motor incoordination in human AS patients.  

Furthermore, the presence of inducible seizures and defects in context-dependent learning 

in the mouse model correlate respectively with the high incidence of epilepsy and 

cognitive impairment in AS patients.  Context-dependent learning was examined using 

the conditioned fear paradigm in which animals are exposed to an electric shock paired 

with either the context (cage) or a cue (a tone).   Following pairings, control animals 

typically exhibit conditioned freezing responses to either the cage or the tone.   

Immediately following pairing, the maternal Ube3a mutant mice exhibited freezing 

indicating that they have normal sensory responses to the shock and normal acquisition of 

the learned response.  After 24 h, however, the maternal deficient mice exhibited 

significantly less conditioned freezing to the context, but normal conditioning to the 

auditory tone.  This context-dependent learning deficit in maternal deficient mice may be 

due to a deficiency of Ube3a expression in the hippocampus, as the hippocampus has 

been shown to be important for contextual conditioning (Kim and Fanselow, 1992).    
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The properties of synaptic transmission and plasticity were also examined in the 

Ube3a mice.  As stated earlier, LTP is considered as a cellular mechanism of learning and 

memory (Malinow and Malenka, 2002).   The mutant mice exhibited normal basal 

synaptic transmission but reduced levels of LTP measured within an hour after the 

inducing stimulus of high frequency stimulation.   The authors of this study suggest a link 

between the reduced LTP in the mutant mice and the learning deficits observed in AS 

patients (Jiang et al., 1998 ).   

 

The UPS and homeostatic plasticity 

 In contrast to LTP and LTD, some forms of synaptic plasticity act on a slower 

time scale.  For example, in homeostatic plasticity, the neuron globally changes its 

sensitivity to stimulation when it experiences chronic changes (e.g.,  a loss of action 

potential dependent synaptic transmission) in activity. The slow time course of 

conventional homeostatic plasticity has prevented a simple analysis of the roles of protein 

synthesis and degradation by using synthesis or degradation inhibitors.  Ehlers has 

shown, however, that the same manipulations that result in homeostatic plasticity give 

rise to global changes in postsynaptic density protein content (Ehlers, 2003).  An 

extensive biochemical analysis demonstrated that chronic activation or inhibition of 

synaptic transmission remodels the synaptic composition bidirectionally and reversibly.  

An important observation is the co-regulation of glutamate receptors, signaling proteins 

and scaffolding proteins in response to manipulation of the activity.  This co-regulation 

with changes in activity suggests that proteins at the PSD exist as postsynaptic protein 
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ensembles rather than as single entities.  The UPS regulates many proteins in the PSD but 

not all of these proteins are ubiquitinated, so it is possible that a few members of the co-

regulated proteins act as “master organizing molecules” and UPS targets these proteins to 

regulate the protein complexes of the PSD (Ehlers, 2003).  The regulation of the PSD 

composition by the UPS has been shown in experiments in which chronic increases in 

synaptic activity increased the ubiquitination of PSD proteins, whereas chronic decreases 

in activity had the opposite effect.  Furthermore, the co-regulation of synaptic 

components induced by activity changes was blocked by chronic proteasome inhibition.  

As noted above, prolonged treatment with proteasome inhibitors (e.g.,  greater than 1 h) 

can lead to decreases in the free ubiquitin pool (Patrick et al., 2003).  As such, these data 

cannot distinguish between a role for the UPS and monoubiquitin-dependent processes.  

Nevertheless, they do suggest that the homeostatic regulation of the synapse occurs, at 

least in part, through the modulation of the stability of the individual synaptic proteins by 

the UPS.   

UPS and presynaptic function and development 

A few studies have begun to shed light on the function of UPS in presynaptic 

nerve terminals.  Speese et al.  (2003) demonstrated that components of UPS (E1 and the 

proteasome) are present in presynaptic boutons at the Drosophila neuron-muscular 

junction (NMJ).  They have also shown that the proteasome is active at these boutons by 

expressing a conditional fluorescent reporter of proteasome activity.  Inhibiting the 

proteasome caused a 50% increase in evoked excitatory junctional current (EJC) 

amplitude when compared to controls.  This increase was rapid, suggesting a local 
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degradation of proteins by the UPS.  This increase in synaptic transmission is likely due 

increased transmitter release, because there was no change in the amplitude or frequency 

of mEJCs.  What are the possible presynaptic targets of the UPS? Speese et al.  have 

shown that DUNC-13, a protein that regulates synaptic vesicle priming (Aravamudan et 

al., 1999), might be involved.  Blocking proteasome activity with inhibitors or genetic 

disruption of proteasome active site subunits increased the abundance of DUNC-13 at the 

presynaptic C-terminal.  Two other presynaptic proteins that are regulated by UPS are 

syntaxin-1 and synaptophysin (Chin et al., 2002; Wheeler et al., 2002).  Although the 

enzymatic machinery that targets them for degradation is known, the physiological 

consequence of degradation of these proteins is not yet understood.   

Studies in the fly and worm have demonstrated that the UPS is also involved in 

presynaptic development.  For example, gain of function mutations of the 

deubiquitinating enzyme fat facets (faf) cause overgrowth of the presynaptic C-terminals 

in Drosophila motor neurons.  Faf is involved in the development of photoreceptors 

through modulation of the Ras signaling pathway (Wu et al., 1999).  The faf phenotype 

can be suppressed by the mutations in the proteasome, suggesting that faf is involved in 

the deubiquitination of a protein, which is normally degraded by the proteasome and 

involved at a key step during development (Huang and Fischer-Vize et al., 1996).  There 

is also a faf homolog, fam, in mouse (Wood et al., 1997).  It binds to cell membranes at 

cell-to-cell contacts, and also binds to AF-6, a downstream target of ras (Taya et al., 

1998). 
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        Recently, faf has also been shown to be important for synapse development in 

Drosophila (DiAntonio et al., 2001).  The neuromuscular junction (NMJ) of the body 

wall muscles of Drosophila is an easily accessible glutamatergic synapse.  Similar to 

plasticity seen in CNS synapses, the Drosophila NMJ can undergo plasticity during 

development and in adult life.  To study the mechanisms that regulate synaptic 

development in Drosophila DiAntonio et al.  screened for genes whose overexpression 

leads to synaptic growth abnormalities: They identified two lines in which faf is 

overexpressed.    

 

         The endogenous faf transcript is widely and strongly expressed in the developing 

Drosophila CNS.  Targeted overexpression of faf in Drosophila has both morphological 

and physiological consequences: Anatomical analysis reveals that faf overexpression 

leads to increase in synaptic size, synaptic span (the extent of the muscle covered by the 

synapse) and the number of synaptic branches.  These increases are not seen in flies that 

do not overexpress faf or that overexpress a non-functional faf.  Furthermore, faf 

overexpression has a physiological phenotype: The evoked excitatory junctional 

potentials (EJP) are markedly decreased despite the increased synaptic size.  This is also 

accompanied by a small decrease in both the amplitude and frequency of miniature EJPs.  

A large decrease in EJP with a small decrease in mEJP points to a decrease in the quantal 

content, which is a measure of number of vesicles released by the nerve.  The reduction 

in both quantal content and mEJP frequency suggests that faf overexpression leads to a 

defect in neurotransmitter release.   
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To test if the faf overexpression phenotype is due to a disruption of ubiquitin-

dependent protein degradation at the synapse, DiAntonio et al.  overexpressed a yeast 

DUB in the nervous system of Drosophila.  This yeast DUB has overlapping substrate 

specificity with FAF (Wu et al., 1999).  Its overexpression also leads to marked synaptic 

overgrowth and a severe reduction in presynaptic transmitter release, similar to faf 

overexpression.  This indicates that antagonizing ubiquitin-dependent protein degradation 

via DUB overexpression leads to defects in synaptic development. 

 

A screen for viable mutations that were lethal in combination with neuronal faf 

overexpression identified highwire (hiw) alleles that have the same phenotype as hiw 

loss-of-function phenotype.  Hiw codes for a RING finger type E3 and the hiw loss-of-

function phenotype is very similar to the faf overexpression phenotype (Wan et al., 2000).   

faf loss-of-function mutants have no defects in their synapses (possibly due to 

redundancy), but faf is required to suppress the physiological, but not the anatomical, 

phenotype of hiw loss-of-function mutants (DiAntonio et al., 2001).  This suggests that 

faf acts to inhibit neurotransmitter release in an hiw loss-of-function background.  The 

fact that the anatomical phenotype of hiw loss-of-function cannot be suppressed by the 

loss-of-function of faf indicates that these two phenotypes are mediated by different 

substrates of hiw.   These data suggest that both hiw and faf control synaptic development 

through ubiquitination and deubiquitination of substrates critical for synaptic function.   

These substrates remain to be identified.   
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Highwire also has homologs in C.  elegans (RPM-1) and mammals (Phr and Pam) 

(Wan et al., 2000; Burgess et al., 2004; Guo et al., 1998; Schaefer et al., 2000).  The 

highwire homolog RPM-1 has recently been identified as a negative regulator of the p38 

MAPK pathway in C.  elegans (Nakata et al., 2005).  RPM-1 targets DLK-1, a mitogen 

activated protein kinase kinase kinase (MAPKKK) of the p38 pathway, through direct 

ubiquitination, and negatively regulates the receptor tyrosine kinase anaplastic lymphoma 

kinase (ALK).  Both RPM-1 and DLK-1 are components of the periactive zone.  Loss of 

rpm-1 function or activation of the DLK-1 pathway affects synaptic architecture and 

proportion in similar ways.  Interestingly, mutations of RPM-1 and its homologs have 

divergent effects on the presynaptic development depending on the synapse type (e.g.,  

highwire mutants in Drosophila have increased terminal branching and bouton number 

and reduced synaptic transmission (Wan et al., 2000), whereas rpm-1 mutants in C.  

elegans have a reduced number of synapses (Schaefer et al., 2000; Zhen et al., 2000; 

Nakata et al., 2005).  This suggests the possibility of synapse-specific regulation of 

development, possibly through different repertoires of UPS components at different 

synapse types.  For example, in C.  elegans, RPM-1 is a component of the SCF (Skp, 

Cullen, F-box) complex in which FSN-1 functions as an F-BOX protein.  It is possible 

that at different synapses, different F-BOX proteins target different substrates leading to 

different mutant phenotypes for RPM-1 and its homologs.   

In addition to synaptic development, the presynaptic C-terminal also has 

deubiquitinating enzyme activities that are important for synaptic function in mature 

neurons.  Depolarization decreases the total content of ubiquitinated substrates in the 

presynaptic C-terminal  within seconds (Chen et al., 2003).  One deubiquitinating enzyme 
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that regulates synaptic transmission in the presynaptic C-terminal  is Usp14, which is a 

ubiquitin-specific protease that recycles ubiquitin from polyubiquitinated proteins.  An 

ataxic mouse described by D’Amato and Hicks (1965) has defective Usp14 activity. The 

neuromuscular synapses of this mouse exhibit decreased quantal content, and decreased 

frequency and increased amplitude of miniature end plate potentials.  Also, the 

hippocampal short-term but not long-term plasticity is impaired, suggesting that ubiquitin 

recycling and regulation of UPS is important for neurotransmitter release and plasticity 

(Wilson et al., 2002). 

Ups and postsynaptic function 
 

The ubiquitination of proteins does not always target them for degradation.  As 

indicated above, the outcome of the ubiquitination reaction depends on both the number 

of ubiquitin moieties attached and the type of linkage between the individual ubiquitin 

units.  If only one ubiquitin is attached to the target protein, this is called 

monoubiquitination.  Monoubiquitination is involved in diverse cellular functions 

including histone regulation, budding in retroviruses and endocytosis of plasma 

membrane proteins (Hicke, 2001).   

 

The endocytosis of surface receptors is a common mechanism to downregulate 

receptor signaling.  There are different endogenous internalization signals in the 

cytoplasmic domain of plasma membrane receptors.  In addition to these endogenous 

signals, ubiquitin can be attached to the receptor to act as an internalization signal.  

Ubiquitin appears to be the most common internalization signal employed in yeast and 

higher eukaryotes.   In yeast, there are several membrane proteins in which cytoplasmic 
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domains need to be ubiquitinated for the endocytosis to occur in response to ligand 

binding (Shaw et al., 2001).  In mammalian cells, many receptors including the epidermal 

growth factor receptor, platelet-derived growth factor receptor, and growth hormone 

receptor (GHR), are ubiquitinated in response to ligand binding (Bonifacino and 

Weissman, 1998).   

 

In addition to the receptors, in some cases the proteins that comprise the endocytic 

machinery are ubiquitinated.  For example, the GHR requires the activity of cellular 

ubiquitinating enzymes in order to be internalized efficiently even though the 

ubiquitination of the receptor itself is not required (van Kerkhof et al., 2000).  This 

suggests that proteins, other than the receptor itself, are the required targets of 

ubiquitination.   

 

One candidate ubiquitinated target of the endocytosis machinery is Eps15.   By 

mapping the regions required for monoubiquitination on Eps15 and EpsR15, Polo et al.  

identified a region called the ubiquitin-interacting-motif (UIM) that is required for the 

monoubiquitination of these proteins (Polo et al., 2002).  Polo et al.  also showed that the 

monoubiquitination of eps15 is catalyzed by Nedd4, an E3 that also polyubiquitinates the 

epithelial sodium channel.  As Eps15 interacts with clathrin-coated pits, it may form the 

connection between the monoubiquitinated receptors and the clathrin machinery through 

its UIM domain (Riezman, 2002).    
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A role for the ubiquitin-dependent protein degradation machinery has been 

demonstrated in the downregulation of G protein coupled receptors (GPCRs) (Shenoy, 

2001).  Ligand binding to GPCRs induces a conformational change in the receptor 

leading to activation of cellular signaling events.  This conformational change also 

induces phosphorylation of the receptor by the G protein receptor kinases.  The 

phosphorylated receptor is recognized by the adapter protein β-arrestin, which uncouples 

the receptor from the downstream signaling events, leading to receptor desensitization.   

Furthermore, phosphorylation links the receptor to the endocytic machinery, namely 

clathrin and the adapter protein 2 (AP2).   Once internalized, receptors are either recycled 

back to the membrane or degraded (Pierce and Lefkowitz, 2001; Luttrell and Lefkowitz, 

2002; Miller and Lefkowitz, 2001).   

 

The process of GPCR endocytosis by ubiquitin-dependent protein modifications 

has been demonstrated (Shenoy et al., 2001).  Shenoy et al.  showed that one of the 

GPCRs, the β2-adrenergic receptor (β2-AR), undergoes ubiquitination in response to 

ligand binding.  Inhibition of the proteasome does not lead to an accumulation of the 

ubiquitinated receptor, indicating that the receptor itself is not the immediate target of the 

proteasome. β-arrestins are regulators of GPCRs that bind to phosphorylated receptors 

and functionally uncouple the receptor from G-protein activation. β2-AR β-arrestin, β-

arrestin2, also undergoes ubiquitination in response to ligand binding to β2-AR.  But β-

arrestin2 ubiquitination is more transient when compared to the ubiquitination of the 

receptor.  This is apparently due to its rapid deubiquitination as ubiquitination of β-

arrestin2 is only observed in the presence of DUB inhibitors.  Ligand-induced 
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ubiquitination of the β2-AR is dependent on its interaction with β-arrestin2 because β2-

AR mutants that cannot bind to β-arrestin2 are not ubiquitinated in response to ligand 

binding.  Furthermore, in cell lines lacking β-arrestin2, β2-AR cannot be ubiquitinated.   

 

The requirement for β-arrestin2 binding for β2-AR ubiquitination suggests that β-

arrestin2 acts to recruit the ubiquitination machinery to β2-AR.  A yeast hybrid screen for 

E3s that interact with β-arrestin2 identified Mdm2.  Mdm2 is an E3 and oncoprotein that 

acts as a negative regulator of p53 (Fang et al., 2000; Honda et al., 1997).  Mdm2 can 

ubiquitinate both β2-AR and β-arrestin2 in vitro, but is not required for β2-AR 

ubiquitination in vivo.  In contrast, β-arrestin2 cannot be ubiquitinated in cells that lack 

Mdm2.  In cells lacking Mdm2, β2-AR internalization in response to ligand binding is 

markedly reduced, whereas receptor degradation occurs normally.  This suggests that β-

arrestin ubiquitination is required for receptor internalization and β2-AR can be degraded 

even though it cannot be internalized (Shenoy et al., 2001).   

 

Although the E3 that ubiquitinates the β2-AR has not been identified, it has been 

shown that blocking ubiquitination of β2-AR with Lys mutations blocks the degradation 

of the receptor.  This suggests that ubiquitin-dependent protein degradation is involved in 

the receptor degradation.  Furthermore, blocking the activity of the proteasome also 

blocks receptor degradation, although it is possible that proteasome is involved in the 

trafficking of the receptor to the lysosomes (Shenoy et al., 2001).  Overall these data 

suggest that ubiquitination machinery acts to regulate β2-AR internalization.  This is 

accomplished by the regulation of ubiquitination of β-arrestin2 and possibly through 
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other interactions of the receptor.  Receptor ubiquitination is not required for its 

internalization but it is required for its degradation.    Rather, the ubiquitination of  β-

arrestin2 is critical for the internalization of the receptor.    

 

 Regulation of glutamate receptors

 As discussed above, the number of functional AMPAR in the postsynaptic 

membrane can control synaptic strength.   As a consequence the study of how AMPARs 

are delivered to the membrane, endocytosed, and recycled has been a major area of 

interest in the field of synaptic plasticity.   In recent years, the involvement of UPS in the 

regulation of AMPAR trafficking has been demonstrated. 

 The involvement of UPS in regulating glutamate receptor abundance is shown by 

studies in C.  elegans, Drosophila and in mammals.  Burbea et al.  demonstrated that the 

synaptic levels of one of the AMPA-type glutamate receptor homologs in C.  elegans, 

glr-1, is regulated by the UPS (Burbea et al., 2002).  The glr-1 GluRs are localized to the 

sensory-interneuron synapse and are required for a mechanosensory behavior, nose touch 

avoidance, in C.  elegans (Hart et al., 1995; Maricq et al., 1995; Rongo et al., 1998).   

Glr-1 is ubiquitinated in vivo.  Mutations of lysine residues in GLR-1 that reduced 

ubiquitination increased the abundance of GLR-1 at synapses and altered locomotion 

behavior in a manner consistent with increased synaptic activity.   Conversely, when 

ubiquitin is expressed exogenously to promote ubiquitination, there was a decrease in glr-

1 synaptic levels that required an intact endocytosis machinery.  The ubiquitination of 

GLR-1 in C.  elegans leading to its downregulation from synapses likely represents a 
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proteasome-in-dependent use of ubiquitin, akin to the monoubiquitin-dependent 

internalization of receptors observed in yeast (Hicke, 1999).  Moreover, blocking 

ubiquitination of glr-1 increases the locomotion behavior of C.  elegans, which is a 

measure of synaptic strength.  These data show that the regulation of glr-1 accumulation 

at the synapse by UPS regulates both synapses and behavior.   

 Recent studies in C. elegans also have identified the UPS machinery that targets 

the regulators of GluR endocytosis.  Kaplan and co-workers (Dreier et al., 2005) showed 

that lin-23, a subunit of the SCF ubiquitin ligase complex, might regulate the synaptic 

glr-1 abundance, not through direct receptor ubiquitination, but rather via the 

modification of other UPS substrates.  One such candidate substrate is BAR-1 (B-catenin 

in mammals), which is an effector of the Wnt pathway.  Another ubiquitin ligase complex 

that regulates postsynaptic receptor abundance is anaphase-promoting complex (APC), an 

enzyme complex that is well known for its role in cell cycle regulation (Gieffers et al., 

1999).  Two groups have reported novel roles for APC in postmitotic neurons.  Van 

Roessel et al.  (van Roessel et al., 2004) demonstrated that protein degradation regulated 

by APC has independent presynaptic and postsynaptic functions at the Drosophila NMJ.  

On the postsynaptic side, APC regulates the abundance of the mammalian GluR subunit 

homolog GluRIIa.  When the APC protein was mutated, both spontaneous and evoked 

junction potentials were increased.  This indicates that either the vesicles are filled with 

more neurotransmitter or the postsynaptic membrane possesses a higher sensitivity for 

the neurotransmitter.  Because electron micrographs show no obvious presynaptic 

changes in synaptic vesicles, the authors favor the latter possibility.  Indeed, loss of APC 

results in increased GluRIIa immunoreactivity at the postsynaptic density.  The role of 
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APC in regulating glutamate receptor levels on the postsynaptic membrane has also been 

recently shown in C.  elegans.  Similar to the experiments described above, the Kaplan 

group has shown that decreasing APC activity leads to an increased abundance of glr-1, 

leading to an enhancement of synaptic transmission efficiency in sensory-interneuron 

synapses (Juo and Kaplan, 2004).  The increase in glr-1 abundance coincides with an 

increase in larval locomotion behavior, similar to that observed in the glr-1 ubiquitination 

mutants described above.  These two independent studies suggest a novel postsynaptic 

function for APC in postmitotic cells.  On the presynaptic side, APC negatively regulates 

the scaffolding protein liprin-α/SYD2 (van Roessel et al., 2004).  The effects of APC loss 

of function on both synaptic transmission and synapse formation are rescued by 

disruption of liprin-α on the presynaptic side pointing to a role of liprin-α degradation in 

synaptic development.                 

 As mentioned above, it has been well established that the abundance of PSD-95 at 

synapses regulates GluR levels via PSD-95 palmitoylation and indirect interactions with 

GluRs (Ehrlich and Malinow, 2004; El-Husseini et al., 2002; Stein et al., 2003).  In 

addition to these mechanisms, the amount of PSD-95 at the synapse might be regulated 

by the UPS, directly or indirectly, through degradation of itself or other proteins (Bingol 

and Schuman, 2004; Colledge et al., 2003).  One of the proteins that leads to PSD-95 loss 

up on its degradation is the spine-associated Rap GTPase activating protein (SPAR).  

(Pak and Sheng, 2003).  SPAR binds to PSD-95 and promotes the growth of dendritic 

spines.  This function depends on SPAR's GAP domain.  SPAR degradation by the UPS 

leads to loss of spines and a decrease in PSD-95 levels.  SPAR is degraded by the UPS 

only when it is phosphorylated.  The kinase that phosphorylates SPAR is serum-inducible 
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kinase (SNK).  SNK is upregulated during synaptic activity, suggesting a model for spine 

loss in which activity increases SPAR degradation through phosphorylation of SPAR by 

SNK (Kauselmann et al., 1999; Pak and Sheng, 2003).  Interestingly, SNK expression is 

upregulated in the soma and not locally in the dendrites, suggesting a global effect of 

SNK on spine regulation.   

 The ubiquitination of mammalian GluRs has recently been shown in rat 

hippocampal lysates (G Patrick, unpublished).  Brief treatment with AMPA increases the 

ubiquitinated population of GluRs, suggesting a role for GluR ubiquitination in its own 

endocytosis.  This idea has been tested by expressing a ubiquitination-defective form of 

the GluR1 subunit in cultured hippocampal neurons.  The mutant GluR1 subunits 

accumulate more on the surface than wild type GluR1, similar to the results obtained with 

the AMPAR homolog in C.  elegans.  Furthermore, blocking the ubiquitination of GluR1 

leads to altered AMPA-induced endocytosis of GluRs in both heterologous cells and 

cultured hippocampal neurons, suggesting that ubiquitination of GluR1 is necessary for 

this process (G Patrick, unpublished).  Because endocytosed GluRs can be detected 

intracellularly and recycled, these results imply that it is the monoubiquitination of GluRs 

that is important. Furthermore, AMPAR endocytosis requires proteasome activity, which 

will be discussed in Chapter 4.  

 In the subsequent chapters, I will describe my data that demonstrates the interplay 

between synaptic activity and UPS. I will first present the evidence that demonstrates 

protein degradation can occur locally in the dendrites.  Second, I will describe a role for 

UPS in one of the cellular mechanisms of synaptic plasticity, namely glutamate receptor 
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trafficking and discuss possible targets of UPS at the synapse.  Lastly, I will describe how 

the localization of UPS components may be regulated by synaptic activity.   
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Chapter III 

UPS COMPONENTS AT THE SYNAPSE 
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Ubiquitin and subunits of the proteasome are heterogeneously distributed in 

dendrites  

 If ubiquitin-regulated protein degradation is used during synaptic plasticity then 

the molecular components required, including ubiquitin and the proteasome, should be 

present in neuronal dendrites near synapses. To address this, I conducted 

immunofluorescence labeling in cultured hippocampal neurons, using antibodies directed 

against either the β-subunits of the proteasome or polyubiquitin chain and 

monoubiquitinated proteins but not free ubiquitin (clone FK2) (Fujimuro and Yokosawa, 

1994).  A strong signal for ubiquitin was present in both the cell body and throughout the 

dendrites (Fig. 3.1a).  A similar distribution pattern was observed for the proteasome: 

strong staining was evident in the cell bodies, and punctate high-intensity clusters were 

observed in the dendrites (Fig. 3.1b).  In order to estimate the extent of synaptic 

localization of ubiquitin and proteasome, I conducted double-immunofluorescence 

labeling using antibodies against ubiquitin and proteasome as well as a synaptic marker, 

synaptophysin.  The abundance of ubiquitin precludes a meaningful analysis of synaptic 

localization, but we did determine the overlap between the proteasome and a synaptic 

marker, synaptophysin (Fig.  3.1c), by examining whether the regions of greatest 

intensity for proteasome staining corresponded to synaptic sites.  We observed examples 

of colocalization of the two signals, as well as examples where there was no overlap at all 

between the two signals: 40.7% ± 2.3% of the proteasome puncta overlapped with the 
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synaptophysin puncta, whereas 57.8% ± 2.5% of the synaptophysin puncta overlapped 

with the proteasome.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.  Presence of ubiquitin and the proteasome in the soma and dendrites of 
hippocampal neurons.  Shown are dissociated hippocampal neurons immunostained 
with an antibody directed against ubiquitin (a) or the proteasome (b) (The ubiquitin 
antibody is directed against polyubiquitin chain and monoubiquitinated proteins but not 
free ubiquitin (clone FK2). The proteasome antibody is directed against the β-subunits of 
the proteasome) (Scale bar, 15 µm).  The color intensity profile shows the intensity of 
fluorescence from low (blue-black) to high (white).  Images show that both ubiquitin and 
the proteasome are abundant in both the soma and dendrites of hippocampal neurons.  
Positive staining is abundant in the dendritic arbor.  High-magnification images (below) 
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show intense immunoreactivity in the dendrites and putative spines.  Scale bar, 2.8 µm.  
(c) Some of the proteasome staining (green) overlaps with that of a synaptic marker, 
synaptophysin (red).  In the image shown, 42.7% of the proteasome puncta overlaps with 
the synaptophysin puncta, and 56.6% of the synaptophysin puncta overlaps with the 
proteasome. Scale bar, 4 µm.   

 

Synaptic activity regulates polyubiquitinated protein levels 

 

 If synaptic activity regulates the synaptic protein degradation, then ubiquitinated 

protein levels must be modulated by synaptic activity.  In order to examine whether 

synaptic activity regulates the abundance of ubiquitinated proteins in situ, we used an 

antibody that recognizes the polyubiquitin chain and monoubiquitinated proteins but not 

free ubiquitin (clone FK2) (Fujimuro and Yokosawa, 1994).  Cultured neurons 

expressing GFP were stimulated (KCl, 60 mM, 1.5 min) and then processed for 

immunolabeling at different times following stimulation using the FK2 antibody.  The 

staining was performed for both GFP and the ubiquitin, using two different fluorophores. 

The GFP channel was used as a marker for the dendritic morphology and a reviewer 

blind to the FK2 signal outlined the “protrusions” from the dendritic surface using GFP 

template image.  A spine mask was then created from these protrusions.  The 

polyubiquitin FK2 signal overlapping with the spine mask was used to determine how 

much ubiquitin is present in spines (Fig 3.2a).  Using the analysis described above, we 

found that depolarization caused an initial ~67% increase in the ubiquitin level in the 

spines as well as in the dendritic shaft 10 minutes following stimulation (Fig. 3.2b,c).   At 

20 and 55 min following stimulation, the amount of ubiquitinated protein in the dendritic 

spines and the shaft then exhibited a decrease below baseline levels.   The decrease in 
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ubiquitination levels was blocked by a proteasome inhibitor, MG132 (Fig. 3.2b,c).  These 

results suggest that stimulation causes an initial increase in ubiquitination possibly due to 

activation of the ubiquitination machinery.  This increase is followed by the degradation 

of these ubiquitinated proteins by the proteasome.   
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Figure 3.2.  Polyubiquitinated protein 
levels are regulated by activity. a, 
Generation of the spine ubiquitin signal 
from GFP template.  Spines were selected 
from the GFP signal.  Total GFP and spine 
GFP signal were used as a mask for the 
total and spine ubiquitin signal based on 
FK2 staining.  Scale bar = 3.4 µm.  b, Total 
and spine ubiquitin staining from control 
and KCl or KCl+MG132 stimulated 
neurons.  Scale bar = 3.4 µm.  c, Analysis 
of the ubiquitin staining shown in a (n=14 
cells for each group from three 
experiments, p<0.05 (*) and 0.01 (**) by 
using Student’s t-test, error bars denote 
s.e.m.).  The decrease in ubiquitination 
levels was blocked by the proteasome 
inhibitor MG132.   
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Synaptic activity regulates UPS activity 

 

 The change in the ubiquitinated protein amount with neuronal stimulation 

suggests that UPS machinery is regulated by synaptic activity.  Immunolabeling for 

ubiquitin at different time points following stimulation only gives a static picture of the 

UPS activity.  In order to visualize dynamic regulation of UPS by synaptic activity, we 

used a well-characterized GFP-based proteasomal degradation reporter, UbG76V-GFP 

(Dantuma et al., 2000; Goldberg, 2000).   UbG76V-GFP is a ubiquitin-fusion degradation 

(UFD) pathway substrate.  The ubiquitin moiety has a substitution on its last amino acid 

(G76V), rendering it resistant to cleavage from GFP by DUBs.  Furthermore, N-terminal 

ubiquitin forms the anchor for addition of the polyubiquitin chain to the degradation 

reporter, which targets UbG76V-GFP for proteasomal degradation. UbG76V-GFP undergoes 

a loss of fluorescence through degradation by the proteasome, allowing the activity of 

UPS to be dynamically visualized in cells (Neefjes and Dantuma, 2004).   

 

 We expressed UbG76V-GFP in cultured rat hippocampal neurons and conducted 

time-lapse imaging of dendrites during synaptic depolarization and stimulation.   In order 

to isolate the effects of protein degradation on the reporter fluorescence, all experiments 

were conducted in the presence of the protein synthesis inhibitor anisomycin.   

Stimulation of neurons (KCl, 60 mM, 1.5 min) caused a rapid decrease in the reporter 

signal, indicating that UPS was activated during depolarization (Fig. 3.3a,b).   

Application of the proteasome inhibitor MG132 blocked the reporter degradation, 

indicating the specificity of the reporter (Fig. 3.3a,b).   In addition, the NMDAR receptor 
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antagonist APV blocked the depolarization-induced decrease in reporter levels, 

suggesting that proteasome is activated by NMDA receptor activation during 

depolarization (Fig. 3.3a,b).  Consistent with this, direct activation of NMDA receptors 

via bath application of NMDA (20 µm, 3 min) was sufficient to decrease the reporter 

signal (Fig. 3.3b).  These results show that UPS is regulated by synaptic activity in a 

NMDAR-dependent manner.  
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Figure 3.3.  KCl stimulation increases proteasome activity.  a, Time-lapse images of 
dendrites from neurons expressing UbG76V-GFP.  Bath application of KCl (arrow) 
resulted in NMDAR-dependent loss of fluorescence reflecting reporter degradation.  
Scale bar = 7.5 µm.  b, Analysis: addition of either KCl or NMDA caused a significant 
fluorescence decrease that was prevented by APV or MG132 (n=8 cells for each group 
from four independent experiments, p<0.05 at t=5 min.  and thereafter.  Error bars denote 
s.e.m.).  Dashed box refers to the region of interest for Fig 3.4. 
 

 

 

 In order to examine the reporter degradation with higher temporal and spatial 

resolution, we examined the loss of fluorescence in both the spines and shafts within the 

first ~150 seconds following stimulation. We found that there was a rapid loss of spine 

reporter fluorescence within the first ~150 seconds following stimulation (Fig 3.4). The 

degradation occurred first at spines compared to the rest of the dendrite.  This was 

followed by equal rates of reporter degradation in spines and the shaft, possibly due to 

diffusion of the reporter from shaft to the spines (where it will be degraded).  Another 

possibility is that the “residual” shaft proteasome is sufficient to degrade some of the 

shaft reporter.  
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Figure 3.4.  KCl stimulation increases 
proteasome activity more in spines 
compared to the dendritic shaft.  
a, Immediately after stimulation, the 
proteasome reporter, UbG76V-GFP, is 
degraded faster in spines when compared to 
the shaft.  Arrow indicates the start of the 
stimulation.  b, Localization of the 
degradation to spines just after stimulation.  
Arrow indicates the start of the stimulation.  
green: total reporter signal at the beginning 
of the experiment.  Red: the difference 
between the image at the indicated time 
point and the very next image in the time 
series.  Thus, red pixels represent the 
amount and localization of the reporter 
degradation at that point.  Each difference 
image (red) is superimposed on the 
dendritic segment analyzed (green) in order 
to show the spatial localization of the 
degradation along the dendrite.  Scale bar = 
1.5 µm.    
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Dendrites have the capacity for local protein degradation 

 

 As discussed in the introduction, the local regulation of synaptic protein 

composition endows the neurons with the capacity to regulate their synaptic inputs 

independently.   In order to examine whether the proteasome can be activated locally in 

the dendrites, we used micropipettes to deliver NMDA locally to dendritic segments and 

monitored the fluorescent signal of the reporter (Fig.  3.5a,b).  We observed a spatially 

restricted decrease in the intensity of UbG76V-GFP: the decrease in the reporter signal at 

the perfused spot was ~41 % of the initial fluorescence whereas the decrease in the areas 

immediately adjacent to the perfusion spot was ~86 % (Fig.  3.5c,d).   For comparison, 

the reporter signal in the non-perfused dendrites of the same neuron decreased by only 

5% (Fig.  3.5c,d).   (It is worth noting that the diffusion of intact, fluorescent reporter 

from regions adjacent to the perfused area likely diminishes the magnitude of the 

fluorescence decrease we can observe in the perfused area.)  In control cells where 

NMDA was omitted from the perfusion pipette, there were no changes in the GFP signal 

in the perfused spot or any other dendritic area, indicating that the perfusion procedure 

does not cause non-specific degradation of the reporter (Fig.  3.5c,d).    These results 

show local protein degradation can occur in the dendrites and can be activated by NMDA 

receptor activity.  These data suggest the capacity for a local response of the ubiquitin 

proteasome pathway to synaptic events. 
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Figure 3.5.  Dendrites of hippocampal neurons have the capacity for local protein 
degradation.  a,b, UbG76V-GFP expressing cells (in green) and the position of the local 
d
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perfusion along the dendrites (in red).  Control perfusion is shown in a and the NMDA 
perfusion is shown in b.   Scale bar = 28 µm.   c, Higher magnification of the dendrites 
marked in a and b.  (* : control perfusion, **: NMDA perfused dendrite, ***: non-
perfused dendrite of the NMDA-perfused neuron).  Yellow box indicates the perfusion 
spot.  Yellow arrow indicates the start of the perfusion.   Scale bar = 3.5 µm.   d, Mean 
change in the reporter signal over time at the perfused spot and areas next to the perfused 
spot and the non-perfused dendrites.  Only NMDA stimulation at the perfusion spot 
shows significant decrease of the proteasome activity reporter (n = 4  cells for each group 
from three independent experiments, p<0.05 at t=4 min.  and thereafter by using 
ANOVA, error bars denote s.e.m.).   
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Chapter IV 

UPS REGULATES AMPAR TRAFFICKING AT THE SYNAPSE 
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Proteasome activity is required for agonist-induced endocytosis of GluRs  

 

 As discussed above, AMPAR trafficking in and out of the synapse is considered 

to be one of the main underlying mechanisms of for long-term synaptic plasticity.  To 

address initially the role of protein degradation in the regulation of synaptic function, we 

asked whether proteasome activity is required for the glutamate-induced internalization 

of AMPARs.  Dissociated hippocampal neurons were live labeled with a primary 

antibody recognizing an extracellular epitope of either GluR1 or 2 and then treated with 

the glutamate-receptor agonist AMPA to induce endocytosis of labeled receptors.  

Internalized receptors were visualized by removing the residual surface antibody 

followed by fixation, permeabilization and fluorescent secondary antibody labeling.  

Brief treatment with AMPA resulted in a robust (6- to 8-fold) internalization of either 

GluR1 or GluR2 (Fig.  4.1a-d).  In order to test the role of the proteasome in AMPAR 

endocytosis, proteasome activity was inhibited before stimulation, using a reversible and 

an irreversible inhibitor, MG132 and ZL3VS, respectively. MG132 and ZL3VS inhibit 

primarily the chymotrypsin-like activity of the proteasome (Bogyo et al., 1997; Jensen et 

al., 1995). Brief (20 min) pretreatment with the proteasome inhibitor MG132 or ZL3VS 

completely prevented the AMPA-stimulated endocytosis of GluR1 and 2, suggesting that 

proteasome activity is required for AMPAR endocytosis (Fig.  4.1a-d).   Similar 

inhibition was also observed with a third specific proteasome inhibitor, lactacystin (mean 

fold internalization of GluR2: control, 1.0 ± 0.38, N = 14; AMPA, 5.88 ± 1.39, N = 28; 

lactacystin, 0.42 ± 0.24, N = 48).  Fig. 4.1c-d show the analysis of somatic 

immunofluorescence; proteasome inhibition also prevented the AMPA-induced 
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internalization of dendritic GluRs (mean fold internalization of dendritic GluR1: control, 

1.00 ± 0.13, n (dendrites) = 42; AMPA, 6.47 ± 1.86, N = 38; AMPA + MG132, 1.38 ± 

0.40, N = 45; mean fold internalization of dendritic GluR2: control, 1.00 ± 0.20, N = 38; 

AMPA, 7.39 ± 2.87, N = 40; AMPA + MG132, 1.12 ± 0.20, N = 39).  The complete 

inhibition of AMPA-induced internalization of GluR1 and GluR2 observed in the 

presence of proteasome inhibitors indicates a requirement for protein degradation in 

AMPA receptor trafficking.  Activation of NMDA (N-methyl-D-aspartate) receptors can 

also induce internalization of GluRs (Beattie et al., 2000).  We found that proteasome 

inhibitors also prevent the NMDA-induced internalization of GluR1 (Fig. 4.1e).  Previous 

studies have suggested different intracellular signals for AMPA versus NMDA-induced 

internalization of the receptors (e.g., Ehlers, 2000); the blockade of both AMPA- and 

NMDA-induced internalization observed with proteasome inhibitors indicates that at 

least part of the internalization mechanism is shared. 

 The bath application of neurotransmitters to cultured hippocampal neurons likely 

does not faithfully represent the synaptic release of glutamate, since bath-applied agonists 

can stimulate both synaptic and extrasynaptic receptors (e.g., Hardinghamet al., 2002).  

As such, we addressed whether the synaptic release of glutamate, elicited by bicuculline 

treatment, can also stimulate the internalization of GluR1.  We found that a 40 min 

treatment with bicuculline (50 µM) caused ~3.5-fold increase in internalized GluR1 

relative to unstimulated controls (Fig. 4.1f,g).  These data indicate that the synaptic 

release of transmitter can also induce the internalization of the receptors.  Moreover, we 

found that the bicuculline-induced internalization was also blocked by a 20 min 

pretreatment with MG132 (Fig. 4.1f,g).  Taken together, these data suggest that 
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proteasome activity is required for the internalization of GluRs elicited by either 

synaptically released or bath-applied agonists. 
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Figure 4.1.  AMPA- or Bicuculline-induced internalization of GluR1 or GluR2 is 
blocked by inhibitors of the proteasome. (A) Shown are representative images of 
control, AMPA-, AMPA + MG132-, or AMPA + ZL3VS-treated neurons in which 
internalization of GluR1 was monitored in dissociated hippocampal neurons.  AMPA 
stimulation increased the pool of internalized GluR1 as measured with fluorescence 
immunohistochemistry.  This agonist-induced internalization was blocked by brief (15–
20 min) pretreatment with either of two proteasome inhibitors MG132 or ZL3VS.(B) 
Shown are representative images of control, AMPA-, AMPA + MG132-, or AMPA + 
ZL3VS-treated neurons in which internalization of GluR2 was monitored in dissociated 
hippocampal neurons.  AMPA stimulation increased the pool of internalized GluR2.  This 
agonist-induced internalization was blocked by brief (15–20 min) pretreatment with 
either of two proteasome inhibitors MG132 or ZL3VS. (C) Summary data for GluR1 
internalization experiments.  AMPA treatment resulted in an average ~6-fold increase in 
fluorescence; this increase was significantly inhibited (p ≤ 0.01) by either of two 
proteasome inhibitors.  n (neurons) for each group: control, AMPA, AMPA + MG132, 
AMPA + ZL3VS, N = 33, 43, 21, and 25, respectively.(D) Summary data for GluR2 
internalization experiments.  AMPA treatment resulted in an average ~7.5-fold increase 
in fluorescence; this increase was significantly inhibited (p ≤ 0.01) by either of two 
proteasome inhibitors.  n for each group: control, AMPA, AMPA + MG132, AMPA + 
ZL3VS, N = 79, 64, 56, and 23, respectively.  Scale bar, 10 µm. (E) Summary data for 
NMDA-induced internalization of GluR1.  NMDA treatment resulted in an average ~5.0-
fold increase in fluorescence; this increase was significantly inhibited by MG132.  n for 
control, NMDA, and NMDA + MG132 are 47, 27, and 39, respectively. (F) Shown are 
representative images of control, bicuculline- (BIC), or BIC + MG132-treated neurons in 
which internalization of GluR1 was monitored in the dendrites of dissociated 
hippocampal neurons.  BIC stimulation increased the pool of internalized GluR1; this 
internalization was blocked by a 20 min pretreatment with MG132. (G) Summary data 
for BIC-induced internalization of GluR1.  Bicuculline treatment (40 min) resulted in an 
average ~3.5-fold increase in fluorescence; this increase was significantly inhibited by 
MG132.  n for control, BIC, and BIC + MG132 are 40, 29, and 29, respectively. 

 

  

Brief inhibition of proteasome activity does not alter the pool of surface GluR1 or 
GluR2  

 As agonist-stimulated targets of the proteasome could participate in the 

endocytosis, exocytosis, and/or insertion of the glutamate receptors, we next examined 

whether proteasome inhibition alters the pool of surface-expressed AMPA receptors 

available for endocytosis.  Using antibody labeling of live neurons, we compared the 
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amount of surface GluR1 or GluR2 immunoreactivity following 10 min, 40 min, or 2 hr 

treatments with MG132.  Using the same data acquisition parameters that we used for our 

internalization experiments, we found that none of the MG132 treatments had a 

significant effect on the number of either GluR1 or GluR2 receptors detected on the cell 

surface (Fig.  4.2 a,b).  We did observe a substantial loss of surface receptors following 

AMPA treatment (data not shown).  These results suggest that the internalization of 

receptors stimulated by endogenous glutamate release in our culture system is below the 

detection threshold of our experiments.   

Internalization of the transferrin receptor does not depend on proteasome activity  

 

  We addressed the specificity of proteasome action by determining whether ligand-

stimulated endocytosis of the transferrin receptor exhibits a similar sensitivity to 

proteasome inhibition.  Application of transferrin to cells is known to induce a receptor-

mediated internalization of both transferrin and its receptor (Yamashiro et al., 1984)––

this can be quantified by measuring the cytoplasmic accumulation of fluorescently 

labeled transferrin (Sever et al., 2000).  Using this technique (van Kerkhof et al, 2000), 

we measured the receptor-mediated internalization of transferrin in cultured hippocampal 

neurons (Fig. 4.2c,d).  Pretreatment of neurons with the proteasome inhibitor MG132 did 

not affect the internalized pool of transferrin (Fig. 4.2c,d).  This result indicates that 

proteasome activity is not required for the ligand-induced internalization of all receptors 

in neurons. 
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 To address whether proteasome activity is instructive or permissive for GluR 

internalization, we manipulated the duration of proteasome inhibitor pretreatment prior to 

AMPA stimulation.  We found that a mere 5 min pretreatment with a proteasome 

inhibitor was sufficient to significantly inhibit AMPA-induced GluR1 internalization 

(Fig. 4.2e,f).  Increasing the duration of proteasome inhibitor pretreatment to 10 or 20 

min yielded modest but not significant increases in the inhibition of internalization (Fig. 

4.2e,f).  That a very brief proteasome pretreatment still inhibits receptor internalization 

strongly supports the view that AMPA treatment actively stimulates protein degradation, 

rather than the alternative view that there is constitutive degradation of a protein(s) that is 

required for GluR internalization. 
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Figure 4.2.  Proteasome inhibitors do not alter surface GluRs or block transferrin 
endocytosis. (A) Representative images for either surface GluR1- or GluR2-labeled 
neurons treated with vehicle (control), MG132 for 10 min, or MG132 for 2 hr.  Scale bar, 
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10 µm. (B) Summary bar graphs indicating the mean dendritic puncta fluorescence 
intensity for GluR1 or GluR2 surface receptors.  Using the same image acquisition 
parameters for the detection of internalized GluRs, there was no change in the population 
of surface GluRs after exposure to MG132. (C) Proteasome inhibitors do not block 
transferrin receptor endocytosis in hippocampal neurons.  Representative images showing 
similar quantities of internalized transferrin in either control or MG132-treated neurons.  
Fluorescently labeled transferrin from middle region of confocal z-stacks containing the 
nucleus, but lacking surface plasma membrane, was analyzed.  Arrows note the 
cytoplasmic and perinuclear accumulation of transferrin.  Scale bar, 10 µm. (D) Summary 
data for tranferrin internalization experiments.  There was no significant difference in the 
amount of internalized transferrin observed in control or MG132-treated neurons. (E) 
AMPA-induced internalization of GluR1 and GluR2 can be blocked by very brief 
pretreatment with proteasome inhibitors.  Scale bar, 10 µm. (F,G) Summary data for the 
length of proteasome inhibition pretreatment required to prevent AMPA-induced 
internalization of GluR1.  Pretreatments as brief as 5 min significantly inhibited AMPA-
induced internalization of GluR1.  n for control, AMPA, and 2.5, 5, 10, and 15 min 
proteasome inhibitor pretreatment are 23, 21, 18, 21, and 24, respectively. 

 

Polyubiquitination is required for agonist-stimulated internalization of GluR1 and 2  

 

 In addition to blocking proteasome activity, proteasome inhibitors can also cause 

a diminution of the free ubiquitin pool: the inhibition of the proteasome leads to a build- 

up of polyubiquitinated proteins resulting in decreased availability of free ubiquitin 

(Schubert et al., 2000).  Because single ubiquitin molecules can be used as signals for 

endocytosis, independent of proteasome activity (Hicke and Riezman, 1996; Hicke 1997; 

Hicke, 2001), it is important to assess the possible depletion of the ubiquitin pool by 

proteasome inhibitors.  We conducted a biochemical analysis of the free ubiquitin pool in 

lysates prepared from hippocampal neurons treated with proteasome inhibitors for 5, 20, 

or 40 min or 24 hr (e.g., (Ehlers, 2003)).  We found that treatment with MG132 (50 µM) 

for 20 min, 40 min, or 24 hr resulted in significant reductions of free ubiquitin (Fig.  4.3 

a,b), whereas a 5 min treatment had no significant effect.  In figure 4.2, we demonstrated 
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that a 5 min pretreatment with MG132 (followed by 20 min of AMPA + MG132 

treatment) is sufficient to inhibit GluR endocytosis, suggesting that free ubiquitin 

depletion cannot explain the effects of proteasome inhibitors.  To be sure that the effects 

of MG132 cannot be attributed to free ubiquitin depletion, we conducted an additional 

experiment in which the total duration of exposure to MG132 was limited to 5 min (2.5 

min pretreatment followed by 2.5 min with AMPA).  In this experiment, MG132 still 

inhibited AMPA-stimulated GluR1 endocytosis, indicating a requirement for protein 

degradation (Fig. 4.2g). In order to examine further the role of polyubiquitination, and 

hence proteasome activity, in AMPA-induced GluR internalization, we used Sindbis 

virus to express a ubiquitin chain-elongation mutant (UbK48R) in which lysine at 

position 48, a site of ubiquitin attachment, is mutated to an arginine (Ward et al, 1995).  

Expression of this construct thus allows monoubiquitination of proteins (Hicke, 2001) but 

results in abbreviated ubiquitin chain lengths for polyubiquitinated proteins.  We 

estimated that K48R was expressed at levels 10- to 12-fold higher than endogenous 

ubiquitin.  In control neurons expressing EGFP alone, we observed robust (7- to 12-fold) 

AMPA-induced internalization of both GluR1 and 2 (Fig. 4.3c-e). In contrast, in neurons 

expressing K48R (SinK48R-IRES-EGFP) the AMPA-induced GluR internalization was 

significantly inhibited (Fig. 4.3c-e). Because monoubiquitination is allowed in neurons 

expressing K48R, these results indicate a requirement for polyubiquitination in the 

internalization of the glutamate receptors.  Taken together with the proteasome inhibition 

data, these results show that ubiquitin-dependent degradation is essential for the AMPA-

induced internalization of GluRs. 
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Figure 4.3. AMPA-induced internalization of GluR1 and GluR2 requires 
polyubiquitination. Brief ≤ 5 min MG132 treatment does not deplete the free ubiquitin 
pool (A and B). Treatment of hippocampal neurons with MG132 for greater than 5 min 
results in decreased free ubiquitin as detected with Western blot analysis.  Data analyzed 
in (B) are normalized to actin, same lane, controls.  (C and D) GluR1 or GluR2 
internalization experiments were performed on Sindbis GFP or Sindbis His6-myc-
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ubiquitin K48R-IRES-GFP-infected neurons.  Shown are the GFP signal and the 
internalized receptor signal for either GluR1 (C) or GluR2 (D).  In GFP-expressing 
neurons, AMPA resulted in a robust internalization of either receptor.  In contrast, 
neurons expressing K48R-IRES-EGFP showed significantly reduced internalization 
following AMPA treatment.  Scale bar, 10 µm.  (E) Summary data for experiments in (C) 
and (D).  n for GluR1: GFP, GFP + AMPA, Ub-K48R + AMPA, N = 30, 64, and 67, 
respectively; GluR2: GFP, GFP + AMPA, Ub-K48R + AMPA, N = 36, 33, and 43, 
respectively. 
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Chapter V 

POSSIBLE TARGETS OF UPS AT THE SYNAPSE  
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 In order to establish that a protein is a target of UPS at the synapse, the following 

criteria should be met. First of all, ubiquitinated species of the target protein must be 

present at synapses.  Furthermore, the ubiquitination of the target protein must be 

regulated by synaptic activity.  If these conditions hold true, one would expect to see an 

activity-dependent and proteasome inhibitor-sensitive decrease in the abundance of the 

target protein.  Finally, if the target protein degradation is involved in AMPAR 

endocytosis, then specifically inhibiting the target protein degradation must also block 

AMPAR endocytosis.  Blocking the degradation of the target protein can be achieved by 

deleting the degradation signal or mutating the ubiquitin acceptor lysines within the target 

protein. As it will be shown below, these are not all trivial undertakings because of the 

low abundance and instability of the ubiquitinated protein species.  Furthermore, the 

activity-regulated target protein population at the synapse may only be a small fraction of 

the total target protein in the cell, which would make it hard to detect the decrease in the 

target protein abundance following stimulation.  We have screened the known synaptic 

proteins to test whether or not they follow the patterns summarized above. Our results 

suggest that PSD-95 may be an indirect target of UPS.   
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PSD-95 may be an indirect target of UPS to regulate AMPAR internalization  

 

 The data presented so far shows that a brief application of AMPA to cultured 

hippocampal neurons induces a robust endocytosis of GluRs from the cell surface that 

requires proteasome activity and polyubiquitination.  As discussed in the introduction, 

PSD-95 may act as a “slot” protein to stabilize the AMPARs at the synapse through its 

indirect interaction with AMPARs.   In order to investigate if PSD-95 levels are 

coordinately regulated with GluR endocytosis in dissociated hippocampal cultures, we 

induced GluR internalization with AMPA stimulation and then examined both the 

internalized pool of GluR1 and PSD-95 using immunocytochemical techniques.  If one 

examines many neurons in the same dish, it is clear that cells exhibit variable levels of 

internalized GluRs in response to AMPA stimulation (n=4, 3, and 4 cells/dendrites that 

shows high (194.0 ± 8.9), medium (88.6 ± 4.5) and low (22.6 ± 6.2) level of internalized 

receptor puncta intensity, respectively) (e.g., Fig. 5.1b).  We examined the relationship 

between the magnitude of internalized GluR and the degree of PSD-95 expression in 

individual dendrites.  We found that cells that robustly internalized GluRs in response to 

AMPA treatment had significantly reduced levels of PSD-95 puncta (Fig. 5.1a, 

arrowheads).  In contrast, the cells that did not respond to AMPA stimulation by 

internalizing receptor possessed noticeably higher levels of PSD-95 (Fig. 5.1a, arrows).  

Indeed, if one examines individual neurons that represent the full range of internalized 

GluR (no internalized puncta to high levels of internalized puncta) one consistently 

observes an inverse correlation with PSD levels (Fig. 5.1b,c).  These data suggest a link 

between the absence of PSD-95 and the presence of internalized GluR1.  These data are 
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consistent with the idea that AMPA stimulation leads to a loss of PSD-95 and the 

internalization of GluR1.  It is attractive to propose that AMPA stimulation leads to a 

degradation of PSD-95 that precedes the internalization of the glutamate receptor.  

However, the inverse correlation between levels of internalized GluR and PSD-95 (Fig. 

5.1c) could also be explained by pre-existing differences in the levels of PSD-95.  

Suppose, for example, that a subpopulation of neurons begin with less PSD-95 and less 

surface GluR available for endocytosis.  Alternatively, PSD-95 might exert a stabilizing 

influence on GluRs such that low levels of PSD-95 predispose receptors to internalize.   

 In order to test for the first possibility, we examined the amount of surface GluR1 

present in neurons that have high, medium or low levels of PSD-95 in the absence of 

stimulation.  We did not find a correlation between PSD-95 level and surface GluR1 level 

(Fig. 5.1d).  This observation indicates that the reduced levels of PSD-95 observed in 

neurons with internalized GluR1 (Fig.  5.1a) is not due to a pre-existing relationship 

between PSD-95 levels and surface receptors.  Furthermore, Schnell et al. (2002) have 

shown that in organotypic slice cultures, PSD-95-overexpressing cells do not show a 

change in the response to bath-applied AMPA compared to non-transfected cells.  These 

data thus leave open the possibility that PSD-95 levels are decreased upon AMPA 

treatment and that this decrease is important for subsequent GluR internalization.   
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Fig.  5.1.  Inverse correlation between internalized GluR and PSD-95. Both the 
internalized GluR1 pool and PSD-95 were visualized in individual neurons and dendrites 
following AMPA stimulation.  (A) Neurons that responded robustly to AMPA have more 
internal GluR1 (red) and less PSD-95 (green) puncta (arrowheads) whereas neurons that 
did not respond to AMPA have diffuse internal GluR1 staining and more PSD-95 puncta 
(arrows).  Internal GluR1 is visualized using the acid stripping technique (see Methods).  
Scale bar is 10 µm.  (B) Examples of imaged dendrites in which there is an inverse 
correlation between the amount of internalized receptor (red) and PSD-95 levels (green).  
Scale bar is 3 µm.  (C) Quantification of the data shown in B.  Internalized receptor levels 
and the corresponding PSD-95 level in each dendrite are plotted as the total intensity of 
signal per dendritic length (n=11, r2: −0.62, p<0.01).  (D) Absence of correlation between 
surface GluR1 and PSD-95.  Surface receptor levels and the corresponding PSD-95 level 
in each dendrite are plotted as the total intensity of signal per dendritic length (n=11, r2: 
0.02, p>0.5). 
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PSD-95 exhibits a proteasome-sensitive downregulation in protein level following 

AMPA stimulation  

 As discussed earlier, recent work has shown that the ubiquitin-proteasome 

pathway plays a major role in regulating synaptic function.  In order to test if the AMPA-

stimulated PSD-95 decrease observed above is regulated by the ubiquitin–proteasome 

pathway, we have treated cultured hippocampal neurons with AMPA in the presence and 

absence of proteasome inhibitor MG132 (Lee and Goldberg, 1998) and monitored PSD-

95 levels immunohistochemically.  AMPA stimulation caused a significant decrease in 

both the number and the total intensity of PSD-95 puncta in hippocampal dendrites (Fig.  

5.2a, b).  The decrease in PSD-95 level was sensitive to a proteasome inhibitor 

suggesting that the ubiquitin–proteasome pathway—directly or indirectly—participates in 

this AMPA-induced decrease in PSD-95.  In addition, we conducted Western blot 

analysis from either hippocampal lysates or synaptosomes treated with AMPA.  Although 

an AMPA-stimulated decrease in PSD-95 was not observed in the whole hippocampal 

lysates (Fig. 5.2c), a proteasome-inhibitor-sensitive decrease in PSD-95 levels was 

detected in synaptosomes (Fig. 5.2d).   
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Fig.  5.2.  PSD-95 exhibits a proteasome-sensitive downregulation in protein level 
following AMPA stimulation. (A) PSD-95 immunocytochemistry in dendrites from 
vehicle treated (top panel), AMPA (middle panel) or AMPA and MG132 treated neurons 
(bottom panel).  AMPA (100 µM) stimulation was for 20 min and MG132 (50 µM) was 
present 20 min before and during the entire period of AMPA stimulation.  (B) Analysis of 
PSD-95 levels in control, AMPA (A) or AMPA+MG132 (A+M) conditions.  AMPA 
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stimulation decreases the number and total intensity of PSD-95 puncta in an MG132-
sensitive manner.  Each value is normalized to control (n=16 for the first three conditions 
and 20 for MG132 alone experiment, p<0.05).  (C) Western blot analysis from 
hippocampal lysates stimulated with AMPA in the presence or absence of MG132 shows 
no apparent change in PSD-95 protein level.  The arrow represents PSD-95 
immunoreactivity.  Lower blot represents the actin control.  (D) Western blot analysis 
from hippocampal synaptosomes stimulated with AMPA shows a proteasome inhibitor-
sensitive decrease in PSD-95 protein levels. 

 

PSD-95 overexpression reduces AMPA-induced GluR1 endocytosis  

 If PSD-95 is regulated by the ubiquitin–proteasome pathway, overexpression of 

PSD-95 might saturate the enzymatic machinery required to downregulate PSD-95.  

Furthermore, if PSD-95 downregulation has a role in GluR1 endocytosis, then 

overexpression of PSD-95 should also affect GluR endocytosis.  In order to investigate 

these possibilities, we expressed PSD-95-GFP or GFP alone in cultured hippocampal 

neurons and examined GluR-endocytosis in response to AMPA stimulation.  Neurons 

that expressed GFP alone showed a significant increase in internalized GluR1 following 

stimulation with AMPA (Fig.  5.3a, b).  In contrast, neurons that expressed PSD-95-GFP 

did not exhibit significant AMPA-stimulated endocytosis of GluR1.  Although we cannot 

rule out the possibility that PSD-95 overexpression results in increased recycling, these 

results suggest that a limited concentration of PSD-95 is essential for neurons to exhibit 

AMPA-stimulated GluR1 endocytosis.   
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Fig.  5.3.  PSD-95 overexpression reduces AMPA-induced GluR1 endocytosis.  (A) 
Shown are the GFP signal (green) and internalized GluR1 signal (red) neurons expressing 
GFP alone (top four images) or PSD-95-GFP (bottom four images).  In GFP-alone-
expressing neurons AMPA stimulation led to GluR1 internalization, whereas in PSD-95-
expressing neurons AMPA stimulation did not result in GluR1 internalization.  Scale 
bar=5 µm.  (B) Analysis showing the AMPA-stimulated internalization of GluR1 in GFP-
alone-expressing neurons and the lack of AMPA-stimulated internalization in PSD-95-
GFP-expressing neurons (n=30 for each condition, p<0.05). 
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The ubiquitination of PSD-95 cannot be detected  

 The ubiquitin–proteasome system marks target proteins to be degraded by the 

attachment of a polyubiquitin chain.  We previously demonstrated that polyubiquitination 

is required for GluR endocytosis (Patrick et al., 2003) and hypothesized that the target for 

the proteasome is a protein that interacts directly or indirectly with the GluRs.  As such, 

the target protein should exhibit AMPA-stimulated polyubiquitination.  One common 

way to determine if a protein is ubiquitinated is to pull-down ubiquitinated proteins and 

then conduct Western blot analysis for the protein of interest (e.g.,  Ehlers, 2003 and 

Colledge et al., 2003).  We have tried two methods to detect ubiquitinated proteins.  The 

first involves immunoprecipitation (with antibodies to ubiquitin or candidate proteins) 

and the second is GST-S5a affinity chromatography (Layfield et al., 2001).  S5a is a 

subunit of proteasome that has been shown to bind to polyubiquitin chains (Deveraux et 

al., 1994).  Using either cultured hippocampal neuron lysates (Fig. 5.4) or whole 

hippocampal lysates (data not shown) we found that we could isolate an abundance of 

ubiquitinated proteins by either ubiquitin immunoprecipitation followed by Western blot 

analysis using an anti-ubiquitin antibody (Fig. 5.4a) or GST-S5a chromatography (data 

not shown).  The amount of ubiquitinated proteins that we could isolate was enhanced by 

a brief (20 min) treatment with MG132 (50 µm) or MG132+NMDA stimulation.  We 

addressed the specificity of our assay by treating the pull-down beads with a 

deubiquitinating enzyme (DUB) that removes the ubiquitin chains from ubiquitinated 

proteins.  DUB application to the beads from either immunoprecipitation removed all of 

the polyubiquitin signal (Fig. 5.4a).   
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 Although we have shown that we can pull-down ubiquitinated proteins (Fig. 

5.4a), we were unable to observe the ubiquitination of PSD-95 when the same blots were 

reprobed with an anti-PSD-95 antibody (rabbit polyclonal; Fig. 5.4b).  Similar 

experiments conducted with two additional PSD-95 antibodies also yielded negative 

results.  We were, however, able to detect the polyubiquitination of Shank (Ehlers, 2003) 

using an anti-Shank antibody after a ubiquitin immunoprecipitation (Fig. 5.4c).  We also 

attempted to demonstrate the ubiquitination of PSD-95 by conducting a reverse 

immunoprecipitation experiment, in which we first immunoprecipitate PSD-95 using an 

anti-PSD-95 antibody and then probe the blot with either a PSD-95 or ubiquitin antibody 

(Fig. 5.4d) (e.g., Colledge et al., 2003).  Although we could clearly detect the presence of 

PSD-95 with the anti-PSD-95 antibody, we did not see any ubiquitin immunoreactivity 

when the anti-ubiquitin antibody was used. Also, an additional set of 

immunoprecipitations with different PSD-95 antibodies yielded negative results.  These 

results are consistent with one study in which GST-S5a did not pull-down PSD-95 from 

cortical culture lysates (Ehlers, 2003).  Colledge et al.  (2003), however, reported the 

ubiquitination of PSD-95 from stimulated cultures.  They stimulated hippocampal 

cultures with NMDA (20 µM for 3 min) and observed the polyubiquitination 10 min 

following NMDA stimulation.  We used the same techniques and antibodies as Colledge 

et al.  (2003) (Fig.  5.4d), but did not observe the ubiquitination of PSD-95 from AMPA- 

(data not shown) or NMDA-stimulated cultures, including experiments in which we 

looked for ubiquitination at different intervals following NMDA stimulation (Fig. 5.4e).  

In addition, we considered the possibility that the activity of deubiquitinating enzymes 

during our assay might remove polyubiquitin chains; to address this we routinely 
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included DUB inhibitors during pull-downs to increase the pool of ubiquitinated PSD-95 

species.  Unfortunately, we were still not able to detect ubiquitination of PSD-95.  These 

results suggest that either the ubiquitination of PSD-95 is extremely transient or that 

PSD-95 may not be a direct target of UPS, instead PSD-95 levels may be regulated by 

other bona fide and direct proteasomal targets.   
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Fig.  5.4.  The ubiquitination of PSD-95 cannot be detected. A series of experiments 
using immunoprecipitation followed by Western blot analysis failed to reveal the 
ubiquitination of PSD-95.  (A) Lysates prepared from cultured hippocampal neurons 
were subject to immunoprecipitation with an anti-ubiquitin antibody and then probed 
with anti-ubiquitin antibody.  Treatment with MG132 (lane 2) or MG132+NMDA (lane 
3) increased the abundance of ubiquitinated proteins relative to untreated lysates.  
Treatment of the beads with a deubiquitination enzyme abolishes the ubiquitin signal 
(lane 5).  (B) The same blot as shown in A, reprobed with rabbit polyclonal PSD-95 
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antibody.  Although PSD-95 could be detected in the lysate (lane 1), no 
polyubiquitination of PSD-95 was observed in any of the treatment conditions (lanes 2–
5).  (C) A blot from ubiquitin IP showing that Shank is ubiquitinated.  (D) A reverse 
immunoprecipitation experiment in which PSD-95 is immunoprecipitated from lysates 
treated with MG132+NMDA and then Western blot analysis is conducted with either an 
anti-PSD-95 antibody (left lane) or an anti-ubiquitin antibody.  The success of the 
immunoprecipitation is shown by the presence of PSD-95 in the PSD-95 blot; however, 
no PSD-95 is detected in the anti-ubiquitin blot.  (E) Time course experiment in which 
the PSD-95 pulldown was conducted at variable intervals (min) following the initiation of 
NMDA stimulation (3 min total NMDA stimulation).  The arrow represents PSD-95 
immunoreactivity.  IgG is also indicated.  (F) The same blot shown in E reprobed using 
an anti-ubiquitin antibody.  No ubiquitinated PSD-95 was detected at any of the intervals 
examined, although an abundance of ubiquitinated proteins is detected in the lysate (not 
subjected to PSD-95 IP).  The arrow indicates the size of PSD-95 on the gel. 
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Chapter VI 

THE PROTEASOME DYNAMICS AT THE SYNAPSE  
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 Recent studies of UPS regulation have emphasized the importance of substrate 

recognition and ubiquitination by the enzymes of the conjugation pathway (E1,E2,E3).  

Downstream of target protein ubiquitination, E3s and other proteins have been proposed 

to “deliver” the target proteins to the proteasome (Miller and Gordon, 2005).  The 

converse possibility, involving the movement of the proteasome to the target protein is an 

emerging concept (Glickman and Raveh, 2005), with much less direct experimental 

support.  It is worth noting, however, that biochemical studies have demonstrated the 

apparent interaction of the proteasome with proteins physically proximal to degradation 

targets (reviewed in Chapter 2).   

 

  The dendrites of neurons are decorated with specialized protrusions called 

spines, individualized biochemical compartments where excitatory synapses occur.   

Previous work has shown that ubiquitinated proteins and the components of the UPS can 

be detected in spines. Furthermore, as discussed in the introduction, UPS functions at the 

synapse.  Here we examine directly the impact of NMDA receptor-dependent neural 

activity on the localization of the proteasome and find that synaptic activity recruits the 

proteasome into spines, providing a mechanism for local protein degradation.  The 

proteasome’s sequestration is persistent, reflecting an association with the actin-based 

cytoskeleton.    
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Activity-dependent proteasome dynamics   

 

The data presented so far suggest that the proteasome locally degrades proteins at 

synapses.  Furthermore, only half of the proteasome is synaptic in hippocampal cultures 

(Fig. 3.1).  Thus, there is room for the regulated delivery of the proteasome to the 

synapses in response to activity.  To examine whether synaptic activity regulates the 

localization of the proteasome at synapses, we expressed a GFP-tagged 19S proteasome 

subunit Rpt1 (CIM5/ YKL145W/Yta3) in cultured hippocampal neurons.   In order to test 

the incorporation efficiency of Rpt1-GFP into the endogenous proteasome structure, 

endogenous proteasome from cultures expressing Rpt1-GFP was immunoprecipitated 

(with anti-Rpt6 antibody) and blotted for another endogenous subunit, Rpt3, or Rpt1-GFP 

with a GFP antibody.  If all the Rpt1-GFP and Rpt3 are in the same proteasome structure, 

they should be immunoprecipitated with the same efficiency.  Comparison of the 

lysate:IP ratio on the western blot indicates that the incorporation efficiency of Rpt1-GFP 

is 77+/-3.4% (from 2 independent experiments) of the endogenous proteasome subunit 

Rpt3.  Furthermore, Rpt1-GFP colocalizes with the endogenous proteasome when the 

cultures expressing Rpt1-GFP were immunostained with GFP and endogenous 

proteasome antibodies, suggesting that most of the Rpt1-GFP is within the proteasome 

structure (Fig. 6.4b).  Under basal (non- stimulated) conditions, Rpt1-GFP was diffusely 

distributed in both dendrites and the spines (Fig.  6.2a). Upon brief depolarization, (KCl 

60 mM, 1.  5 min), Rpt1-GFP moved from the dendritic shaft into spines within minutes 

(Fig.  6.1a-c). Although there was no significant change in the total amount of Rpt1-GFP 

fluorescence after KCl stimulation, there was, on average, an ~90 % increase in spine 
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Rpt1-GFP signal (20 min post KCl) (Fig.  6.1c) with individual experiments ranging from 

no change to an ~350 % increase in spine signal (Fig.  6.1d).  The increase in spine 

proteasome signal was persistent, lasting, on average, for at least an hour following 

stimulation.  The overwhelming majority of the Rpt1-occupied spines exhibited overlap 

with a presynaptic marker protein, bassoon (Fig.  6.4a), strongly suggesting that these 

spines are the sites of functional synapses (95.6 ± 1.2 % of the bassoon puncta 

colocalized with the spines that Rpt1-GFP had entered;  97.8 ± 1.4 % of the Rpt1-GFP 

occupied spines had bassoon puncta associated with them, n=10 cells).   
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Figure 6.1.  A GFP-labeled subunit of the proteasome, Rpt1-GFP, moves into spines 
upon depolarization of cultured neurons.  a, Time-lapse imaging of Rpt1-GFP-labeled 
neurons.  Arrow indicates a brief high KCl stimulation resulting in the rapid 
accumulation of the proteasome in spines.  Scale bar = 11 µm.  b, Higher resolution time-
lapse images of control, KCl or KCl + APV treated dendrites.  KCl stimulation occurred 
at the time indicated by the arrow.  Scale bar = 6 µm.  c,  Summary data for all 
experimental groups.  KCl stimulation did not alter the distribution of venus alone.  In 
order to quantify the spine fluorescent signal, all the images in the time series were 
summed and all the “protrusions” away from the dendritic surface were selected as spines 
on the summed image.  Then, the mean proteasome intensity of the individual spines was 
quantified for each cell.  (From top to bottom, n = 37, 37,  21, 11, and 21 cells for the 
groups shown from seven independent experiments, KCl group significantly different 
from all others, at t = 20’ and thereafter, p< 0.  01 by ANOVA, error bars denote s.e.m.  ).   
d,  The change in spine signal at 35 min post stimulation for all individual experiments.   

 

 

The depolarization-induced redistribution of the proteasome does not reflect a 

bulk movement of proteins into spines as KCl had no effect on the spine fluorescence 

intensity in neurons expressing either GFP alone (data not shown), venus alone, (Fig. 

6.2b, c) or an actin-GFP fusion (Fig.  6.2d, e).  The increase in spine proteasome signal 

can also not be explained by a KCl-induced increase in the number or area of spines (Fig.  

6.2b-g).  On the other hand, the depolarization-induced redistribution of the proteasome 

into spines was also observed with a fluorescently-tagged 20S proteasome subunit, α4 

(Psma7, C6-I), (Fig.  6.2f, g), indicating that both 19S and 20S subunits undergo activity-

dependent trafficking.   

  

 The experiments described above suggest that the increase in spine proteasome 

amount following stimulation is not due to a change in the spine number or morphology.  

However, these experiments rely on the comparison of the effects of stimulation on 

different cells; one expressing Rpt1-GFP and others expressing GFP or actin-GFP.  In 
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order to demonstrate that stimulation does not cause spine morphology changes in the 

same cells that are expressing Rpt1-GFP, we expressed mRFP along with Rpt1-GFP in 

the same neurons using a Sindbis virus (Rpt1-GFP-IRES-mRFP).  Although there was no 

significant change in the spine number or the spine mRFP signal intensity following KCl 

stimulation, there was still a ~90% increase in spine Rpt1-GFP signal in the same 

neurons (20 min post KCl)  (Fig.  6.3).  

 

Depolarization with KCl leads to the activation of many voltage-gated ion 

channels and the release of neurotransmitter.  Activation of the NMDA-type glutamate 

receptor is critical for the initiation of many forms of synaptic plasticity in the CNS 

(Isaac, 2003).  To test if NMDAR activity is required for the proteasome trafficking into 

spines, we pretreated the neurons with the NMDA receptor antagonist, APV, before and 

after stimulation.  We found that APV blocked the KCl-induced movement of both Rpt1-

GFP (Fig.  6.1c,d) and α4-venus (Fig.  6.2g), indicating that NMDAR activity is required 

for the proteasome to concentrate in spines.  In addition, we have observed that direct 

stimulation with NMDA (20 µM, 3 min) is sufficient to drive the redistribution of Rpt1-

GFP into spines (mean fold increase in spine proteasome signal compared to control: 35.6 

± 2.8 %, n = 10 cells for each group, p<0.05).  Taken together, these data suggest that 

activation of NMDA receptors specifically recruits the proteasome from dendritic shafts 

into spines.   
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Figure 6.2. Spine morphology is not affected by the neuronal stimulation.  a, Rpt1-
GFP is incorporated in to the proteasome with similar efficiency as endogenous 
proteasome subunit.  Endogenous proteasome from cultures expressing Rpt1-GFP is 
immunoprecipitated (with anti-Rpt6 antibody) and blotted for another endogenous 
subunit, Rpt3, or Rpt1-GFP with a GFP antibody.  If all the Rpt1-GFP and Rpt3 are in the 
same proteasome structure, they should be immunoprecipitated with the same efficiency.  
Comparison of the lysate:IP ratio on the western blot indicates that the incorporation 
efficiency of Rpt1-GFP is 77+/-3.  4% (from two independent experiments) of the 
endogenous proteasome subunit Rpt3.  (lysate:IP ratio is 1:1. ) b, Spine number does not 
change with KCl stimulation (arrow).  Scale bar = 4.  5µm.  c, Analysis of spine number 
before and after KCl stimulation (n = 20 cells from 3 independent experiments).  d, Actin-
GFP does not shown redistribution in spines with KCl stimulation  (arrow).  Scale bar = 4 
µm   e, Analysis of actin-GFP signal before and after KCl stimulation for the mean spine 
intensity and spine number (n = 10 cells from 3 independent experiments).  f, α4- 
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venus moves into spines with KCl stimulation.  Scale bar = 6 µm.  g, Group data of α4-
venus experiments.  APV blocked the KCl-induced trafficking of α4 into spines and spine 
area does not change with KCl stimulation (n = 21 for each group from four independent 
experiments, p<0.  05 by using ANOVA at t=20’ and thereafter) 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.  Rpt-1-GFP moves into 
spines with no significant change in the 
spines.  a, A dendritic segment 
expressing Rpt-1-GFP and mRFP before 
and after KCl stimulation.  A composite 
image is shown in the bottom panel.  
Scale bar = 3.  8  µm.  There is no change 
in absolute spine number before and after 
stimulation.  b, Summary data (n=21 cells 
from three independent experiments.  
p<0.  05 only for Rpt-1-GFP group) 
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Activity-dependent redistribution of the endogenous proteasome 

 

 The data described above indicate that synaptic stimulation can promote the 

movement of both 19S and 20S GFP-tagged proteasome subunits into synaptic areas.  We 

next examined whether the endogenous proteasome shows a similar redistribution.  First, 

we determined the relationship between endogenous proteasome subunits and the Rpt1-

GFP signal following stimulation, using retrospective immunostaining.  We found that 

the majority of Rpt1-GFP-inhabited spines were also positively labeled for the core (20S)  

endogenous proteasome subunits (Fig.  6.4b) as well as actinin (data not shown) (89.7 ± 

1.2 of the Rpt1-GFP signal colocalized with the endogenous proteasome and 94.8 ± 1.5 

of the endogenous proteasome signal colocalized with Rpt1-GFP signal.  95.6 ± 1.3 % of 

the actinin puncta colocalized with the spines that Rpt1-GFP had entered and 97.1 ± 1.7 

% of the Rpt1-GFP-occupied spines have actinin puncta).  We next directly examined 

whether the endogenous proteasome exhibits a similar redistribution during synaptic 

activity by comparing its localization in control and stimulated neurons.  We conducted 

fluorescence immunocytochemical labeling using two different proteasome antibodies 

(Rpt3 or core subunits (Li and Wang, 2002; Verma, 2005) and a presynaptic marker, 

bassoon (tom Dieck et al., 2005).  Stimulation (KCl, 60 mM, 1.5 min) caused a 

significant increase in the mean intensity of synaptic proteasome particles without 

changing their area or number (data not shown).  The total intensity of the proteasome 

signal, including all shaft and spines, did not change.  These data indicate that 

endogenous proteasomes are also recruited to synaptic sites.  The increase in the synaptic 
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proteasome signal intensity suggests that proteasomes increase their occupancy at 

synapses that already possess one or more proteasomes (Fig.  6.4c, d).   

 

 To address whether a similar movement of the proteasome occurs in native 

hippocampal circuits, hippocampal slices were stimulated with KCl (60 mM, 6 min) and 

then synaptosomal lysates were prepared and analyzed by immunoblotting for 

proteasome subunits.  KCl stimulation increased the amount of proteasome detected in 

stimulated synaptosomes when compared to synaptosomes prepared from unstimulated 

control slices whereas other synaptic proteins showed no change (Fig.  6.4e, f).  These 

data demonstrate that the endogenous proteasome moves into synapses during stimulation 

in both cultured hippocampal neurons and hippocampal slices.   
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Figure 6.4.  Endogenous proteasome moves into spines with stimulation.  a and b, 
Rpt1-GFP-inhabited spines are associated with presynaptic terminals and endogenous 
proteasome subunits.  Representative images from a time-lapse experiment after KCl 
stimulation.  Retrospective immunostaining for the presynaptic marker bassoon (a) 
indicates that the majority of spines are contacted by presynaptic terminals.  Further 
retrospective immunostaining indicates that Rpt1-GFP puncta are also immunopositive 
for endogenous core subunits of the proteasome as well as another subunit Rpt3 (data not 
shown) (b).  Scale bar = 2.  7 µm.  c, KCl stimulation also alters the amount of 
endogenous proteasome observed at synapses, 10 min after stimulation.  Scale bar = 3 
µm.  d,  Analysis for endogenous proteasome.  (control: n = 17 cells, KCl:  n = 24 cells 
from three independent experiments, p < 0.  05 for the mean particle intensity).  e, 
Enrichment of the endogenous proteasome can be detected in synaptosomes prepared 
from KCl-stimulated slices.  Western blot analysis of the total lysate and synaptic 
fractions for different proteasome subunits (α3, α7, Rpt1, Rpt3, Rpt6).  Synapsin and 
actin were used as controls.  f, Group data for the slice experiment shown in e.  (n=3 
independent experiments, p < 0.  05 by using Student’s t-test, error bars denote s.e.m.  ).   
 

 

Activity-dependent dynamics of proteasome localization 

  

Many proteins and multi-protein complexes exhibit a continuous shuttling 

between intracellular compartments or locales.  The data presented here indicate that 

synaptic activity results in the enrichment of the proteasome in spines.  In order to 

understand the dynamics underlying this recruitment, we monitored the dynamics of 

Rpt1-GFP signals using fluorescent recovery after photobleaching (FRAP).  After 

acquiring baseline images, the Rpt1-GFP signal in individual spines was bleached and the 

recovery of fluorescence was monitored.  Under basal conditions, individual spines 

exhibited ~ 50-65 % recovery of the spine Rpt1 signal following a single bleaching 

episode (Fig.  6.5a, c).  In control experiments, we observed that a second epoch of 

bleaching led to an identical rate and level of recovery (Fig.  6.5a).  To examine how 

synaptic stimulation alters dynamics of proteasome localization, we monitored FRAP in 
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the same individual spines before and after KCl stimulation.  Prior to stimulation, spines 

showed about 65% recovery of fluorescence (Fig.  6.5b, c).  After KCl stimulation, which 

resulted in an increase in the spine Rpt1-signal (Fig.  6.5b), there was a dramatic decrease 

in the recovery of fluorescence to ~10% (Fig.  6.5b, c).  Control spines that were left 

unbleached showed minimal changes in their fluorescence during the time course of the 

FRAP experiment.  Restating the above numbers, we thus conclude that the immobile 

fraction of the spine proteasome increases from 35% to 90% with stimulation.  These 

data indicate that the proteasome is actively sequestered in spines upon synaptic 

stimulation.   

 

In the FRAP experiments described above fluorescent molecules that contribute to 

the recovery must come from the dendritic shaft, adjacent to the spine.  As such, the 

decreased recovery of the Rpt1 spine signal following stimulation could be due to a 

decrease in the shaft Rpt1 available for movement into the bleached spine.  To assess the 

likelihood that this could account for the decreased spine FRAP, we deliberately 

decreased (by bleaching) the shaft signal  to a reduced level comparable to that observed 

following stimulation, monitoring spine FRAP before and after this manipulation on the 

same spine (Fig.  6. 5d).  We found that Rpt1-GFP recovery in the spine before and after 

the bleaching of the shaft signal was the same, indicating that the decreased recovery of 

the spine Rpt1-GFP can not be explained by a decrease in the shaft source.  This idea is 

further substantiated by the FLIP results described below.   
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If stimulation causes the sequestration of the proteasome in the spines then the 

extent and the rate of the proteasome exit from the spine should also be reduced.  In order 

to test this, we performed fluorescence loss in photobleaching (FLIP) experiments in 

which an area of the dendritic shaft is repeatedly bleached and the loss of the adjacent 

spine Rpt1 signal is monitored following each bleach episode, before and after 

stimulation.  Spines that were on a dendritic branch in the same neuron (but not adjacent 

to a bleached shaft) were also monitored.  Prior to stimulation, repeated bleaching of the 

shaft was associated with a dramatic loss of Rpt1 fluorescence in the spine, presumably 

owing to the movement of fluorescently-tagged proteasomes out of spines and into the 

shafts where subsequently undergo bleaching (Fig.  6.5e, f).  Following stimulation, there 

was an increase in the Rpt1-GFP signal in spines that proved to be much more resistant to 

repeated bleaching of the shaft (Fig.  6.5e, f).  Analysis of these data showed that 

stimulation caused an increase in the immobile fraction of Rpt1 in the spines from ~16% 

to ~90%.  Taken together, the FRAP and FLIP experiments suggest that KCl stimulation 

causes the sequestration of the proteasome in dendritic spines.   

 

The FRAP experiments reveal that the entry rate of the proteasome to the spines 

was increased ~1. 5 times with stimulation (FRAP: prestimulation τ: 2.9 ± 2.0 seconds, 

poststimulation τ: 2.0 ± 0.5 seconds).  Conversely, the FLIP experiments reveal that the 

spine exit rate of the proteasome was dramatically decreased (FLIP: prestimulation τ: 

38.3 ± 2.4 seconds, poststimulation: exponential fit not appropriate, data better fit as a 

straight line).  These analyses suggest that the sequestration induced by stimulation is 

largely due to the decreased rate of proteasome exit from the spines, possibly due to 
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enhanced protein-protein interactions and to a much lesser extent due to the increased 

rate of the entry of the proteasome.   
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Fig 6.5.  Photobleaching of Rpt1-GFP in spines or shafts indicates that the 
proteasome tightly associates with spines after stimulation.  a, Analysis of control 
experiments showing that, in the absence of stimulation, spine fluorescence recovery 
after photobleaching (FRAP) is similar with repeated bleaching (n = 9 cells from four 
independent experiments).  b,  Representative FRAP experiment in which a single spine 
was bleached (arrow) before and after KCl stimulation.  Recovery of fluorescence is 
significant prior to stimulation, but dramatically reduced after stimulation.  Scale bar = 
0.75 µm.   c, Analysis of FRAP experiments.  The fluorescence signal in each group is 
normalized to itself at t = 0.  Non-bleached control spines did not exhibit significant 
changes in Rpt1 fluorescence during the experiment.  Bleaching of spines was followed 
by significant recovery of fluorescence prior to stimulation (τ = 2.9 ± 2.0 sec).  FRAP in 
the same spines was significantly reduced following stimulation, (τ =  2.0 ± 0.5  sec, n = 
9 cells from four independent experiments, p < 0.01 by using Student’s t-test, error bars 
denote s.e.m.)  d, The reduced FRAP observed following stimulation is not due to a 
reduction in “source” fluorescence in the dendritic shaft.  FRAP was monitored in a 
single spine.  The dendritic shaft associated with the spine was bleached to reduce the 
shaft signal by 50%.  A reassessment of FRAP in the spine showed an equivalent level of 
recovery.  (The second round of FRAP is normalized to the spine signal just after 
bleaching of the shaft which is denoted by a dash).  Similar results were obtained in two 
additional experiments.  e, Representative FLIP experiment in which the Rpt1 
fluorescence of a single spine is monitored after repeated bleaching (arrows) of the 
associated dendritic shaft.  Before KCl stimulation repeated bleaching of the dendritic 
shaft resulted in dramatic losses of spine fluorescence, indicating the trafficking of Rpt1-
GFP into the shaft where it became bleached.  After KCl stimulation, (note enhanced 
Rpt1 signal in spine) there is much less loss of fluorescence in the spine following shaft 
bleaching, indicating that the Rpt1 signal in the spine is less likely to move.  Scale bar =  
0.75 µm.   f,  Analysis of FLIP experiments.  The fluorescence signal in each group is 
normalized to itself at t = 0.  Repeated bleaching of dendritic shaft lead to a dramatic loss 
of spine Rpt1 fluorescence prior to KCl stimulation (τ = 38.3 ± 2.4 sec).  After 
stimulation, the diffusion of Rpt1 from the spine to the shaft was significantly reduced.  
(The plot is best fit as a straight line.  n = 4 cells from three independent experiments, 
p<0.01).   
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Anchoring of the proteasome to actin cytoskeleton   

 

What is the molecular mechanism by which the proteasome becomes physically 

concentrated in spines? One obvious mechanism for the sequestration of a protein or 

organelle in a cellular compartment is attachment, direct or indirect, to the cytoskeleton.  

In order to study the cytoskeletal association of the proteasome, we have performed 

detergent extraction experiments in conjunction with immunocytochemistry and Western 

blot analysis.  Detergent extraction has been shown by others to report the cytoskeleton 

association of glutamate receptors and other postsynaptic proteins (Allison, 1998).  

Proteins that are resistant to detergent extraction are more tightly associated with the 

cytoskeleton.  We exposed cultured hippocampal neurons to the non-ionic detergent 

TritonX-100 and then conducted retrospective immunolabeling using antibodies against 

proteasome subunits and other synaptic proteins.  We observed that a large population of 

the proteasome is not detergent extractable: ~70 - 80% of the proteasome labeling 

remained after detergent extraction when compared to non-extracted cultures (Fig.  6.6a, 

b).  For comparison, we considered the detergent-resistant fraction of a true cytoskeleton-

binding protein, α-actinin, and the prominent synaptic proteins typically less tightly 

associated with the cytoskeleton, CamKII and synaptophysin (Allison, 1998).  

Remarkably, the proteasome subunits more closely resembled the bona fide 

cytoskeletally-associated protein α-actinin than the other synaptic proteins (Fig.  6.6a,b).  

The partial extractability of the proteasome was also confirmed by Western blot analysis 

using antibodies to two different proteasome subunits (Rpt1 and α7) (data not shown).  In 

order to estimate the fraction of the actin cytoskeletally-associated proteasome in the Tx-
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resistant population, we incubated the hippocampal neurons with actin-disrupting agent 

latrunculin A (latA) before detergent extraction (Allison, 1998).  LatA treatment 

increased the detergent extractability of the proteasome similar to α-actinin (Fig.  6.6a,b) 

suggesting that the population of the proteasome that is targeted by detergent extraction is 

mostly associated with the actin-cytoskeleton.  Based on these data, we estimate that 

~50% of the proteasome in the dendrites is associated with the actin cytoskeleton.  

Furthermore, after treatment with latA alone, we observed that most of the proteasome 

puncta disappeared (Fig.  6.6a,b).  LatA treatment affected α-actinin similarly, but did 

not affect CamKII or synaptophysin much (Fig.  6.6a,b).  Taken together these data 

suggests that a substantial fraction (but not all) of the proteasome in the hippocampal 

neurons is actin cytoskeleton-associated.   

 

In order to visualize the association of the proteasome with the actin cytoskeleton, 

we conducted double immunolabeling for the proteasome subunits and the actin 

cytoskeleton in control and detergent extracted cultures.   Both Rpt3 and core subunits of 

the proteasome colocalized with actin at spines (Fig.  6.6c) (42.9 ±1.6% of Rpt3 and 39.5 

±1.0% of core puncta have an actin puncta associated with them.  67.0 ±1.9% and 58.2 

±1.5% of actin puncta have Rpt3 and core puncta associated with them, respectively.  

n=17 and 23 dendrites for Rpt3/actin and core/actin respectively). The extent of 

colocalization between the proteasome and the actin is consistent with the detergent 

extraction and latA experiments described above suggesting that some fraction of the 

proteasome in the dendrites is associated with the actin cytoskeleton.   
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In order to test if activity regulates the association of the proteasome with the 

actin cytoskeleton, we stimulated hippocampal cultures with NMDA (1 min, 20 µM 

NMDA followed by APV wash).  Following stimulation, the cultures were detergent 

extracted and stained for the proteasome subunits and actin cytoskeleton in order to 

analyze the actin-associated proteasome population.  NMDA stimulation significantly 

increased the amount of actin-associated proteasome subunits (Fig. 6.6d,e) when 

compared to control cultures.  In order to confirm this result, we immunoblotted the 

detergent-resistant-proteasome population from stimulated neurons using anti-proteasome 

antibodies.  Stimulation caused a significant increase in the amount of proteasome that is 

not extracted, (i.e., cytoskeleton-associated), when compared to the unstimulated controls 

(Fig.  6.6f, g).  These data thus show that NMDA stimulation leads to an increase in the 

proteasome association with the cytoskeleton, suggesting a plausible mechanism for the 

sequestration of the proteasome in spines with stimulation.   
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Figure 6.6. The proteasome associates with the actin cytoskeleton in hippocampal 
neurons.   a, Immunostaining for the proteasome subunits (Rpt3 and core), α-actinin-2, 
CamKII, and synaptophysin in control neurons and neurons exposed to TritonX-100 or 
latrunculin A alone or sequential treatment with latrunculin A followed by TritonX-100.  
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Scale bar = 4 µm.  b, The group data for experiments shown in a, syp: synaptophysin.  (n 
= 25 cells for each group from three independent experiments, p< 0.05 is denoted by (*) 
and p < 0.  01 is denoted by (**), error bars denote s.e.m.  c,  Some portion of the 
proteasome colocalizes with the actin cytoskeleton in control and Tx-extracted neurons.  
Scale bar = 3 µm.  d, NMDA stimulation increases the actin bound Rpt3 and core 
proteasome subunits.  Only the proteasome puncta that are associated with an actin 
puncta are shown.  Scale bar = 4 µm.  e, Quantification of the data shown in d.  All the 
proteasome colocalization values are normalized to the actin staining within each 
dendrite (n=40 from three independent experiments, p<0.  01 for Rpt3 and p<0.05 for 
core subunits by using Student’s t-test, error bars denote s.e.m.).  g,  NMDA stimulation 
increases the pool of proteasome that is associated with the actin cytoskeleton. (n=4 
independent experiments, p < 0.01 for Rpt1 and p< 0.05 for α7 by using Student’s t-test, 
error bars denote s.e.m.). 
 

 

The temperature at which the detergent extractions were performed (4°C) 

suggests that the microtubule-based cytoskeleton is not involved in the proteasome 

sequestration, as microtubules depolymerize at cold temperatures.  To test the role of the 

microtubule-based network directly, we examined whether depolymerization of the 

microtubules by vincristine altered the distribution of the endogenous proteasome.  After 

vincristine treatment, individual microtubules disappeared and tubulin paracrystals form 

throughout the dendrites, which is characteristic of vincristine treatment (Allison et al., 

1998; Wolburg and Kurz-Isler, 1978) (Fig.  6.7 a, b) Although vincristine clearly altered 

the pattern of tubulin staining, it had little effect on the pattern of the proteasome signal 

(Fig.  6.7 a, c).  However, another neuronal protein, GRIP1, which is known to associate 

with microtubules in neurons (Setou, 2002), clustered with the tubulin paracrystals 

formed after vincristine treatment (Fig.  6.7 b, c).   

 

 

 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&term=%22Wolburg+H%22%5BAuthor%5D
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Figure 6.7 Microtubule depolymerization has no significant effect on proteasome 
distribution.  a, Microtubule depolymerization with vincristine has no significant effect on 
proteasome distribution.  Scale bar = 5 µm.  b, GRIP distribution changes up on tubulin 
paracrystal formation by the vincristine treatment.  Scale bar = 4.6 µm.   c, Group analysis of 
the vincristine experiment shown in a and b.  (n = 18 cells for each group from three 
independent experiments, p<0.05 for the increase in the colocalization between GRIP and 
tubulin after vincristine treatment).   
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 The ubiquitin-dependent degradation of proteins is important for many different 

cellular processes, including cell cycle progression, signal transduction, transcriptional 

regulation, receptor downregulation, and endocytosis (Hershko and Ciechanover, 1998).  

In recent years it has become clear that the ubiquitin system is also utilized to control 

neuronal and synaptic function.  The UPS regulates diverse synaptic events, including 

neurotransmitter release, synaptic vesicle recycling in presynaptic terminals and the 

dynamic behavior of the postsynaptic density and dendritic spines.  The work described 

here contributed to the growing knowledge of synaptic UPS biology by demonstrating 

that the neuronal activity can regulate the UPS machinery function and localization at the 

synapse.  In addition, I demonstrated that the UPS is an important regulator of glutamate 

receptor trafficking.  Since glutamate receptors are responsible for the vast majority of 

neurotransmission in the brain, these data have important implications for brain function 

and plasticity.  

 

Local protein degradation 

 

 In Chapter 3 of my thesis work, I have presented data that demonstrate that 

ubiquitin and the proteasome are abundant in dendrites, often present in or near synapses.  

These data suggest that the ubiquitination of proteins at synapses could be followed by 

their degradation via a local proteasome.  I have demonstrated the capacity of neurons to 

perform local protein degradation by locally stimulating the dendrites of hippocampal 
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neurons and observing a local decrease of a fluorescent proteasome reporter.  The 

capacity to degrade proteins locally near synapses were also suggested by others and my 

glutamate receptor trafficking experiments: Recently, Ehlers demonstrated ATP-

dependent ubiquitin conjugation in both synaptosomal and postsynaptic density 

preparations (Ehlers, 2003), indicating that ubiquitination can occur in or near synapses.  

In addition, the components of the proteasome pathway have also been localized to 

retinal growth cones (Campbell and Holt, 2001) and Drosophila presynaptic terminals 

where local degradation of a presynaptic protein has recently been observed in 

Drosophila nerve terminals (Speese et al., 2003).  The observation that AMPARs require 

proteasome activity in order to be internalized suggests that the proteasomal target 

protein(s) that regulates GluR internalization is degraded in the synaptic compartment, 

since degradation must precede the internalization of the receptor (Patrick et al., 2003).   

 

  Furthermore, the activity-dependent sequestration of the proteasome that we have 

described in Chapter 6 suggests that the proteasome can actively and locally sculpt the 

protein composition of the synapse, providing on-site degradation rather than serving as 

something akin to a remote garbage disposal site.   

  

 Considerations about fluorescent proteasome reporter, UbG76V-GFP 

 

 UbG76V-GFP is a short-lived fluorescent degradation reporter that allows the in 

vivo quantification of the ubiquitin/proteasome-dependent proteolysis in mammalian 

cells (Dantuma et al., 2000).  By expressing UbG76V-GFP in hippocampal culture 
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neurons, I showed synaptic activity causes degradation of this reporter.  What is the 

mechanism of increased degradation of the reporter following stimulation? Does it 

directly involve in proteasome activation? Or does it suggest the ubiquitination 

machinery upstream of the proteasome “work” more efficiently after the synaptic 

activation?  UbG76V-GFP is a well characterized reporter: the ubiquitination enzymes 

that lead to its degradation are well-defined.  These enzymes are the components of the 

UFD (Ubiquitin-Fusion Degradation) pathway.  UFD enzymes were first characterized in 

yeast and they include Ubc4p/5p E2, Ufd4p E3, and Ufd2p E4 (Johnson et al., 1995).  

Thus, the decrease in the UbG76V-GFP fluorescence with synaptic activity may reflect 

changes in the activity of any of these UFD pathway enzymes.  Alternatively, the 

decrease in the UbG76V-GFP fluorescence may reflect the changes in the proteasome 

activity as all the ubiquitinated proteins are degraded via proteasome, irrespective of the 

ubiquitination machinery involved.  There are no studies that demonstrate the presence of 

UFD pathway components near postsynaptic sites.  However, the local decrease of 

UbG76V-GFP fluorescence after activity suggests that they must be present near 

synapses.  The remote synthesis and ubiquitination of UbG76V-GFP in the cell body 

followed by diffusion to synaptic sites is unlikely given the short half-life of the reporter 

(Dantuma et al., 2000).  Regardless of the machinery activated (UFD pathway or the 

proteasome), the local decrease in the reporter fluorescence following NMDAR 

stimulation is the first evidence demonstrating that dendrites have the capacity to regulate 

local degradation of proteins dynamically near synapses. 
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 In addition to UbG76V-GFP, other UPS reporters can be utilized to dissect out the 

mechanisms how synaptic activity regulates the UPS machinery.  For example, a recently 

developed UPS reporter, GFPu, relies on a 16 amino acid degradation signal (CL1) fused 

to GFP (Bence et al., 2001).  The CL1 degradation signal destabilizes other reporters in a 

Ubc6- and Ubc7-dependent manner (Gilon et al., 1998).  Thus, it is possible to study 

synaptic protein degradation with different reporters that are targets of different 

ubiquitination cascades.    

 

 Implications of faster degradation of UbG76V-GFP in spines compared to the 

shaft 

 To test whether UbG76V-GFP degradation occurs faster in spines, I compared 

reporter degradation in spines versus dendritic shaft just after stimulation.  The initial loss 

of fluorescence occurred mainly in the spines, suggesting that the degradation machinery 

has to reside near synapses or, alternatively, be mobilized to the synapses following 

stimulation.  The activity-dependent mobilization of the proteasome may be one 

mechanism how local degradation of the proteins is achieved at the spine level.  

Furthermore, as discussed below, mobilization of the ubiquitination machinery may be 

another way to achieve protein degradation specifically in the spines.   

 

 The diffusion of the UbG76V-GFP reporter makes it difficult to directly visualize 

spine-protein degradation: most spine degradation is precluded by the rapid diffusion of 

the reporter from the shaft to the spine.  Future work would employ a similar strategy 

used in the fluorescent local synthesis reporter where GFP is fused to a myristoylation 
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signal (Aakulu et al., 2001).  This allows membrane insertion of the reporter, which 

significantly reduces the fluorescent protein diffusion.  Furthermore, the degradation 

reporter can be engineered to be specifically localized to the synapses.  GFPu, the CL1 

degradation based reporter, has been modified to be localized to or excluded from 

different cellular compartments, such as the nucleus (Bennett et al., 2005).  In this case, 

the nuclear targeting/excluding signals are well-defined (Boulikas, 1993).  There is no 

such “spine-localization signal” identified so far but one could utilize the protein domains 

that interact with the postsynaptic proteins or the actin cytoskeleton by fusing such 

domains to GFP in degradation reporters.  Thus, it would be possible to target the 

degradation reporter specifically to the synapses, which would allow the dynamic 

visualization of synaptic protein degradation.   

 

 The extent of local protein degradation in the dendrites 

 

 Analogous to the problem of the extent of local protein synthesis, it is uncertain 

how local “local protein degradation” is.  The system I used to monitor ubiquitin-

dependent protein degradation employs a diffusible fluorescent proteasome degradation 

reporter.  The diffusible character of the degradation reporter makes it hard to estimate 

the extent of local protein degradation: reporter diffusion from the adjacent non-perfused 

dendritic regions will decrease the “measured” size of the dendritic region where local 

degradation is observed.  In another words, smaller dendritic regions will show local 

reporter degradation whereas in reality, the degradation takes place on a bigger stretch of 

the dendrite.  As indicated earlier, a myristoylation signal fused to GFP would be used to 
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limit the diffusion of the degradation reporter, which was utilized in the local synthesis 

reporter described in chapter 2 (Aakulu et al., 2001).  

 

 In addition, the extent of the local protein degradation could be studied in a more 

physiological context by utilizing the mice that ubiquitously expresses UbG76V-GFP 

(Lindsten et al., 2003).  The hippocampal slices prepared from these mice can be used to 

study local protein degradation during synaptic plasticity.   

 

AMPAR endocytosis requires proteasome activity 

 

 The findings presented in Chapter 4 demonstrate that blocking polyubiquitination 

or proteasome activity prevents the agonist-induced internalization of AMPARs.   These 

data suggest that the acute activation of GluRs leads to the regulation of the ubiquitin 

conjugation system and the degradation of a protein(s) required for the internalization of 

the receptors.  In addition to demonstrating a role for UPS in one of the underlying 

mechanisms of synaptic plasticity, these experiments also showed that UPS acts fast at 

the synapse.  Furthermore, demonstration of the reduction in the free-ubiquitin pool 

raised questions about assigning roles to the UPS function in experiments where 

proteasome inhibitors are used.  

 

 

 

 



 134

 

 Acute versus long-term regulation of the proteasome 

 

 An important issue to consider is the time scale over which the ubiquitin-

proteasome pathway may regulate synaptic function and plasticity.  The work presented 

in Chapter 4 demonstrates an acute activation of the ubiquitin-proteasome system; 

pretreatment with proteasome inhibitors for 2.5 min was sufficient to block AMPA-

induced endocytosis of GluRs.  In addition, others have shown that proteasome inhibitors 

can abolish the netrin-induced turning of growth cones in the time frame of one hour 

(Campbell and Holt, 2001).  A similar rapid action of the proteasome was recently 

reported at the Drosophila neuromuscular synapse (Speese et al., 2003) or Aplysia 

sensory-motor synapses (Zhao et al., 2003) where proteasome inhibitors enhanced basal 

synaptic transmission within an hour of their application.  Taken together, our data and 

these other studies indicate that the ubiquitin-proteasome pathway can acutely regulate 

synaptic function on a time scale of minutes.  Alternatively, Ehlers reported changes in 

synaptic protein levels that result from global activity changes for 24–48 hr; some of 

these changes were -sensitive to proteasome inhibitors (Ehlers, 2003).  It remains to be 

determined whether these observations represent a fundamentally different type of 

regulation by the proteasome, which occurs on a longer time scale, or alternatively, 

represents the cumulative effects of proteasomal regulation that occurs on shorter time 

scales, e.g., minutes, as demonstrated in Chapter 4.   
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Different roles for ubiquitin in modulating GluRs: Mono versus polyubiquitination 

 

 The attachment of a ubiquitin molecule to a protein can serve as a signal for 

endocytosis, whereas the formation of polyubiquitin chains can serve as a recognition 

signal for proteasomal degradation (Hicke, 1997).  Proteasome inhibitors cannot 

unequivocally establish a role for degradation because prolonged proteasome inhibition 

can lead to a depletion of the free ubiquitin pool.  Indeed, in Chapter 4, we observed 

inhibitor treatments as short as 20 or 40 min significantly reduced the free ubiquitin pool 

in hippocampal neurons.  These data indicate that effects observed following prolonged 

treatments with proteasome inhibitors are not sufficient to establish a requirement for 

proteasome activity.  Thus, while assigning a proteasome-dependent role for  a synaptic 

function, it must be well established that the effect seen with proteasome inhibitors is not 

due to proteasome-independent functions of the monoubiquitination (Hicke, 2001).  In 

our experiments, we found that pretreatment with a proteasome inhibitor for as little as 5 

min was sufficient to block AMPA-induced GluR endocytosis but had no effect on the 

free ubiquitin pool.  Moreover, expression of a mutant ubiquitin molecule, K48R, which 

supports mono but not polyubiquitination, also prevented AMPA-induced GluR 

endocytosis.  In this respect, our data are similar to what has been described for several 

other ligand-receptor systems in which the polyubiquitination and degradation of proteins 

are required for the ligand-induced internalization of the receptor (van Kerkhof et al., 

2000; Chaturvedi et al., 2001; Yu et al., 2001).  In contrast, using genetic manipulations, 

Burbea et al.  favor the idea that ubiquitination of the C. elegans GLR-1 serves as an 
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endocytosis signal (Burbea et al., 2002).  This would suggest that the mode of AMPAR 

trafficking regulation by UPS may be different between different organisms.   

 

The targets of the UPS at the synapse 

 

 In Chapter 4, we provide evidence that activation of GluRs leads to the regulation 

of the ubiquitin-proteasome system and the degradation of a protein(s) required for the 

internalization of the receptors.  In principle, the target for proteolysis in this process 

could either be the glutamate receptor itself or a protein(s) that normally prevents the 

internalization of the receptor.  The recognition of internalized GluRs by antibodies as 

well as the detection of recycled receptors on the cell surface (Lin et al., 2000; Liang and 

Huganir, 2001; Ehlers, 2000) are not consistent with the idea that the receptor itself is the 

target.  It is more likely that a protein (or proteins) that interacts with the receptors, 

directly or indirectly, is the proteasomal target.  The idea that the abundance of AMPARs 

at the synapse is regulated by putative “slot” proteins suggests that these “slot” proteins 

may be the targets of UPS at the synapse during regulation of AMPAR trafficking.   

 

 In order to establish that a protein is a UPS target whose degradation is required 

for AMPAR endocytosis, it must be demonstrated that the target protein is ubiquitinated 

and its ubiquitination is regulated by activity.  Furthermore, neuronal activity must 

degrade the target protein in a proteasome-dependent manner.  Finally, blocking the 

target protein degradation, either by mutating the ubiquitin acceptor lysines or the 

degradation motifs of the protein, must block AMPAR endocytosis. 
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 By testing whether or not the known synaptic proteins at the synapse follow the 

criteria summarized above, we demonstrated that there is a proteasome-dependent 

downregulation of PSD-95 levels in response to neuronal stimulation. In these 

experiments, we observed a negative correlation between AMPA-stimulated internalized 

GluR1 and PSD-95 staining.  We also demonstrated a proteasome-dependent AMPA-

stimulated decrease in the number and intensity of the PSD-95 puncta.  By itself, the 

observed inverse correlation between PSD-95 and AMPAR does not indicate whether 

PSD-95 degradation is up or downstream of GluR internalization.  The blockade of GluR 

internalization by PSD-95 overexpression, however, suggests that degradation of PSD-95 

is upstream of internalization.  These data point to the possibility that PSD-95 may be a 

target of UPS.  If PSD-95 is a direct target of UPS, then it should be polyubiquitinated.  

Using standard techniques to detect the polyubiquitination of a protein, we were unable to 

observe a polyubiquitinated PSD-95 species from lysates prepared from either cultured 

hippocampal neurons or hippocampal slices.  It is possible that PSD-95 requires activity 

to be ubiquitinated as shown by Colledge et al.  (2003), but we were not able to detect 

polyubiquitinated PSD-95 from cultures stimulated with NMDA (the same protocols that 

Colledge et al.  used) or AMPA.  It is possible that our failure to observe activity-

stimulated PSD-95 ubiquitination reflects differences in culture conditions, or the 

transient nature of PSD-95 ubiquitination.  If the ubiquitination of PSD-95 is transient, 

however, treatment with a proteasome inhibitor might be expected to stabilize the 

ubiquitinated population.  This was not observed in our experiments.  Taken together our 

data in Chapter 5 suggest that PSD-95 may be an indirect target of UPS regulation.  For 

example, Ehlers (2003) observed other postsynaptic density proteins that are not 
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ubiquitinated but whose levels can be regulated by activity in a proteasome-dependent 

manner.  In support of this, Pak et al.  (2003) have observed the indirect loss of PSD-95 

through direct degradation of SPAR by the proteasome.   Identifying the bona fide targets 

of the proteasome and the mechanisms by which these targets regulate proteins like PSD-

95 will be the focus of future experiments.   

 

Proteasome dynamics at the synapse 

 

In Chapter 6, we have demonstrated the dynamic redistribution of the proteasome 

into spines with synaptic activity.  The physical concentration of the proteasome in spines 

is achieved primarily by a decreased rate of proteasomal exit suggesting an active 

sequestration mechanism.  We have demonstrated that the sequestration is mediated by 

an activity-induced increase in the association of the proteasome with the spine actin 

cytoskeleton.  Taken together, these data indicate that synaptic activity can promote the 

physical recruitment and sequestration of the proteasome to locally sculpt the protein 

composition of synapses.   

 

The visualization of the proteasome dynamics using photobleaching shows that in 

response to activity, spines recruit and compartmentalize the proteasome to the site of 

action by increasing the proteasome’s association with the actin cytoskeleton.  This 

sequestration involves an active “anchoring” of the proteasome within spines, rather than 

a simple increase in the diffusion rate into the spines.  The anchoring of the proteasome 
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most likely involves the interactions between the actin cytoskeleton associated proteins 

and individual, as yet unidentified, proteasome subunits.    

 

What is the mechanism of the initial trafficking of proteasomes to spines? 

 

The initial trafficking of the proteasome to the spines may involve either simple 

diffusion or active transport of the proteasome particles with a motor protein.  The main 

cytoskeleton in spines is the actin cytoskeleton so it is possible that the proteasome 

moves into spines with actin-based motor proteins.  However, recent proteomics studies 

identified both actin- and microtubule-based motor proteins in the PSD (Walikonis et al., 

2000; Jordan et al., 2004; Peng et al., 2004).  Thus, we cannot rule out the involvement of 

the microtubule-based motors as well.  Some of these motor proteins were identified in 

different protein complexes in the dendrites: myosinVI is in a complex with SAP97-

GluR1; myosinV and dynein are in a complex with PSD-95 and GKAP (Wu et al., 2002; 

Naisbitt et al., 2000).  Thus, these motor proteins function to deliver proteins to synapses 

and proteasomes may be one of their cargo proteins.  In other systems, proteasomes were 

shown to interact with a number of motor proteins.  For example, in C.elegans 

proteasome β-Subunit, Pbs-7, interacts with cytoplasmic dynein light chain, dli-1 (Li et 

al., 2004).  The identification of the exact mechanism of proteasome spine targeting will 

be one of the future topics of proteasome biology at the synapse.   
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What is the mechanism of the sequestration of the proteasome at the synapse? 

 

Following delivery, proteasomes are “captured” at the spines.  This observation is 

based on the FRAP and FLIP experiments described in chapter 6:  The synaptic 

accumulation of the proteasome following stimulation was mainly due to a decrease in 

the spine exit rate of the proteasome.  The proteasome accumulation at the synapse lasted 

for two hours following stimulation.  This also suggests that proteasomes are actively 

sequestered at the synapse following stimulation.  Multiple models can explain the spine 

capture of the proteasome with synaptic activity: 

 

 a) Cytoskeleton binding of the proteasome:  Proteasomes interact with different 

types of cytoskeleton (Arcangeletti et al., 1997; Galkin et al., 1998; De Conto et al., 

1997; Arcangeletti et al., 2000).  The main cytoskeletal component in spines is the actin 

filaments.  In hippocampal cultures, detergent extraction has been used to assess the 

cytoskeletal association of proteins (Allison et al., 1998).  Using the same techniques, I 

demonstrated that both 19S and 20S proteasomes behaved similar to a “true” actin 

binding protein, actinin-2: most of the dendritic proteasomes were resistant to detergent 

extractions.  Furthermore, the detergent extraction resistant proteasomes were mostly 

actin cytoskeleton associated as pretreatment with the actin cytoskeleton disrupting drugs 

increased the detergent extractability of the proteasome.  Importantly, NMDAR 

stimulation increased the actin-bound proteasomes in the spines.  
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How are proteasomes targeted to the actin cytoskeleton?  The strong resemblance 

of actin-binding properties of the proteasome to actinin-2 suggests the proteasome may 

directly interact with the actin cytoskeleton.  Another possibility is that the actin-binding 

proteins mediate the interaction between the actin cytoskeleton and the proteasome. 

Proteasome ATPase-4 subunit interacts directly with the actin in the fly (Giot et al., 

2003).  20S proteasome α2 subunit interacts with actin-binding protein, vinculin (Davy et 

al., 2001).  Furthermore, actin-binding protein actinin-1 interacts with the rpn-11 subunit 

of the 19S proteasome in C.elegans (Davyet al., 2001; Walhout et al., 2000).  These 

interactions were identified in large scale proteomics or yeast-two-hybrid screens and 

they represent interactions in lower organisms.  Thus, they must be validated in the 

hippocampal synapses.  Among these interactions, actinin-proteasome interaction is a 

good candidate for further study as actinin is also present in PSD (Walikonis et al., 2000). 

Furthermore, vinculin was identified in NMDAR protein complexes isolated from the 

brain (Husi et al., 2000).   

 

b) PDZ protein interactions:  As introduced in Chapter 2, PDZ domain 

interactions are the most common theme of protein-protein interactions at the synapse.  

An exciting possibility is the regulated interaction between proteasome subunits and the 

scaffolding proteins of the synapse.  A search for PDZ-based interaction domains on 

proteasome subunits reveals that p27 subunit of the 19S proteasome (PSMD9) has a PDZ 

domain.  p27 was purified as a component of 19S proteasomes from bovine erythrocytes 

and it may be involved in the assembly of the 19S proteasome (Watanabe et al., 1998; 

DeMartino et al., 1997).  However, p27 (NAS2) is non-essential in yeast (Watanabe et 
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al., 1998) and Nas2p does not co-purify with the yeast 19S proteasomes (Glickman et al., 

1998).  It is possible that p27 transiently interacts with the 19S proteasome.  Interestingly, 

p27 is also identified as a regulator of insulin gene transcription via E2A family of 

transcription factors (Thomas et al., 1999).  The possibility that the regulation of p27 

interaction with the synaptic PDZ domain proteins mediates the spine attachment of the 

proteasome has to be tested in the hippocampus. 

 

c) Proteasome interacting motifs and the polyubiquitin chain:   Recently, several 

proteins were described that contain ubiquitin-like and ubiquitin-binding domains 

(Buchberger, 2002).  Most of these proteins are linked to the UPS.  Some of these 

proteins are ubiquitin-domain proteins (UDPs): they contain a ubiquitin-like domain 

(UBL) within their structure but they cannot be conjugated to other proteins.  UBL 

domains endow the UDP proteins with the capacity to interact with the proteasome.  

Sequence alignment of UBLs from different proteins identified a potential proteasome 

interacting motif (PIM) (Upadhya and Hegde, 2003).  However, the presence or absence 

of a PIM in a UDP does not always predict its ability to interact with the proteasome.   

 

Some of the UBL containing proteins also contain ubiquitin-associated domains 

(UBA).  UBAs interact with the polyubiquitin chain (Rao and Sastry, 2002; Funakoshi et 

al., 2002; Wilkinson et al., 2001).  As discussed below, UBL/UBA containing proteins 

function as shuttles for ubiquitinated proteins to the proteasome via their interactions with 

both the polyubiquitin chain and the proteasomes (Hartmann-Petersen et al., 2003).  

Thus, the important question is whether the synaptic proteins contain such domains that 
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would allow them to interact with the proteasome.  The proteasome, after reaching the 

synapses, may interact with one of these proteins, leading to its stabilization at the 

synapse.  According to this idea, the synaptic proteins are acting as the “capture” 

molecules for the proteasome and they are not necessarily the targets of the proteasome 

itself.  An alternative view is that the polyubiquitin chain of the synaptic proteasome 

substrates may act to recruit the proteasome (see later).      

 

The possible mechanisms of the synaptic proteasome capture presented above are 

not mutually exclusive.  Proteasomes may tether to the synapse through multiple 

contacts: while “persistently” attached to the actin cytoskeleton or to other synaptic 

proteins, they may be tethered to the polyubiquitinated proteins as well.   

  

 Proteasome targeting the substrates versus substrates targeting the proteasome 

 

A stable interaction between the proteasome and the substrate is sufficient for 

substrate degradation by the proteasome (Janse et al., 2004).  UPS utilizes different ways 

to target the substrates to the proteasomes.  Initial identification of the Rpn10/Pus1 (S5a) 

subunit of the 19S proteasome as a polyubiquitin binding protein led to the model where 

“resident” subunits of the proteasome act as substrate receptors in UPS (Deveraux et al., 

1994; Piotrowski et al., 1997).  Identification of the polyubiquitin shuttle proteins 

containing both UBA and UBL domains (Rad23/Rhp23 and Dsk2/Dph1) demonstrated 

an alternative mode of substrate targeting where the shuttle proteins are not proteasome 

subunits but they transiently interact with the proteasome (Wilkinson et al., 2000; 
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Funakoshi et al., 2002; Rao and Sastry, 2002; Lambertson et al., 1999; Saeki et al., 2002).  

Similar to the role of Rad23/Rhp23 and Dsk2/Dph1 as substrate shuttle proteins, some 

E3s interact with the proteasome as well, suggesting that ubiquitination machinery also 

transfers the substrates to the proteasome (Hartmann-Petersen et al., 2003).   

 

The substrate targeting mechanisms presented above suggest that the “mobile” 

components of the UPS substrate delivery machinery are the shuttle proteins and the 

substrate.  However, some studies suggest that proteasome localization may also be 

regulated.  This idea is based on the interactions of the proteasome subunits with different 

proteins at different subcellular compartments, such as the plasma membrane, ER 

membrane, centrosome, and the mitotic spindles (Ferrell et al., 2000).  Furthermore, 

proteasome moves in and out of the nuclear region during the cell cycle (Hirsch and 

Ploegh, 2000).  The movement of the proteasome into spines following synaptic activity 

is the first demonstration of the dynamic targeting of the proteasome toward its 

substrates.  The dendritic spines gave us a unique opportunity to demonstrate the 

trafficking of the proteasome as spines are physically well-separated entities compared to 

other protein degradation sub-compartments in cells, such as the ER membrane.   

 

Why do the neurons localize proteasomes into spines in response to synaptic 

activation?  It is possible that it is more efficient for neurons to localize the proteasome to 

spines rather than shuttling the synaptic substrate proteins to the proteasome.  PSD has a 

laminar organization where some proteins are buried inside the “core” of the PSD, 

whereas others remain peripheral (Valtschanoff and Weinberg, 2001).  Extracting a few 
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proteins for targeting to proteasome without disrupting the protein-protein interactions 

that maintain the PSD integrity may be a difficult task.  Thus, the proteasome, either by 

interacting with the cytoskeleton or other PSD components, may tether to PSD in order to 

degrade the substrate protein on site.   

 

Finally, local proteasome localization may simply be utilized to regulate the local 

protein degradation during synaptic plasticity: only the activated synapses that need to 

degrade proteins in response to synaptic plasticity stimuli recruit the proteasome, thereby 

achieving local protein degradation.  The establishment of a functional link between local 

protein degradation and local proteasome movement will be the scope of future research. 

 

 Other proteins/organelles translocating to the spines 

 

In addition to the proteasome, a few scaffolding proteins, enzymes and organelles 

were shown to be localized to the synapses or the postsynaptic density following 

neuronal stimulation.  Among the enzymes, CamKII localizes to the postsynaptic density 

within seconds following glutamate stimulation (Shen and Meyer, 1999).  In contrast to 

the proteasome, stimulation causes the release of CamKII from the actin cytoskeleton 

followed by the capture at PSD.  In PSD, NMDARs may act as the tether for CamKII as 

the NR2B subunit of NMDARs interacts with CamKII (Bayer et al., 2001).  CamKII 

remains bound to PSD for a few minutes following the drop in Ca++ levels (Shen and 

Meyer, 1999).  Thus, synaptic proteasome localization via activity is more persistent than 

the CamKII localization.  This may reflect the multiple steps required for protein 
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degradation compared to the enzymatic steps of the phosphorylation of CamKII 

substrates. 

 

Recently, mitochondria have also been shown to localize to spines following 

synaptic activity (Li et al., 2004).  Localization of the mitochondria to spines requires 

stronger stimulations (spread over ~1 hour) compared to localization of the proteasomes 

(~ 2 min).  Furthermore, the complete localization of the mitochondria to spines 

following stimulation takes approximately ~4.5 hours.  Mitochondria move along 

microtubule and actin tracks in axons and the spine trafficking of mitochondria may 

involve the same motor proteins (Hollenbeck, 2005).   

 

ProfilinII, a small actin-binding protein that regulates actin polymerization at the 

cell surface was also shown to undergo striking redistribution to spines following 

stimulation (Ackermann, 2003).  Surprisingly, profilinII and proteasome have the same 

dynamics of distribution:  profilinII moves into spines 5-8 minutes following glutamate 

stimulation and maximal accumulation occurs at 30 minutes.  Furthermore, similar to the 

proteasome trafficking, the distribution was NMDAR-dependent.  This raises the 

possibility that proteasome is escorted to the spines, and perhaps to the actin 

cytoskeleton, by binding to actin-binding proteins that actively translocate to spines 

following stimulation.  No known interactions between profilinII and proteasome were 

identified in proteomics studies.  Thus, possible involvement of profilinII targeting in 

proteasome trafficking to spines has to be tested in hippocampal neurons. 
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Finally, pointing out a role for the translocation of “protein availability 

machineries” during synaptic plasticity, ribosomes were shown to redistribute to spines 

following LTP (Ostroff et al., 2002).  This was demonstrated by comparing the ribosome 

distribution (detected by electron microscopy) between slices subjected to either control 

or tetanic stimulations.  LTP increased the percent of ribosomes harboring spines from 

12% to %40, measured at 2 hours following LTP induction.  It is hard to compare the 

ribosome dynamics with the proteasome dynamics as the preparations (culture vs. slice) 

and stimulations (depolarization vs. tetanic stimulation) are quite different between the 

two experiments.    

 

Future directions 

 

Does the proteasome move into the spines as 26S proteasome or 19S and 20S move 

separately and assemble into 26S proteasome at the synapse? 

 

 In my proteasome trafficking experiments, I cannot distinguish between these two 

possibilities.  The similar kinetics of 19S and 20S movement suggests that the 

proteasome moves as 26S holoenzyme but this certainly does not exclude the latter 

possibility.  Furthermore, this raises the question whether 19S-20S association is 

regulated at synapses.  For example, it has been demonstrated that the 26S proteasome 

disassembles into 19S and 20S in yeast in response to starvation in a reversible manner 

(Bajorek et al., 2003).  In mammalian cells, proteasome inhibition causes an increase in 

the assembly of 26S from 19S and 20S proteasomes (Meiners et al., 2003).  It would be 
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interesting to examine whether such regulated association of 19S and 20S occurs at 

synapses.  This could provide another level of regulation for local protein degradation; 

local changes in the abundance of 26S proteasome through 19S and 20S proteasome 

assembly may regulate local ubiquitin-dependent protein degradation. 

 

 

Are there synapse-type specific components of UPS?  

 

 The answers to this question is beginning to emerge: For example, in C. elegans, 

GABAergic synapses are more sensitive to loss of RPM-1 (E3) function when compared 

to non-GABAergic synapses, suggesting that the complement of UPS machinery acting 

on synaptic proteins may be different between different synapse types (Nakata et al., 

2005).  It is also possible that different synapses have different UPS targets.  

Furthermore, between organisms the function of individual UPS components may be 

different.  For example, loss of the E3 activities that belong to the same family in fly and 

worm cause divergent effects on presynaptic differentiation (Wan et al., 2000; Zhen et 

al., 2000; Schaefer et al., 2000).   

 

What is the functional role of proteasome localization to the spines? Does AMPAR 

endocytosis require spine proteasome movement? 

 

 In my experiments, I have not shown a particular physiological function for 

proteasome localization to the synapse.  Given the many functions of UPS at the synapse, 



 149

it can be argued that the proteasome moves into spines because of the increased need for 

protein degradation following stimulation.  In order to show a specific function for the 

proteasome localization, reagents that specifically inhibit the proteasome localization are 

necessary.  Peptides that block the interaction between the proteasome and its tether 

protein at the synapse may be one way to accomplish this.  If the specific synaptic 

function studied requires proteasome trafficking, then the effect of blocking the 

proteasome movement may have the same consequences as blocking the proteasome 

enzymatic activity.  As proteasome activity is required for AMPAR endocytosis, we 

could speculate that blocking the proteasome movement into spines may also block 

AMPAR endocytosis.  The kinetics of proteasome movement correspond well with the 

dynamics of AMPAR internalization. Endocytosed AMPARs colocalizes with the 

proteasomes in the dendrites when stimulated cultures were immunostained for the 

internalized receptors and the proteasome (Bingol and Schuman, unpublished 

observations).  This suggests that proteasome may be trafficked to the sites where 

AMPARs are internalized.  Thus, future work will focus on the functional role of 

proteasome movement during AMPAR endocytosis and other synaptic processes.   

 

Is the local degradation of the proteins accompanied by the local translocation of the 

proteasome?  Is the proteasome localization a local event? 

 

 In order to answer this question, local stimulations at the level of the spine would 

be necessary.  A proteasome activity reporter and a tagged proteasome subunit can be 

expressed in the same cells and the local movement of the proteasome and the local 
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degradation of the proteins can be monitored simultaneously.  Furthermore, it is possible 

to visualize the local proteasome localization in slices in response to synaptic plasticity 

via a similar technique used for the studies of mitochondria trafficking (Li et al., 2004). 

 

 

Do the local protein synthesis and local protein degradation function together? 

 

 Local protein degradation may regulate the local protein synthesis by different 

ways.  For example, local protein degradation can activate local protein synthesis by 

degrading the translational inhibitors.  An example of this mechanism was recently 

demonstrated in Drosophila: one of the components of the RNAi pathway was degraded 

in response to neuronal activity, leading to the synthesis of CamKII near synapses 

(Ashraf et al., 2006).  Thus, local protein degradation can degrade repressors of 

translation to locally activate protein synthesis.  Cytoplasmic polyadenylation element 

binding protein, CPEB, is another translational repressor that is a target of the UPS 

(Reverte et al., 2001).  RNA binding proteins acting as translational suppressors, such as 

pumilio, were also linked to learning (Dabnau et al., 2003) and degradation of these 

repressors through UPS may activate the local protein synthesis.  Furthermore, the local 

protein degradation may work with local protein synthesis in order to fine-tune the 

synapse specificity by limiting the availability of the newly synthesized proteins.   

 

 

 



 151

 

 How does the synapse know how many proteins to synthesize and how many to 

degrade?   

 

One possible mechanism is that local protein synthesis machinery synthesizes the 

proteins under control of UPS as mentioned above.  Following the insertion of the newly 

synthesized proteins into the synapse structure, the “excess” unused proteins may be 

degraded by UPS.  For example, there is a protein interaction cascade in PSD composed 

of PSD-95-GKAP-Shank, where each protein in the cascade interacts with the ones next 

to it.  Importantly, GKAP-Shank complex, if not bound to PSD-95, forms aggregates that 

are degraded by the proteasome (Romorini et al., 2004).  Neither GKAP nor Shank has 

been shown to be locally synthesized in dendrites.  However, they have been found to be 

ubiquitinated at synapses (Ehlers, 2003).  Thus, the molecule numbers may be kept in 

check by degrading components that cannot find a binding partner.  This model implies 

that there must be “core” components of the synapse that dictates the molecule number 

by limiting the protein binding sites.  The study by Ehlers suggests the presence of 

“master organizing molecules” at the synapse where the abundance of these molecules 

dictates the abundance of other proteins (Ehlers, 2003).   The molecular organization of 

the synapse may be regulated by addition/removal of these proteins through local 

synthesis/degradation to the synaptic protein pool.  Thus, the rapid responses to 

plasticity-inducing stimuli may be mediated by rapid degradation of these master 

regulators.   
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What is the molecular mechanism of proteasome movement into the spines? 

 

 The molecular modifications that eventually lead to proteasome stabilization at 

the synapse may occur on the synaptic proteins or on the proteasome itself.  Proteasome 

localization to spines does not require protein synthesis so local synthesis of a 

proteasome anchor can be ruled out.  The un-masking of a UBL domain in a synaptic 

protein may allow the tethering of the proteasome to the synapse.  UBL-UBA domains 

were shown to participate in the formation of protein dimers (Ryu et al., 2003) and 

disruption of a UBL-UBA interaction following stimulation may lead to proteasome 

capture.   

 

 As mentioned earlier, the polyubiquitin chain of the substrate proteins may also 

act as anchors for the proteasome.  In this model, the proteasome must leave the synapse 

once the target protein is degraded.   However, the proteasome stays at the synapse upto 

two hours following stimulation.  This means the proteasome, in addition to the 

polyubiquitin chain, must be utilizing another protein interaction in order to tether to the 

synapse. Actin-cytoskeleton experiments suggest that this tether must also involve the 

actin cytoskeleton of the spines.  It is possible that the type of stimulation dictates 

whether proteasome “visits” the synapse transiently or becomes a “persistent” part of the 

synaptic structure.  Future experiments involving synaptic plasticity stimulations may 

uncover different modes of proteasome trafficking into the synapses.    
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 Identification of the proteasome interacting proteins (PIPs) at the synapse may 

give hints about the mechanism of proteasome anchoring at the synapse.  Using a similar 

approach to identification of PIPs via mass spectrometric analysis of affinity-purified 

proteasomes, proteasome populations from stimulated and unstimulated neurons could be 

compared in order to identify the proteins that bind to the proteasome with activity 

(Verma et al., 2000).    

 

Are there other dynamic components of UPS at the synapse?  

 

 When the interconnected nature of cellular events in the cells is considered, it is 

not surprising to find that similar or complementary key cellular processes occur 

simultaneously in the dendrites.  For example, if a synapse locally synthesizes a 

transmembrane protein, it would make sense to find the local machinery for secretory 

pathway in the dendrites too (Horton and Ehlers, 2003).  Following this logic, I believe 

that close to a full complement of UPS components at the synapse will be identified in 

the future.  Recent work already suggests that E2s, E3s, and DUBs are present in the 

dendrites in addition to the proteasome (Bingol and Schuman, 2005; Yi and Ehlers, 

2005).  In addition to the direct executioners of the UPS function at the synapse (e.g.,  

ubiquitination enzymes and the proteasome), modulators of the UPS function that are 

targets of synaptic activity should also be present near synapses. For example, does 

neuronal activity regulate the biogenesis of proteasomes near the synapses?  Proteasome 

biogenesis is the process where highly ordered 20S proteasome is formed from the single 

subunits (Kruger et al., 2001).  One intermediate in proteasome biogenesis is the half-
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proteasomes that are composed of one α-subunits ring and one β-subunits ring.  A protein 

with a chaperone-like activity, proteasome maturation protein (POMP/Ump1), assists the 

assembly of 20S proteasomes from two half-proteasomes (Ramos et al., 1998). 

Interestingly, POMP is present in the dendrites.  Furthermore, neuronal activity regulates 

POMP levels in the dendrites (Bingol and Schuman, unpublished observations).  This 

raises the exciting possibility that local proteasome assembly in the dendrites may be 

regulated by synaptic activity.  Future work will identify how neuronal signaling 

pathways act on UPS regulators in order to modulate the UPS function locally.   

 

 Ubiquitination machinery may also localize dynamically to synaptic sites 

following stimulation.  Nedd4/Rsp5p HECT E3 enzyme is a good candidate for this as it 

contains an N-terminal C2 domain (Rotin, 2000).  C2 domain responds to elevations in 

intracellular calcium and translocates the C2-harboring protein to the plasma membrane.  

Nedd4 functions during axon pathfinding as well as regulation of some of the voltage-

gated Na+ channels in neurons (Fotia et al., 2004; Myat et al., 2002).  Thus, there is a 

good possibility that Nedd4 localization is regulated in response to stimulation in the 

dendrites.  

 

Is proteasome mislocalization linked to neurodegenerative diseases? 

 

Accumulation of ubiquitinated proteins is a hallmark of many neurodegenerative 

diseases, suggesting the malfunction of UPS in these disorders (Mayer, 2003).  Most 

neurodegenerative disorders manifest as a disease of the synapse: cognitive impairment, 
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synapse loss, and learning deficits were observed in mouse models before the appearance 

of clinical symptoms associated with such diseases (Hegde, 1994).  Given the many 

functions of UPS at the synapse, it would not be surprising to find out that malfunction of 

the UPS localization to the synapse is also related to these disorders.  The defects of 

substrate localization to the proteasome may lead to accumulation of toxic ubiquitinated 

protein aggregates in the neurons.  For example, in the pathogenesis of Parkinson’s 

disease, an important player, parkin E3, has an N- terminal UBL domain: parkin 

associates with the S5a (rpn10) subunit of the proteasome (Sakata et al., 2003).  A single 

mutation in parkin abolishes the binding to the proteasome, suggesting that defects of the 

substrate targeting to the proteasome may set the events that lead to the clinical 

symptoms of neurodegenerative diseases.  Thus, mislocalization of the proteasome itself 

to the substrate may also lead to the accumulation of toxic ubiquitinated proteins in the 

neurons.  A clearer picture of the mechanisms underlying the proteasome movement into 

spines is required in order to establish a role for this process in disease. 

 

 The research on UPS biology in other systems continues to unravel new roles for 

ubiquitin and the proteasome in a wide variety of key cellular processes.  However, the 

question of how our memories are stored at the molecular level in the face of the ongoing 

protein turnover is still unanswered.  The possible molecular correlate of memory, 

synaptic plasticity, is rapid, local, and persistent.  Ubiquitin-dependent protein 

degradation provides the tools to rapidly sculpt the local protein content of synapses.  

Future research on the interplay between UPS and synaptic plasticity will hopefully help 
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us understand how spatial and temporal resolution at the level of synaptic plasticity is 

achieved and eventually how memories are stored in the brain.   
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CHAPTER 3 - MATERIALS AND METHODS 

Immunostaining: 

 Dissociated postnatal (P1-2) rat hippocampal neuron cultures were prepared 

according to standard tissue culture techniques and plated at a density of 230–460 mm2. 

In all experiments, neurons were used following 14–21 days in vitro. For ubiquitin and 

proteasome immunohistochemistry, neurons were fixed at 4°C with 4% 

paraformaldehyde/4% sucrose for 20 min. Fixed cultures were then treated sequentially 

with methanol, 0.2% TritonX-100, preblock (5% normal goat serum and 0.5% TritonX-

100 in Dulbecco’s PBS), primary Ab (1:100) in preblock at 4°C overnight, Cy3-

conjugated secondary Ab in preblock at room temperature, rinsed with preblock and PBS. 

Using confocal microscopy, we imaged immunostained specimens in PBS. The extent of 

colocalization between the proteasome and synaptophysin was determined by 

thresholding both channels for punctate signal and calculating the percent of the 

proteasome puncta that overlapped with synaptophysin puncta and vice versa. For the 

FK2 immunostaining experiments, hippocampal cultures were infected with a Sindbis 

virus expressing GFP.   The staining was performed for both the GFP and the ubiquitin 

and the GFP channel was used as a marker for the dendritic morphology.   A reviewer 

blind to the FK2 signal outlined the “protrusions” from the dendritic surface using GFP 

template image.   A spine mask was then created from these protrusions.   The 

polyubiquitin FK2 signal overlapping with the spine mask was used for quantification.    
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Live imaging of cultured neurons: 

 

 The degradation reporter, UbG76V-GFP, developed by another group, consists of 

GFP carrying a constitutively active degradation signal (Dantuma et al., 2000).   The 

UbG76V-GFP reporter possesses a ubiquitin fusion degradation signal consisting of an N-

terminally linked ubiquitin that can serve as an acceptor for polyubiquitin trees.   The 

G76V mutation prevents the removal of ubiquitin by cellular ubiquitin hydrolases, 

leading to the ubiquitination and proteasomal degradation of the entire Ub-GFP fusion.   

The UbG76V-GFP coding sequence was cloned into pSinRep5 from the EGFP-N1-UbG76V-

GFP vector by standard cloning techniques.   Bath stimulation of neurons:  During the 

experiment, cells were continuously bath perfused with HBS/aniso (flow rate =1.5 

ml/min) at 37°C.   Cells were stimulated with either KCl (1.5 minutes, high KCl-HBS 

(same as HBS except for 55 mM NaCl and 60 mM KCl)) or NMDA (20 µM, 3 min) by 

switching the perfusion medium.   APV (50 µM, 1h) and MG132 (10 µM, 10 min) were 

used to antagonize NMDA receptors and proteasome activity, respectively.   The cells 

were imaged with a Zeiss LSM 510 microscope with 40X oil objective and 2X zoom.  Z-

stacks were acquired at the indicated time points and flattened.   In order to quantify the 

spine fluorescent signal, all the images in the time series were summed and all the 

“protrusions” away from the dendritic surface were selected as spines on the summed 

image.   Then the percent change in the mean intensity of the spine signal over time is 

quantified.  Local stimulation: The local perfusion set-up was as previously described 

(Aakulu et al., 2001).   Before perfusion, the neurons were kept in HBS (37° C) for 1 
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hour with 40 µM anisomycin to block protein synthesis.   In order to visualize the local 

protein degradation, dendritic segments of cultured hippocampal neurons expressing the 

UbG76V-GFP proteasome activity reporter were perfused locally with 50 µM NMDA for 6 

minutes.  The perfusion pipette contained Alexa-568 dye in order to visualize and 

quantify the dimensions of the perfusion spot.   Cells were also bath perfused with HBS 

(37° C) during local stimulation.   Images were acquired on Olympus IX50 microscope 

with 40X air objective lens and 2X zoom using FluoView Image acquisition Software.   

Z-stacks were acquired every 2 minutes (2 baselines + 4 NMDA) with 0.5 µM slice 

thickness.   After the images were flattened, the mean intensity of the GFP signal in the 

perfusion spot was compared over time and to the adjacent dendritic segments and non-

perfused dendrites.    

 

CHAPTER 4 - MATERIALS AND METHODS 

 

Immunostaining and Receptor Internalization Assays: 

  The sources of the antibodies were as follows: ubiquitin (pAb Calbiochem), α-

proteasome (pAb Calbiochem), α-proteasome (pAb Calbiochem), GFP (Clonetech), 

GluR1 (pAb Oncogene), and GluR2 (mAb Chemicon). In receptor internalization assays, 

neurons were prelabeled with GluR1 (Oncogene) or GluR2 (Chemicon) antibodies for 

15–20 min with either MG132 (50 µM, Peptide International), carboxybenzyl leucyl-

leucyl-leucine vinyl sulfone (ZL3VS, 50 µM; gift from Hidde Ploegh), lactacystin 
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(Calbiochem) proteasome inhibitors, or vehicle control (DMSO) in conditioned media. 

The proteasome inhibitors are cell permeable substrate analogs that reversibly (MG132) 

or irreversibly (lactacystin and ZL3VS) inhibit primarily the chymotrypsin-like activity 

of the proteasome. The neurons were then briefly washed with PBS-MC (PBS + 1 mM 

MgCl2, 0.1 mM CaCl2). The media was then replaced with conditioned media containing 

TTX (1 µM ) and APV (50 µM) alone or with AMPA (100 µ M) for 2.5 or 20 min (with 

or without proteasome inhibitors). The neurons were then washed once with cold PBS-

MC and incubated on ice with cold 0.5 M NaCl and 0.2 N acetic acid for 4 min to remove 

all remaining extracellular receptor bound antibodies, washed with PBS-MC, and then 

fixed for 5 min with 4%paraformaldehyde/4% sucrose solution. The neurons were 

washed with PBS-MC and then permeabilized and blocked with 0.1% TX-100 in PBS-

MC + 2% BSA. Neurons were then labeled with rabbit or mouse Alexa 488 secondary 

antibodies (Glur1 and GluR2, respectively;  Molecular Probes). The internalization of 

transferrin was conducted with modifications to Sever et al. (2000). In brief, dissociated 

hippocampal neurons were pretreated with MG132 (50 µM) or DMSO vehicle in 

conditioned media for 20 min at 37 °C. The cells were then washed 1x with PBS-MC 

(see above), and the solution was replaced with 20 µg/mL of Alexa 488 transferrin 

(Molecular Probes) in PBS-MC containing DMSO or MG132 (50 µM) for an additional 

20 min at 37 °C. The cells were washed with PBS-MC and fixed for 10 min with 4% 

paraformaldehyde/4% sucrose and washed with PBS. The cells were then imaged using 

confocal microscopy and the images were analyzed with NIH Image J analysis software. 

In the inhibitor pretreatment time course experiments, the period of pretreatment refers to 

the period of time preceding AMPA stimulation that neurons were exposed to the 
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inhibitor. As in the above experiments, the inhibitor remained present during AMPA 

treatment. In the case of Sindbis EGFP or Sindbis His6-myc-ubiquitin K48R IRES 

EGFP-infected neurons, rabbit or mouse Alexa 568 antibodies (Glur1 and GluR2, 

respectively; Molecular Probes) were used. As acid stripping treatment eliminated GFP 

fluorescence, the neurons were labeled with either mouse or rabbit GFP antibodies and 

Alexa 488 secondary antibodies to detect infected neurons. 

 

Free Ubiquitin Pool: 

 Free ubiquitin was determined by Western blot analysis. In brief, hippocampal 

neurons were treated with vehicle (DMSO) or 50 µM MG132 for 5, 20, or 40 min or 24 

hr. Cells were lysed in sample loading buffer, boiled for 5 min, run on 15% SDS-PAGE, 

and transferred to PVDF membrane. The blot, after hydration, was placed in boiling 

water for 5 min and then blocked in 5% milk in TBST. Immobilized proteins were then 

detected by the same pAb ubiquitin antibody. Levels of ubiquitin were normalized to 

actin levels in the same lane. 

 

Image Acquisition and Analysis: 

 Images of internalized GluR were acquired on an Olympus microscope (40X or 

63X immersion objectives) with a Hamamatsu CCD camera. All images were taken from 

similar focal planes. Images were acquired with Image Pro-Plus acquisition software and 
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analyzed on NIH Image J version 1.24. In all experiments, the majority of the analyses 

were conducted blind; as the results from blind analysis did not differ at all from that 

conducted non-blind, results were pooled. For analysis, a measure of background 

fluorescence was used to determine threshold values, which was then applied to all 

sample images in a given experimental set (including controls). The measured 

fluorescence was then divided by total area to determine mean fluorescence. To avoid 

signal saturation in the analysis of surface GluR1 and 2, measurements were made from 

the dendrites. A threshold value above diffuse dendritic fluorescence was used for 

analysis to determine mean dendritic puncta fluorescence. The same value was applied to 

both control and experimental samples. Images shown in Figures 1 and 4 were acquired 

via confocal microscopy (Olympus, with Fluoview acquisition software) with a 60X oil 

objective lens. Shown are the compressed z-stack images. Internalized perinuclear 

transferrin was quantified by using the middle z sections (comprising ~4.0 µm, not 

including surface plasma membrane) in which the nucleus was clearly present. The 

fluorescent signal in the cell body, not including the surface membrane, was analyzed in 

control and MG132-treated neurons. 

 

CHAPTER 5 - MATERIALS AND METHODS: 

Antibodies: 

The following antibodies were used as indicated: for immunocytochemistry: PSD-

95 6G6 (ABR) and GluR1 (Oncogene).  For PSD-95 immunoprecipitation, either rabbit 
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polyclonal (gift of Mary Kennedy), Upstate mouse monoclonal K28/43 or PSD-95 6G6 

(ABR); for ubiquitin immunoprecipitation, FK2 mouse monoclonal; for PSD-95 

immunoblotting, rabbit polyclonal; for ubiquitin immunoblotting, either DAKO rabbit 

polyclonal, FK2 mouse monoclonal or BD Pharmingen mouse monoclonal 6C1.17; for 

Shank immunostaining, rabbit polyclonal (gift of Eujoon Kim); for actin immunostaining, 

Sigma mouse monoclonal AC-40. 

Immunocytochemisty: 

Dissociated postnatal (P1–2) rat hippocampal neuron cultures prepared as 

previously described, plated at a density of 230–460 mm2 (Chapter 4 - Materials and 

Methods).  Two to three week old cultures were used for all the experiments.  Receptor 

internalization assays have been performed as described previously (Chapter 4 - 

Materials and Methods).  Briefly, neurons were kept in the presence or absence of 

proteasome inhibitor MG132 (50 µM, Peptide International) for 20 min along with 

GluR1 antibody and they were stimulated with AMPA (100 µm, 20 min).  Following acid 

stripping and fixation, neurons (Patrick et al., 2003) were labeled with PSD-95.  

Internalized receptors and PSD-95 were visualized by Alexa-568 rabbit and Alexa-488 

mouse secondary antibodies (Molecular Probes), respectively.  For PSD-95 staining only, 

live labeling, acid stripping and Alexa-568 rabbit secondary steps were omitted. 
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Transfection: 

In PSD-95 GFP overexpression experiments, neurons were transfected with PSD-

95-GFP (a gift of Morgan Sheng) or GFP constructs by Lipofectamine 2000 (Invitrogen).  

GFP images were acquired before AMPA stimulation.  Then, neurons were processed to 

label internalized receptors as described above. 

 

Image acquisition and analysis: 

Images shown in Fig. 5.1 and Fig. 5.2 were acquired via confocal microscopy 

(Olympus, with Fluoview acquisition software) with a 60X oil objective lens.  Shown are 

the compressed z-stack images.  Images shown in Fig. 5.3 were acquired with Olympus 

microscope (40X immersion objective) with a Hamamatsu CCD camera.  All images 

were taken from similar focal planes.  Images were acquired with Image Pro-Plus 

acquisition software and analyzed on NIH Image J.  In both Fig. 5.1 and Fig. 5.2, 

internalized receptor and PSD-95 puncta from straightened dendrites were thresholded in 

such a way to maximize the particle number.  Thresholds used for individual images were 

not significantly different between conditions.  The thresholded puncta signal was used to 

quantify the number and total intensity of puncta per dendritic length.  In Fig. 5.3, 

internalized receptor signal is quantified from the cell bodies as the fluorescence intensity 

per unit area.   
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PSD-95 Western blotting and synaptosome stimulation: 

Two to three week old hippocampal cultures were lysed in RIPA buffer after 

incubation in MG132 (50 µM, 20 min) before and during AMPA stimulation (100 µM, 

20 min).  Equal amount of proteins from all conditions were run on a 4–15% gradient gel 

(Bio-Rad).  After gel transfer, membranes were probed for PSD-95 and actin. 

Synaptosomes were prepared from ~30 days old rat hippocampus as described in 

Bagni et al.  (2000).  Stimulation was performed in buffer containing 10 mM Tris, pH 

7.5, 2.2 mM CaCl2, 0.5 mM Na2HPO4, 0.4 mM KH2PO4, 4 mM NaHCO3, and 80 mM 

NaCl.  Stimulation was performed at 37 °C with or without MG132 (50 µM, 15 min) pre-

treatment followed by AMPA treatment (100 µM, 20 min) in the absence or presence of 

MG132. 

 

Immunoprecipitation and GST-S5a chromatography: 

For immunoprecipitation and GST-S5a chromatography experiments, lysates 

from either two to three week old hippocampal cultures or whole hippocampus from 

Sprague–Dawley rats were used.  GST-S5a affinity chromatography was performed as 

described earlier (Ehlers, 2003).  Immunoprecipitations were performed as described in 

Colledge et al.  (2003).  Cultures were kept in MG132 (50 µM, 20 min) before 

stimulation.  Stimulation was performed either with NMDA (20 µM, 3 min followed by 

10 min incubation (Fig.  5.4A–D) or for the "time course experiment" (Fig.  5.4E and F), 

3 min stimulation followed by 0, 2, 7, 12 min incubation in conditioned media (Colledge 
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et al., 2003) or AMPA (100 µM, 20 min).  For both GST-S5a chromatography and 

immunoprecipitations, lysis buffer contained 50 µM MG132 and 1 µM ubiquitin 

aldehyde (Calbiochem).  Deubiquitinating enzyme application has been performed by 

applying 5 µg each of isopeptidase-T (Calbiochem) and UCH-L3 (Affiniti Research, 

Exeter, UK) to the beads for 15 min at room temperature.   

 

CHAPTER 6 - MATERIALS AND METHODS 

Sindbis Virus Constructs:  

  

 Rpt1-GFP, a tagged ATPase-type subunit of the regulatory 19S cap complex, 

(yeast) coding sequence was amplified from the pBS-Rpt1-GFPHA-HU plasmid with 

PCR and subcloned in to pcDNA3.1 and subsequently to pSinRep5 vector (Invitrogen) 

(Enenkel et al., 1998).  To generate the α4-venus Sindbis virus , the α4 (MGC# 2581897) 

cDNA clone in pSPORT6 and venus clone in pCS2-venus were used to amplify α4 and 

venus PCR products, respectively.   Then, venus was cloned in to pcDNA3.1 (venus-

pcDNA3.1), followed by the cloning of α4 in to the upstream of the venus coding 

sequence.  The α4-venus was then subcloned into the pDNR-1 vector followed by 

recombination into pSinRep5-loxP acceptor vector using the cre recombinase (BD 

Biosciences).   In order to test the incorporation efficiency of Rpt1-GFP in to the 

endogenous proteasome structure, endogenous proteasome from cultures expressing 

Rpt1-GFP was immunoprecipitated with a subunit-specific antibody against the Rpt6 

subunit. The immunoprecipitates were analyzed for the Rpt1-GFP and another 
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endogenous proteasome subunit, Rpt3.   Rpt1-GFP-IRES-mRFP was generated from the 

pSinRep5-Rpt1-GFP clone by inserting the IRES (pLP-IRES2-EGFP) and mRFP 

sequences downstream of Rpt1-GFP sequence.   The Sindbis virus was produced 

according the instructions provided by the manufacturer (Invitrogen).   Ambion SP6 

mMessage Kit was used to produce the RNA for virus production.    

 

Cultured hippocampal neurons: 

 

 Neurons cultured for 18-21 DIV were used in all experiments.   Neurons were 

infected by washing them twice with HEPES-buffered solution (HBS) (110 mM NaCl, 5.   

4 mM KCl, 1. 8 mM CaCl2, 0.8 mM MgCl2, 10 mM D-glucose, and 10 mM HEPES-

NaOH (pH 7.4))  (37° C), followed by 30 min incubation with the diluted Sindbis virus in 

conditioned growth media.   After infection, cells were washed twice with HBS (37° C) 

and were further incubated for 12 hours (for GFP- and venus-tagged proteasome subunit 

expression).    

 

Live imaging of cultured neurons:   

 

  Bath stimulation of neurons.   To isolate the dynamics of existing proteasome 

subunits, neurons were kept in anisomycin prior to and during the live imaging of GFP-

tagged proteasome subunits.   During the experiment, cells were continuously bath 

perfused with HBS/aniso (flow rate =1.5 ml/min) at 37° C.   The live imaging set-up was 

described in Chapter 3 – Materials and Methods.   
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FRAP/FLIP:    

 

 All of the FRAP/FLIP experiments were performed at 37°C with a Zeiss LSM 

510 using a 40X oil objective and 4X zoom.   The cultured neurons expressing Rpt1-GFP 

were imaged before stimulation and 3 - 4 spines with a long neck were chosen to be 

monitored.   For the FRAP experiments, single z-slice images were taken in order to be 

able to capture the bleaching of the Rpt1-GFP.   After taking 5 baseline images, each 

spine was bleached one time for 150 msec using a laser intensity 200 times greater than 

that used for image acquisition.   After bleaching, recovery of the fluorescence was 

measured as a function of time.  For the FLIP experiments, after taking 3 baseline 

images, ~ 10 µm of the dendritic shaft was bleached repeatedly for 45 msec before taking 

the next image in the time series.   The loss of the fluorescence from the spines adjacent 

to the bleached shaft region was monitored with time.   After acquiring the pre- 

stimulation data as described above, neurons were stimulated with KCl, and, and a 

second round of bleaching (same parameters) was performed on the same spines for the 

FRAP and the same dendritic shaft segment for the FLIP experiments.    

 

The FRAP data were fit to a one-phase exponential function by using the (Bottom 

to (Span +Bottom) analysis.   (Y= Span*(1 - exp(-X/τ)) + Bottom) in the GraphPad Prism 

4.3 software.   Similarly, the FLIP data were fit to a one-phase exponential decay 

function (Y=Span*exp(-X/τ) + Plateau) for the prestimulation curve.  For the FLIP 

poststimulation experiments, the data was  better fit by a linear function.    The time 
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constant (τ) and the immobile fraction were calculated from the exponential function 

equations.    

 

Immunocytochemistry:  

 

 The antibodies that were used for immunocytochemistry were as follows: Chicken 

anti-GFP (Aves Labs), mouse anti-actinin-2 (clone EA-53, Sigma), mouse anti-bassoon 

(StressGen), rabbit core-proteasome (α5, α7, β1, β5i, and β7) (Calbiochem), rabbit core-

proteasome (BIOMOL), rabbit anti-Rpt3 (BIOMOL), mouse anti-ubiquitin (FK2 clone, 

Affiniti), rabbit anti-GRIP CT (Upstate).   The actin cytoskeleton was stained with 

Rhodamine-Phalloidin (Molecular Probes).   The secondary antibodies that were used for 

immunocytochemistry were as follows: Alexa 488 anti-Chicken, Alexa 647 anti-mouse, 

Alexa 488 anti-Rabbit, Alexa 546 anti-Mouse (all of the secondary antibodies were from 

Molecular Probes).   All the image acquisition was performed with Zeiss LSM 510 

Microscope with 40X oil objective and 2-3X zoom.   To analyze immunocytochemistry 

images, LSM files were processed by NIH ImageJ and custom macros were used to 

quantify colocalization.   All of the channels were processed for thresholding and 

watershed segmentation in 3D, and the total and colocalizing particles were quantified for 

the mean number, area, and the intensity.   For the cytoskeleton experiments, Latrunculin 

A (5 µM, 24 h, Molecular Probes) and vincristine (5 µM, 5 h, Sigma) were used to 

disrupt the microfilaments and the microtubules, respectively.   For the endogenous 

proteasome experiments, cultured neurons were stimulated with KCl (1.5 - 3 mins, 60 

mM) in conditioned medium and further incubated at 37°C for 12 min.   After 
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stimulation, the neurons were transferred quickly on to ice and processed for 

immunocytochemistry.   Detergent extraction experiments were performed with 0.5 % 

TritonX-100 as described earlier (Allison et al., 1998).   Cultured neurons were 

stimulated with 20 µM NMDA for 1 minute followed by immediate 50 µM APV wash in 

order to decrease the neurotoxic effects of NMDA.   After NMDA stimulation cultures 

were incubated for another 19 minutes in the presence of APV.   Control dishes received 

the APV incubation as well, but not the NMDA stimulation.   After this stimulation 

protocol, dishes were processed for fixation with or without prior detergent extraction.    

 

Slice stimulation, synaptosome preparation and Western blot analysis: 

 

 Before stimulation, slices were submerged in a chamber and continuously 

perfused with 32°C artificial cerebral spinal fluid (119 mM NaCl, 2.5 mM KCl, 1.3 mM 

MgSO4, 2.5 mM CaCl2, 1.0 mM NaH2PO4, 26.2 mM NaHCO3, and 11.0 mM D-glucose).   

Stimulation was performed with ACSF containing 60 mM KCl for 6 minutes.   30 

minutes after KCl stimulation, slices were immediately transferred into cold ACSF and 

processed for synaptosome preparation.  Synaptosomes were lysed in 0.2% SDS followed 

by 1% TritonX-100 containing lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, protease 

inhibitor mix (Roche)) and equal amounts of proteins were resolved on 10% SDS-PAGE.   

The antibodies used for Western blotting analysis were as follows: chicken anti-GFP 

(Aves Labs), mouse anti-α7 (BIOMOL), mouse anti-α3 (BIOMOL), mouse anti-Rpt1 

(BIOMOL), mouse anti-Rpt6 (mouse), mouse anti-Rpt3 (BIOMOL), rabbit anti-Rpt3 

(BIOMOL), rabbit synapsinI (Chemicon).   Appropriate HRP-conjugated secondary 
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antibodies (HRP-conjugated anti-mouse IgG ab, HRP-conjugated anti-rabbit IgG ab 

(Jackson ImmunoResearch Laboratories), and HRP-conjugated anti-chicken IgY ab (The 

Aves Labs)) were used for the detection with ECL Chemiluminescence Reagent 

(Amersham Biosciences).      

 

Statistical Analysis: 

 

 All of the error bars indicate the standard error of the mean.   A non-paired two-

way Student’s t-test was used where indicated.   For multiple groups, a one-way ANOVA 

was performed.   All of the data were tested for normal distribution by the Anderson-

Darling Test.   GraphPad Prism v4.3 as used to compute the p values.    
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