
Proteolysis, synaptic plasticity and memory

Ashok N. Hegde
Department of Biological and Environmental Sciences, Georgia College and State University, 
Milledgeville, GA 31061, USA

Abstract

Protein degradation has many critical functions in the nervous system such as refinement of 

synaptic connections during development and synaptic plasticity and memory in the adult 

organisms. A major cellular machinery of proteolysis is the ubiquitin-proteasome pathway (UPP). 

The UPP precisely regulates proteolysis by covalently attaching ubiquitin, a small protein, to 

substrates through sequential enzymatic reactions and the proteins marked with the ubiquitin tag 

are degraded by complex containing many subunits called the proteasome. Research over the years 

has shown a role for the UPP in regulating presynaptic and postsynaptic proteins critical for 

neurotransmission and synaptic plasticity. Studies have also revealed a role for the UPP in various 

forms of memory. Mechanistic investigations suggest that the function of the UPP in neurons is 

not homogenous and is subject to local regulation in different neuronal sub-compartments. In both 

invertebrate and vertebrate model systems, local roles have been found for enzymes that attach 

ubiquitin to substrate proteins as well as for enzymes that remove ubiquitin from substrates. The 

proteasome also has disparate functions in different parts of the neuron. In addition to the UPP, 

proteolysis by the lysosome and autophagy play a role in synaptic plasticity and memory. This 

review details the functions of proteolysis in synaptic plasticity and summarizes the findings on 

the connection between proteolysis and memory mainly focusing on the UPP including its local 

roles.

1. Introduction

The quest for understanding how the nervous system stores information has led to the 

exploration of synaptic plasticity and memory in several model systems: from worms to 

human beings. Many decades of research in the 20th century focused on the role of protein 

synthesis in long-term synaptic plasticity and memory. Research that began in the 1990s 

revealed a role for regulated proteolysis in long-term synaptic plasticity. Protein degradation 

that functions to sculpt synapses and thus in aiding memory formation occurs mainly 

through the ubiquitin-proteasome pathway. Evidence over the last few years has also 

indicated a role for other types of proteolysis that occur through the lysosome and 
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autophagy. This review mainly focuses on ubiquitin-proteasome-mediated degradation and 

provides brief descriptions of the functions of the lysosome and autophagy.

2. The ubiquitin-proteasome pathway

In the ubiquitin-proteasome pathway (UPP), covalent attachment of ubiquitin, a highly 

conserved 76-amino acid protein, to substrate proteins marks them for degradation by a 

proteolytic complex called the proteasome. The attachment of ubiquitin (ubiquitination) to 

proteins requires sequential activity of three enzymes (E1, E2, and E3) (Fig. 1). There are 

two E1s in many organisms but multiple genes encoding E2s exist.

In the UPP, an E1 activates ubiquitin and passes it onto an E2 which can transfer ubiquitin to 

the substrates directly or through generation of E3~ubiquitin thioester intermediates. The 

substrate-specificity of ubiquitin ligation is largely determined by E3s. The first ubiquitin is 

covalently attached to the e amino group of lysine residues in the substrate. After these 

enzymes attach the first ubiquitin to the substrate protein, to an internal lysine residue a 

second ubiquitin is attached and thus several ubiquitin molecules are attached to the growing 

chain which is termed “polyubiquitin”. Substrates that are destined for degradation by the 

proteasome carry a specific polyubiquitin linkage. Every successive ubiquitin is attached to 

the 48th lysine residue in the previous ubiquitin (Glickman and Ciechanover, 2002; Hegde, 

2010a). It must be noted, however, that ubiquitin attachment to other ubiquitin molecules 

could occur through any of the seven lysine residues in ubiquitin. For marking the substrate 

for ubiquitin-proteasome-mediated degradation, additional ubiquitin are attached to the first 

ubiquitin at its 11th or 48th Lys residue. Lys-63 linked polyubiquitin chains modulate protein 

function such as NFκ-B activation (Deng et al., 2000). There are instances when 

polyubiquitin chains are formed through second ubiquitin linkage to Lys-6, Lys-27, Lys-29 

and Lys-33 of the first ubiquitin attached to the substrate are known to occur (Komander, 

2009; Ye and Rape, 2009). Polyubiquitin chains contain mixed type of linkage between 

ubiquitin molecules such as through Lys-11 and Lys-48 in the same chain. Furthermore, 

ubiquitin itself can be posttranslationally modified through acetylation and phosphorylation 

(Ohtake et al., 2015; Swaney et al., 2015).

The E3 enzymes that ligate ubiquitin to substrate proteins are the most diverse in the UPP. 

There are two major classes of E3s: (1) HECT (homologous to E6-AP carboxyl-terminus) 

domain E3s, (2) RING (really interesting new gene) finger E3s. The RING finger E3s in turn 

can be divided into two classes SCF (SKP1-cullin-F-Box protein) and APC (Anaphase 

promoting complex). The specificity of the ubiquitin conjugation reaction, although largely 

occurs at the E3 ligation step, specific interactions between E2s and E3s and the type of 

ubiquitin linkage (Lys-48, Lys-63 and so on as described above) all add to the 

“combinatorial coding” of specificity in the ubiquitin conjugation reaction (Hegde, 2010b).

The protein substrate marked by polyubiquitin attachment is then degraded by the 

proteasome to small peptides and amino acids (Fig. 1). The polyubiquitin chains are not 

degraded but disassembled by deubiquitinating enzymes (DUBs) and the free ubiquitin 

molecules are recycled (Fig. 1). There are two types of DUBs. The category called ubiquitin 

C-terminal hydrolases (UCHs) is characterized by low molecular weight. The second class is 
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that of high molecular weight DUBs which are called ubiquitin-specific proteases (UBPs or 

USPs). Apart of structural differences, UCHs and UBPs functionally differ with respect to 

substrates on which they act (Wilkinson, 2000).

The proteasome that functions to degrade the substrate proteins marked by polyubiquitin 

chain attachment is called the 26S proteasome based on its sedimentation coefficient during 

ultracentrifugation. It comprises a cylindrical catalytic 20S core and two regulatory 

complexes (RC) that are attached to either end of the 20S. The 20S consists of two outer 

rings with seven a subunits (α1 to α7) in each ring and two inner rings consisting of seven β 
subunits (β1 to β7). The catalytic activity of the proteasome is conferred by three of the 

seven β subunits (β1, β2 & β5). The catalytic sites in these β subunits are located at their N-

termini which are inside the catalytic cavity which has a narrow opening of 13Ǻ in diameter 

(Cheng, 2009). Because of this, only an unfolded substrate can enter the catalytic core. It is 

thought that the unfolding activity is provided by the ATPases that are present in the base of 

the 19S RC which contains six ATPase subunits Rpt1–Rpt6 (Regulatory particle ATPase 1–

6) and four non-ATPase subunits Rpn1, Rpn2, Rpn10 & Rpn13 (Regulatory particle non-

ATPases 1, 2, 10 & 13). The 19S RC also consists of the ‘lid’ which includes only non-

ATPase subunits (Rpn3, Rpn5, Rpn6–9, Rpn11, Rpn12, & Rpn15) (Hegde, 2010a; Marques 

et al., 2009).

Among the Rpn subunits, Rpn11 (also called Poh1) and Rpn13 (also called Uch37) are 

DUBs that are integral part of the 19S RC that assist in deubiquitination of the substrate as it 

is unfolded and threaded into the catalytic chamber of the 20S core. Another DUB called 

Usp14 (also known as Ubp6) reversibly associates with the Rpn1 and stimulates substrate 

degradation through deubiquitination (Leggett et al., 2002; Peth et al., 2009). Two Rpn 

subunits, Rpn10 (S5) and Rpn13, have a role in recognizing the polyubiquitin chain 

(Baboshina and Haas, 1996; Husnjak et al., 2008; van Nocker et al., 1996).

In neurons, the proteasome has widespread roles as will be explained later. Although there 

have not been extensive studies of individual subunits of the proteasome, at least one ATPase 

subunit, Rpt6, is known to have a role in activity-dependent growth of dendritic spines and 

the function of Rpt6 is regulated by NMDA receptor (NMDAR)- and CaMKII- mediated 

phosphorylation (Hamilton et al., 2012).

3. The UPP and long-term synaptic plasticity

Ubiquitin was familiar to researchers as a marker for brain pathology such as neurofibrillary 

tangles in Alzheimer’s disease and Lewy bodies in Parkinson’s disease (Mori et al. 1987; 

Lowe et al. 1988) but no physiological or pathological role for ubiquitin in the nervous 

system was found until the 1990s. The first discovery of degradation by the UPP of a 

substrate critical for synaptic plasticity in the nervous system was that of regulatory (R) 

subunits of cAMP-dependent protein kinase (PKA) (Hegde et al., 1993). Since then, several 

substrates of the ubiquitin-proteasome pathway in the nervous system have been identified 

(Hegde, 2010a).
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3.1. Degradation of R subunits of PKA and proteolytic removal of a CREB repressor

Initial discovery on the role of the UPP in synaptic plasticity came during studies on 

persistent activation of PKA. Investigations on the biochemical mechanism of long-term 

facilitation (LTF) (Greenberg et al., 1987) in Aplysia indicated that PKA was persistently 

activated in the absence of elevated cAMP. LTF underlies behavioral sensitization of 

defensive reflexes in Aplysia which is a simple form of memory (Abrams, 1985). How is 

PKA activated in the absence of sustained increase in cAMP? It was found that the R 

subunits of PKA were decreased without any change in the catalytic (C) subunit during 

induction of LTF. Because there was no change in mRNA for either the R subunit or the C 

subunit, the inference was that quantity of R subunits was reduced probably through 

proteolysis. What is the mechanism of R subunit degradation? Hegde et al (1993) found 

through a series of biochemical experiments that R subunits were substrates for ubiquitin 

conjugation and degradation by the proteasome. In addition, it was found that in response to 

LTF-causing stimuli (such as five pulses of the neurotransmitter 5-HT on to sensory 

neurons), a UCH (Aplysia ubiquitin C-terminal hydrolase, Ap-uch) that interacts with the 

proteasome was induced (Fig. 2). Electrophysiological experiments showed that Ap-uch was 

critical for induction of LTF (Hegde et al., 1997). Subsequently Chain et al. demonstrated 

that at sensory-motor neuron synapses, injection of lactacystin, a specific proteasome 

inhibitor blocked induction of LTF (Chain et al., 1999). Since R subunits inhibit the activity 

of C subunits of PKA, the results suggested that the ubiquitin-proteasome pathway operates 

to remove inhibitory constraints on formation of long-term memory.

Work on the Aplysia model provided further evidence that the UPP might have a role in 

degrading proteins that normally inhibit long-term synaptic plasticity. Experimental 

protocols that induce LTF in Aplysia, cause ubiquitination and degradation of a CREB 

repressor called CREB1b (Upadhya et al. 2004) (Fig. 2). These observations appear to hold 

true in vertebrates as well. The mammalian orthologue of CREB1b, ATF4 is degraded by the 

UPP during induction of long-term synaptic plasticity in the murine hippocampus (Dong et 

al., 2008).

3.2. Modulation and essential function of a DUB in long-term synaptic plasticity

Subsequent to the finding on ubiquitin-proteasome-mediated degradation of R subunits of 

PKA, crucial role in LTF for a neuronal specific Ap-uch was discovered. Ap-uch is the 

homolog of human UCH-L1 and is induced by stimuli that produce LTF but not stimuli that 

lead to short-term facilitation. Injection of antibodies or antisense oligonucleotides specific 

to Ap-uch into sensory neurons synapsing onto motor neurons in culture blocked induction 

of LTF (Hegde et al., 1997). Investigation on biochemical functions of Ap-uch indicated that 

Ap-uch is capable of cleaving small attachments to linearly attached ubiquitin molecules 

such as ubiquitin–ubiquitin–cysteine but not large attachments like GST in substrates like 

ubiquitin–GST. Interestingly, additional biochemical analyses showed that Ap-uch 

associates with the proteasome. The association of Ap-uch increases the rate of degradation 

by the proteasome. For example, addition of recombinant Ap-uch to in vitro degradation 

systems showed that there was approximately a two-fold increase in degradation of R 

subunit of PKA. Since persistent activation of PKA has been shown to be critical for 

induction of LTF and R subunits of PKA were found to be substrates for the ubiquitin-
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proteasome pathway, the experiments on Ap-uch provided some molecular explanation for 

the role of regulated proteolysis in LTF (Hegde et al., 1997). Computational modeling has 

provided support for the idea that persistently active PKA induces Ap-uch which in turn 

provides a positive feedback loop for increasing PKA activity through enhancement of R 

subunit degradation (Song et al., 2006).

How does Ap-uch enhance the rate of degradation by the proteasome? Using recombinant 

ubiquitin with its Lysine-48 mutated to Arg that cannot support Lys-48 type of polyubiquitin 

linkage to protein substrate, it was shown that Ap-uch stimulates the release of ubiquitin 

from substrates in the presence of the proteasome (Hegde et al., 1997). Ubiquitin with 

Arg-48 can form single or multiple monoubiquitin linkages on the substrate. Therefore, it 

can be inferred that Ap-uch perhaps cleaves the first ubiquitin in the polyubiquitin chain 

attached to the peptide remnant of the substrate. Such a function of Ap-uch has to occur after 

the DUBs that are tightly associated with the proteasome finish bulk of the polyubiquitin 

chain disassembly as the unfolding of the substrate and its degradation progresses. Function 

of UCHs in synaptic plasticity appears to be evolutionarily conserved. It was found that the 

mammalian counterpart of Ap-uch, Uch-L1 is required for normal synaptic plasticity and 

memory. The same study also showed a link between UCH-L1 and R subunit degradation in 

the mouse hippocampus (Gong et al., 2006).

Other studies have expanded the role of Ap-uch and the proteasome in Aplysia to LTD. In 

Aplysia, sensory-motor neuron synapses undergo transcription-dependent LTD in response 

to treatment with the neuropeptide Phe-Met-Arg-Phe-NH2 (FMRFa). Application of the 

proteasome inhibitor lactacystin blocked FMRFa-induced LTD. Also, FMRFa was found to 

upregulate Ap-uch mRNA (Fioravante et al., 2008). Thus Ap-uch could have a role in LTD 

in Aplysia perhaps through its action on a different set of downstream targets compared to 

those affected by Ap-uch during LTF. Subsequent studies indicate that proteasome has a role 

in mammalian LTD as well. In rat hippocampal neurons, NMDAR-dependent LTD was 

shown to be independent of proteasome-mediated degradation whereas mGluR-dependent 

LTD was limited by ubiquitination and proteasome-mediated degradation (Citri et al., 2009). 

These results, however, contradict earlier studies showing that proteasome inhibition reduced 

the magnitude of LTD dependent on NMDARs (Colledge et al., 2003) or mGluRs (Hou et 

al., 2006). The role of the UPP in LTD may be more complex than previously thought. 

Recently, Sajikumar and colleagues showed that in rat hippocampus, proteasome activity is 

necessary for protein synthesis-independent early-LTD and inhibition of the proteasome 

converts early-LTD into protein synthesis-dependent late LTD (Li et al., 2015). In addition, 

work from another group showed that precise coordination between protein synthesis and 

proteasome-mediated degradation is essential in regulating induction of mGluR-dependent 

LTD (Klein et al., 2015).

3.3. The roles of the UPP in histone modification underlying synaptic plasticity

Recent studies indicate that, in addition to modulating transcription factors, the UPP has 

other roles in regulating transcription. For example, a novel role of the proteasome in 

modulation of epigenetic histone modifications was described. This study demonstrated that 

trimethylation of histone 3 at lysine 4 (H3K4me3), acetylation of histone H3 at lysines 9 and 
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14 (H3K9/14ac), and monoubiquitination of histone H2B at lysine 120 (H2BK120ub) are 

enhanced immediately after cLTP induction and their enhancement is blocked by β-lactone 

pretreatment (Bach et al., 2015).

H3K4me3 and H3K9/14ac are transcription-favoring epigenetic modifications previously 

shown to be important for learning and memory in rodents (Day and Sweatt, 2011; Jarome 

and Lubin, 2013; Zovkic et al., 2013). The Bach et al study reported that these modifications 

were dynamic. They showed that both H3K4me3 and H3K9/14ac were upregulated soon 

after cLTP induction and returned to baseline after 30 min (Bach et al., 2015). The 

experiments reported earlier described histone modifications that lasted hours or days after 

synaptic stimulation or behavioral training (Gupta-Agarwal et al., 2012; Levenson et al., 

2004). It has also been shown, however, that histone modifications can occur rapidly, in 

minutes (Buro et al., 2010; Lopez-Atalaya et al., 2013; Riffo-Campos et al., 2015). Some 

researchers have postulated that lasting cellular changes in synaptic plasticity can be 

triggered by a transient histone modification signal (Levenson and Sweatt, 2005). Evidence 

from the Aplysia model indicates that transient acetylation of histone H3 is critical during 

long-term synaptic plasticity (Guan et al., 2002). Therefore, short-lived proteasome-

dependent histone acetylation and methylation may be sufficient to trigger long-lasting 

upregulation of plasticity-related genes.

The Bach et al study also investigated the role of the transcription-favoring H2BK120ub in 

synaptic plasticity. This investigation showed that H2BK120ub levels oscillate after the 

induction of cLTP: an increase in histone H2B monoubiquitination was observed 

immediately after cLTP induction and at 30 min after cLTP induction, but not at 15 min 

(Bach et al., 2015). This finding is consistent with previous studies of histone H2B 

monoubiquitination in yeast transcriptional regulation, where multiple rounds of histone 

ubiquitination and deubiquitination are required for transcription initiation and elongation, 

respectively (Minsky et al., 2008; Weake and Workman, 2008; Wyce et al., 2007). Histone 

H2B mono-ubiquitination has also been described as a precursor to other histone 

modifications (Gonzalez et al., 2002; Lee et al., 2007). The dynamic nature of global histone 

modifications in cLTP suggests that the role of histone modifications in synaptic plasticity 

may be more complex than previously believed.

4. The UPP, short-term plasticity and synaptic transmission: presynaptic 

and postsynaptic roles

Proteolysis by the UPP regulates key proteins at the synaptic terminals (presynaptic) as well 

as in the postsynaptic compartment. The UPP has been shown to control synaptic 

transmission as well as short-term synaptic plasticity.

4.1. Presynaptic roles of the UPP

The UPP, in addition to its role in regulating molecules such as PKA which are critical for 

long-term synaptic plasticity, also has a function in acute modulation of proteins which 

affects synaptic transmission and short-term synaptic plasticity. For example, a protein 

Dunc-13, which is critical in priming the synaptic vesicles, is ubiquitinated and degraded by 
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the proteasome in Drosophila neuromuscular synapse. Administration of proteasome 

inhibitors and the dominantnegative mutation in a core subunit (β6) of the Drosophila 
proteasome both lead to an increase in the quantity of Dunc-13 protein in presynaptic 

terminals. In addition, application of the proteasome inhibitors lactacystin and epoxomycin 

cause an increase in the excitatory junctional current suggesting that stabilization of 

Dunc-13 and the resultant increase in the net Dunc-13 quantity leads to increased synaptic 

transmission (Speese et al., 2003).

The UPP seems to have a wider role in controlling short-term synaptic plasticity and has 

been found to regulate the amounts of other presynaptic proteins. For example, synaptic 

vesicle proteins such as syntaxin 1 and RIM1α are degraded by the UPP. Syntaxin 1 is a 

presynaptic protein that has a role in synaptic vesicle exocytosis. Evidence for ubiquitin-

proteasomemediated degradation of syntaxin 1 was obtained through identification of a 

ubiquitin ligase called staring (syntaxin 1-interacting RING finger protein) using the yeast 

two-hybrid system (Chin et al., 2002). Co-expression of staring with syntaxin 1 in HeLa 

cells increases the degradation of syntaxin 1 which can be inhibited by the proteasome 

inhibitor MG132. The physiological effect of ubiquitin-proteasome-mediated degradation of 

syntaxin 1 remains to be determined. RIM1α functions to form a presynaptic scaffold that 

links synaptic vesicle with fusion machinery. A ubiquitin ligase named SCRAPPER (an 

acronym whose derivation is not clearly defined) has been shown to regulate the amount of 

RIM1α (Rab3-interacting molecule 1α). Studies using miniature postsynaptic current 

(mEPSC) measurements established that SCRAPPER regulates synaptic transmission. It was 

also found that in mice lacking SCRAPPER short-term synaptic plasticity was impaired 

(Yao et al., 2007).

The proteasome has been shown to function in recycling of synaptic vesicles in hippocampal 

neurons in primary culture. Proteasome inhibition causes an increase in the size of the 

recycling pool of vesicles. Blockade of neuronal activity significantly reduces the effect of 

proteasome inhibition, decreasing vesicle numbers. Inhibition of the proteasome, however, 

does not increase transmitter release probability. Therefore, it seems that in vertebrate 

neurons, the proteasome functions to maintain vesicle homeostasis (Willeumier et al., 2006). 

Results from later experiments add another layer to the complexity of UPP function in 

neurons. In cultured mammalian hippocampal neurons, proteasome inhibitors increase 

mEPSC frequency without any effect on the amplitude indicating a presynaptic role for the 

UPP. Although expected, stabilization of the presynaptic proteins (RIM1 or Munc13) was 

not observed (Rinetti and Schweizer, 2010). A different study, however, found a decrease in 

Rim 1 and Munc 13 during persistent presynaptic silencing induced by depolarization (Jiang 

et al. 2010). The results from these two sets of investigations seem to be at odds with each 

other even though both used postnatal rat hippocampal neurons in culture and antibodies 

against Rim 1 and Munc 13 from the same commercial sources. Perhaps the discrepancy 

was due to the fact that Jiang et al study measured Rim 1 and Munc 13 after K+-induced 

depolarization whereas Rinetti and Schweizer study tested Rim 1 and Munc 13 levels in 

relation to changes in mEPSCs and spontaneous EPSCs. Therefore, it is likely that 

degradation of Rim 1 and Munc 13 is triggered by neuronal depolarization rather than 

baseline activity.
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4.2. Postsynaptic roles of the UPP

Several studies have indicated that the UPP modulates neurotransmitter receptors, structural 

proteins and regulatory molecules in the postsynaptic compartment. Regulation of the 

neurotransmitter receptors mainly occurs through ubiquitination that marks proteins for 

endocytosis which is mainly mediated by attachment of a single ubiquitin 

(monoubiquitination) or a Lys-63-linked polyubiquitin chain. The ubiquitinated protein that 

is endocytosed may be recycled back to the plasma membrane if the ubiquitin is removed by 

DUBs or targeted to the lysosome via the multivesicular body. Some membrane proteins, 

upon endocytosis are degraded by the proteasome instead of being routed to the lysosome 

for degradation.

Earlier investigations on Caenorhabditis elegans showed a role for ubiquitin in endocytosis 

of GLR-1 type of glutamate receptor (Burbea et al., 2002). In mammalian hippocampal 

neurons, treatment with the proteasome inhibitor MG132 blocks agonist-induced 

endocytosis of AMPA-type glutamate receptors (Patrick et al., 2003). In addition, NMDA-

induced AMPA receptor internalization is prevented by application of the proteasome 

inhibitor. Later studies showed that AMPA receptor endocytosis and In support of this idea, 

a postsynaptic density protein PSD-95 was shown to be regulated by ubiquitin-proteasome-

mediated degradation (Colledge et al., 2003). PSD-95 is a major component of the 

postsynaptic scaffold which through interaction with another protein called stargazin 

provides a docking site for AMPA receptors (Schnell et al., 2002). Proteolytic removal of 

PSD-95 leads to AMPA receptor internalization and mutations that block PSD-95 

ubiquitination block NMDA-induced AMPA receptor endocytosis (Colledge et al., 2003). 

Furthermore, application of the proteasome inhibitor MG132 to hippocampal slices reduces 

the magnitude of hippocampal long-term depression (LTD) (Colledge et al., 2003). Because 

the transient, protein-synthesis independent LTD (Sajikumar and Frey, 2003) requires a net 

reduction in synaptic AMPA receptors (Malenka and Bear, 2004), these data further support 

a role for the proteasome in decreasing AMPA receptor amount at synaptic sites. The signal 

for regulating AMPA receptor internalization and degradation has been investigated in the 

last few years. Studies showed activity-dependent ubiquitination of the GluA1 subunit in 

hippocampal neurons. This ubiquitination was mediated by ubiquitin ligase Nedd4–

1(neural-precursor cell-expressed developmentally downregulated gene 4–1) (Schwarz et al., 

2010). A recent investigation demonstrated that ubiquitination of GluA1 and GluA2 was 

critical in directing the internalized AMPA receptors to late endosomes and then into 

lysosomes for degradation (Widagdo et al., 2015). Given that monoubiquitination on one or 

multiple sites in a protein generally directs the substrates to late endosomes and lysosome, 

and polyubiquitination directs substrates to the proteasome, how AMPA receptors are 

degraded may have consequences on synaptic plasticity.

A role for the proteasome in short-term synaptic plasticity has also been obtained through 

experiments on LTP. A type of LTP called early phase LTP (E-LTP), which is independent of 

protein synthesis, is enhanced by pre-incubation of hippocampal slices with the proteasome 

inhibitor β-lactone (Dong et al. 2008). Although the mechanisms by which E-LTP is 

enhanced by proteasome inhibition have not been elucidated, it is likely that AMPA receptor 
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stabilization and consequent increase in AMPA receptor number at postsynaptic sites might 

contribute to the increase in E-LTP.

It is likely that the UPP has a broad role in regulating neurotransmitter receptors. NMDARs 

are retrotranslocated and degraded by the UPP in an activity-dependent fashion. 

Ubiquitination of the NR1 subunit of NMDARs by an F-box protein called Fbx2 is critical 

for this process (Kato et al., 2005) suggesting that an SCF-type ligase targets the NR1 

subunits for ubiquitination. Subsequent studies showed that another NMDAR subunit NR2B 

is targeted for ubiquitination by an E3 ligase called Mind bomb-2 in a phosphorylation-

dependent manner (Jurd et al., 2008). Endocytosis of other neurotransmitter receptors might 

be regulated by ubiquitination. Glycine receptor has been shown to be internalized upon 

ubiquitination (Buttner et al., 2001). A protein Plic-1, which is associated with GABAA 

receptors, indirectly controls removal of GABAA through endocytosis (Bedford et al., 2001). 

It was shown that proteasome inhibitors prevent degradation of internalized GABAA 

receptors. Later studies showed that GABAA receptor ubiquitination is controlled by 

neuronal activity. Chronic blockade of neuronal activity by tetrodotoxin increases the level 

of GABAA receptor ubiquitination and increase in neuronal activity decreases GABAA 

receptor ubiquitination and improves insertion of these receptors into the plasma membrane 

(Saliba et al., 2007). GABAA receptors are heteropentameric proteins typically consisting of 

two α subunits, two β subunits and one γ subunit. In the brain, the β subunits of the GABAA 

receptors are either β2 or β3 (Rudolph and Mohler, 2006). The site of ubiquitination is the 

β3 subunit of the receptor. Activity blockade reduces the insertion of β3-containing GABAA 

wild type receptor but not of the receptor containing mutant β3 that cannot be ubiquitinated 

(Saliba et al., 2007).

The UPP also degrades several other proteins in addition to PSD-95 in the postsynaptic 

density including several structural proteins. For example, Shank, GKAP and AKAP79/150 

are degraded through the ubiquitin-proteasome pathway. Unlike for the degradation of 

PSD-95, physiological relevance of proteolytic removal of Shank, GKAP and AKAP79/150 

is not clear because the studies were correlative and a direct link between ubiquitin-

proteasome-mediated degradation of the PSD proteins and structural remodeling was not 

established (Ehlers, 2003).

There is also evidence that the UPP controls a protein that regulates spine shape. SPAR 

controls dendritic spine shape by reorganizing the actin cytoskeleton. During activity-

dependent remodeling of synapses, SPAR was shown to be degraded by the ubiquitin-

proteasome pathway. Degradation of SPAR is stimulated by serum inducible kinase (SNK). 

Activity induces SNK mRNA in the cell body and the induced SNK is targeted to the 

dendritic spines. Because of the time required for SNK mRNA to travel to the spines, the 

conjecture is that SPAR may function to oppose synaptic remodeling after elevated activity 

(Pak and Sheng, 2003).
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5. Local proteolysis and synaptic plasticity: Roles for spatial control of 

proteasome-mediated degradation

I previously proposed a role for local ubiquitin-proteasome-mediated degradation in synaptic 

plasticity (Hegde, 2004). Many studies carried out since then provide support to this idea. 

Others working in this field are embracing the idea of local degradation as well (Segref and 

Hoppe, 2009). It appears that local, regulated degradation of substrate proteins plays an 

important role in synaptic plasticity as well as many other aspects of the nervous system 

such as development and fine-tuning of synaptic connections. Spatially restricted 

degradation can achieve synapse-specific effects. Cell-wide degradation would have 

consequences on all synapses made by a given neuron (Hegde, 2004).

How might local protein degradation be achieved in neurons? A simple way would be to 

restrict the substrate to a subcellular location. For example, proteins whose expression is 

largely restricted to the synapses could be locally degraded because all the requisite 

components of the UPP are present at the synapse. Also substrates can be made vulnerable 

(or resistant) to ubiquitination by phosphorylation or glycosylation which can be locally 

controlled in neurons. For example, NR2B subunit of NMDAR is phosphorylated by Fyn 

tyrosine kinase and made susceptible for ubiquitination by the E3 ligase Mind Bomb which 

is localized to the apical dendrites (Jurd et al., 2008). A transcription factor critical for LTF 

in Aplysia called C/EBP is made resistant to ubiquitin-proteasome-mediated degradation 

upon phosphorylation by MAP kinase (Yamamoto et al., 1999). Other posttranslational 

modifications of substrates add another level to the regulation of substrate ubiquitination. 

For example, attachment of O-linked N-acetylglucosamine (O-GlcNAc) is known regulate 

phosphorylation of substrates and their consequent ubiquitination (Guinez et al., 2008; Ruan 

et al., 2013).

Activation (or inactivation) of ubiquitin ligases by phosphorylation or other posttranslational 

modifications can be locally controlled as well. Phosphorylation can either positively or 

negatively regulate E3 ligase activity (Im and Chung, 2015; Stacey et al., 2012). Linkage to 

O-GlcNAc of an E3 has been reported to occur which can potentially modify ligase activity 

(Zaro et al., 2011). Moreover, specific E3 ligases can also be sequestered to specific cellular 

compartments. The removal of attached ubiquitin by DUBs has been found to be locally 

regulated as well. Experimental evidence has been obtained for local regulation of E3s as 

well as that of DUBs, mainly from work on neuronal development in Drosophila (Hegde, 

2010b). Accumulating evidence indicates that proteasome activity is also differentially 

regulated in different neuronal compartments, which is the main focus of discussion here.

5.1. Local roles of the proteasome in synaptic plasticity

Modulation of the proteasome adds another level to regulation of proteolysis by the UPP. 

Even though it was not previously appreciated, the data from the last several years indicate 

that proteasome is not homogenous throughout the neuron. Hints for local functions of the 

proteasome initially came from work on LTF in Aplysia. Later studies on hippocampal late 

phase of long-term potentiation (L-LTP) provided strong evidence for local roles of the 

proteasome in long-term synaptic plasticity.
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5.1.1. Local roles of the proteasome in LTF in Aplysia—The impetus for closely 

looking at the regulation of the neuronal proteasome came from conflicting results obtained 

with proteasome inhibitors on LTF in Aplysia. Originally, it was found that proteasome 

inhibitors block induction of LTF (Chain et al., 1999). Later studies on LTF, however, 

showed that bath application of the active form of lactacystin, clasto-lactacystin β-lactone, to 

sensory-motor neuron synapses resulted in enhanced LTF and an increase in neurite 

outgrowth in isolated sensory neuron (Zhao et al., 2003). The increase in neurite elongation 

is consistent with results obtained in PC12 and Neuro2A cells in which lactacystin induces 

neurite outgrowth (Fenteany et al., 1994). Both sets of results can be reconciled if one 

postulates that proteasome has different roles in different cellular compartments (Hegde, 

2004). In the same neuron, the proteasome is likely to carry out different tasks in different 

subcellular compartments resulting in different physiological consequences at different loci. 

Therefore, blocking different roles of the proteasome during induction of memory would 

lead to distinct and even opposite effects on synaptic strength. For example, the proteasome 

is known to degrade transcription repressors. Degradation of transcription repressors should 

allow transcription activators to induce gene expression which in turn leads to development 

of LTF. If the proteasome is inhibited only in the nucleus before the repressors are degraded, 

gene expression and hence induction of LTF should be blocked. Degradation of the CREB 

repressor CREB1b by the UPP in response to LTF-inducing protocols (Fig. 2) (Upadhya et 

al., 2004) supports this idea. On the other hand, if the degradation of proteins needed at the 

synapse for developing LTF is inhibited by the proteasome, LTF should be enhanced. As 

previously proposed, the main purpose of transcription during induction of LTF or other 

forms of long-term memory is to provide mRNAs for synthesis of ‘rapidly turning over 

proteins’ needed for memory formation (Hegde, 2004). If the degradation of these proteins 

is prevented, then long-term memory formation becomes independent of transcription. In 

support of this idea, Zhao et al found that proteasome inhibitor-induced synaptic 

strengthening depends on translation but not transcription (Zhao et al., 2003).

The biochemical experiments on the proteasome also support differential function of the 

proteasome in different neuronal compartments. The results of these experiments showed 

that both in Aplysia nervous system and mouse brain, proteasome activity in the synaptic 

terminals is significantly higher than that of the nuclear proteasome. Moreover, the 

proteasome activity in the two compartments is differentially regulated by protein kinases 

relevant to synaptic plasticity such as PKA, PKC, and MAP kinase (Upadhya et al., 2006). 

Later, others found that CaMKII can stimulate proteasome activity in cultured hippocampal 

neurons (Djakovic et al., 2009).

5.1.2. Local regulation of the proteasome in L-LTP in murine hippocampus—
As discussed above, differential activity of the proteasome in Aplysia might explain 

conflicting results obtained in different studies. Does differential proteasomal activity affect 

synaptic plasticity differentially in vertebrates? It has been found that the proteasome has 

differential roles during induction and maintenance phases of hippocampal late phase of 

long-term potentiation (L-LTP) (Dong et al., 2008).

Evidence for functional significance of local roles of the proteasome came from studies on 

hippocampal late phase LTP (L-LTP). Investigations by Dong et al showed that the 
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proteasome inhibitor application to hippocampal slices prior to induction of L-LTP caused 

an increase in the magnitude of the early, induction phase but an inhibition of the late, 

maintenance phase (Dong et al., 2008). What is the basis of these differential effects of the 

proteasome on phases of L-LTP? The enhancement of the early, induction phase (This early 

part of L-LTP is referred to as Ep-L-LTP for convenience) by the proteasome inhibitor β-

lactone is blocked by prior application of the translation inhibitor anisomycin but not by a 

transcription inhibitor actinomycin D. The increase in Ep-L-LTP caused by β-lactone is also 

prevented by prior application of rapamycin which blocks signaling that controls translation 

of a subset of mRNAs (Gingras et al., 2001). Moreover, Ep-L-LTP is augmented in dendrites 

isolated from the cell body by means of a surgical cut. These lines of evidence suggest that 

proteasome inhibition enhances Ep-L-LTP by stabilizing proteins locally translated from 

pre-existing mRNAs (Dong et al., 2008) (Fig. 3 top).

How does proteasome inhibition block maintenance of L-LTP? The proteasome inhibitor β-

lactone blocks maintenance of L-LTP only if applied prior to induction of L-LTP but not if 

applied 2 h after induction of L-LTP. Previous studies by others have established that the 

critical time window for transcription required for maintenance of L-LTP is 2 h (Nguyen et 

al., 1994). These results suggest that proteasome inhibition blocks maintenance of L-LTP by 

inhibiting transcription. Additional molecular evidence supports this notion. Application of 

β-lactone to hippocampal slices significantly reduced induction of BDNF (Brain-derived 
neurotrophic factor) mRNA by chemically induced LTP (cLTP) or L-LTP induced by a 

theta-burst protocol (Dong et al., 2008). BDNF is a CREB-inducible gene linked to 

maintenance of L-LTP (Barco et al., 2005).

What is the mechanism of transcription blockade caused by inhibition of the proteasome? 

One possibility is that normally the UPP aids the degradation of transcription repressors. 

Hence proteasome inhibition would result in accumulation of these repressors thus blocking 

transcription. In support of this idea, it was found that a CREB repressor ATF4 is degraded 

by the UPP during cLTP and β-lactone application to hippocampal slices prevents 

degradation of ATF4. Furthermore, ATF4-ubiquitin conjugates accumulate during cLTP 

when proteasome is inhibited (Dong et al., 2008) (Fig. 3 bottom).

These studies have also revealed the changing role of the proteasome even in dendrites 

through progression of L-LTP. Application of β-lactone to isolated dendrites also blocks 

maintenance of the dendritic L-LTP (Dong et al., 2008). Under these conditions, there is no 

supply of newly transcribed mRNA from the cell body. Thus blockade of transcription by 

proteasome inhibition does not explain this phenomenon. The most likely possibility is that 

proteasome inhibition leads to a slow accumulation of translation repressors in dendrites. 

Buildup of translation repressors would also occur in the cell body which would hinder 

translation of newly transcribed mRNAs. Thus late stages of translation in both dendrites 

and the cell body would be blocked by stabilization of translation repressors by proteasome 

inhibition. In support of this idea, confocal microscopy experiments at various time points 

after L-LTP induction showed that proteasome inhibition causes accumulation of 

translational activators eukaryotic initiation factors 4E (eIF4E) and eukaryotic elongation 

factor 1A (eEF1A) early during L-LTP (Dong et al., 2014). Translational repressors such as 

polyadenylate-binding protein interacting protein 2 (Paip2) and eukaryotic initiation factor 
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4E-binding protein 2 (4E-BP2) buildup at later stages of L-LTP in response to proteasome 

inhibition (Dong et al., 2014). Other negative regulators of translational repressors such as 

Mov10 might be stabilized by proteasome inhibition as well. For example, in cultured 

hippocampal neurons Mov10, which inhibits translation of key plasticity-related mRNAs 

such as that of CaMKIIα, is degraded by the proteasome in an NMDA- and activity- 

dependent manner (Banerjee et al., 2009). The requirement for coordination between protein 

synthesis and proteasome-mediated degradation has also been reported for induction of 

mGluR-dependent LTD (Klein et al., 2015).

Other studies have investigated the effect of proteasome inhibition on LTP. Although these 

studies reported reduction in magnitude of LTP by proteasome inhibitors, they failed to 

discover differential dendritic and nuclear functions of the proteasome in LTP perhaps 

because one study used MG-132 (Karpova et al., 2006) which is not a highly specific 

proteasome inhibitor (Chain et al., 1999; Tang and Leppla, 1999) and the other used 

proteasome inhibitors lactacystin and epoxomycin at nanomolar concentration (Fonseca et 

al., 2006) which is significantly lower than the effective concentration (micromolar) required 

to block proteasome activity.

5.1.3. Evidence for local roles of the proteasome in other model systems—
Evidence from other studies using cultured rat hippocampal neurons showed dynamic local 

regulation of the proteasome at the dendrites. It was found that proteasome is redistributed 

from dendritic shafts to synaptic spines in an NMDAR-dependent manner. How does the 

redistribution of the proteasome occur? The experiments showed that activity only modestly 

increased the entry of the proteasome into dendritic shafts but significantly reduced their 

exit. Furthermore, the results suggested that the proteasome was sequestered persistently in 

the spines through association with cytoskeleton (Bingol and Schuman, 2006). Subsequent 

studies showed that a protein called NAC1, which is induced by psychostimulants, 

modulates the recruitment of the proteasome into the dendritic spines (Shen et al., 2007). 

Since the bulk of the evidence in this study is for the catalytic 20S core of the proteasome, it 

remains to be seen whether the recruitment of the full proteasome complex (26S) that 

degrades polyubiquitinated proteins is also regulated by NAC1. Another study has suggested 

that CaMKIIα subunit acts as a scaffold for the proteasome (Bingol et al., 2010). It is not 

clear how or if the functions of NAC1 and CaMKIIα relate to each other in sequestering the 

proteasome.

Proteasome might function to locally regulate other processes required for synaptic plasticity 

such as translation of mRNA. For example, fragile X mental retardation protein (FMRP), 

which is thought to regulate translation of a subset of mRNAs in dendrites, is regulated by 

the proteasome. Furthermore, regulation of FMRP by the proteasome appears to be critical 

for metabotropic glutamate receptor-dependent LTD (Hou et al., 2006).

6. The UPP and memory

Considering the role of the UPP in synaptic plasticity, it can be expected that the UPP would 

have a role in memory. Accordingly, experimental evidence has been accumulating in 

support for roles of the UPP in various stages memory including induction, consolidation 
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and reconsolidation. Initial results were obtained from experiments on the rat hippocampus. 

Lopez-Salon and co-workers demonstrated that bilateral infusion of lactacystin to the CA1 

region of the rat hippocampus caused total retrograde amnesia for a one-trial avoidance 

learning. They also showed that total ubiquitination increases in the hippocampus 4 h after 

the training (Lopez-Salon et al., 2001). These results are consistent with the idea that a 

decrease in some critical inhibitory proteins during long-term memory formation (Abel et 

al., 1998) is mediated by the ubiquitin-proteasome pathway.

Later studies on vertebrates suggest that the UPP may have much broader and more complex 

roles than just degrading the inhibitory constraints on long-term synaptic plasticity and 

memory such as R subunits and the CREB repressor. For example, infusion of the 

proteasome inhibitor β-lactone into the CA1 region of the hippocampus prevents extinction 

of contextual fear memory (Lee et al., 2008). Also, using infusion of lactacystin into the 

CA3 region of the hippocampus it was shown that protein degradation is important for 

consolidation as well as reconsolidation of spatial memory (Artinian et al., 2008). The 

mechanistic details as to how the UPP contributes to the extinction of fear memory or 

reconsolidation of spatial memory are not clearly understood.

In the past few years, there has been a resurgence of interest in the connection between the 

UPP and memory. Several studies have examined the role of the UPP in memory. 

Helmstetter and colleagues showed that infusion of a specific proteasome inhibitor β-lactone 

into amygdala of rats blocks fear memory. These investigators also showed a global increase 

K-48-linked polyubiquitination of proteins in response to NMDAR stimulation suggesting 

that protein degradation is required (Jarome et al., 2011). These researchers, in a different 

study, demonstrated the importance of protein degradation by the UPP in the prefrontal 

cortex in development of trace fear memory (Reis et al., 2013). Subsequently they also 

found that during development of long-term fear memory, Serine-120 phosphorylation of an 

ATPase subunit of the proteasome namely Rpt-1 occurs. They also found increase in 20S 

proteasome activity (Jarome et al., 2013). Given that Rpt1 is a subunit in the 19S RC, it is 

not clear how Rpt-1 phosphorylation leads to enhancement of 20S proteasome activity. One 

possibility is allosteric regulation of the 20S by the 19S RC although this is yet to be tested. 

Earlier, others had established that Rpt-1 phosphorylation decreases the amplitude of 

miniature postsynaptic currents in cultured rat hippocampal neurons and suggested that 

Rpt-1 phosphorylation may be important for homeostatic synaptic plasticity (Djakovic et al., 

2012).

There have been other studies on the role of the UPP both in vertebrates and invertebrates. 

For example, in the conditioned taste aversion model, long-term memory is impaired by 

infusion of the proteasome inhibitor lactacystin into amygdala and the insular cortex 

(Rodriguez-Ortiz et al., 2011). Others infused protein synthesis inhibitors anisomycin and 

proteasome inhibitor β-lactone into the CA1 region of the hippocampus of rats and tested for 

memory using novel object recognition task. This study showed that the proteasome 

inhibitor did not have an effect on memory consolidation and reconsolidation but was able to 

reverse the impairment of these processes caused by inhibition of protein synthesis (Furini et 

al., 2015). Other investigations have implicated a role for a deubiquitinating enzyme USP14 

(Jarome et al., 2014) and the ubiquitin ligase APC (Kuczera et al., 2011) in memory in 
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vertebrates. A study carried out on honey bees showed that drugs that inhibit the proteasome 

enhance memory formation (Felsenberg et al., 2014) which is an opposite result compared to 

that obtained in vertebrate model systems. This may be a case of the drugs affecting 

proteasome in one part of the circuitry more than the others (i.e. local effects). Given the 

complex nature of the role of the UPP in synaptic plasticity and memory, only deep 

mechanistic investigations can resolve such discrepancies.

How might the UPP regulate memory consolidation? One possibility is that the UPP 

regulates gene expression critical for memory. For example, ubiquitin-proteasome-mediated 

degradation of transcription repressors might facilitate initiation of transcription. For 

example, gene expression pathway mediated by CREB requires the removal of repressors. In 

Aplysia a CREB repressor called CREB1b is degraded by the UPP during LTF (Upadhya et 

al., 2004) as described elsewhere in this review. A second CREB repressor called CREB2 is 

an important negative regulator of LTF (Bartsch et al., 1995). The mammalian counterpart of 

CREB2 called ATF4 is polyubiquitinated and is degraded by the proteasome during 

chemically induced long-lasting LTP in the mouse hippocampus (Dong et al., 2008). A 

repressor of another transcriptional pathway mediated by NF-κB called IκB is degraded by 

the proteasome (Yaron et al., 1998). Although transcription by the NF-κB pathway has been 

implicated in some forms of memory (Meffert et al., 2003), its contribution to memory-

forming gene expression relative to the CREB pathway remains unclear.

The UPP might have other roles in memory such as reconsolidation. It has been argued that 

protein degradation by the UPP is necessary for making memories labile before the 

reconsolidation process occurs (Sol Fustinana et al., 2014). Although this argument makes 

intuitive sense, much remains to be learned about how proteolysis relates to the lability of 

memory. Progress in this regard is beginning to be made. A recent study showed that 

phosphorylation of Rpt6 by the proteasome by CaMKII is critical for memory 

destabilization after retrieval (Jarome et al., 2016). To advance towards a thorough 

mechanistic understanding of the role of the UPP in memory, additional studies pursuing 

specific substrates and integrating molecular, electrophysiological and behavioral 

approaches in the same experimental model system would be necessary.

7. The UPP and diseases of the synapse

Apart from the numerous roles of in normal synaptic function, the UPP has also been linked 

to synaptic malfunction observed in many diseases and disorders of the brain. Deficiencies 

in the UPP are believed to play some role in development of Alzheimer’s disease (AD) 

(Gentier and van Leeuwen, 2015; Upadhya and Hegde, 2007), Parkinson’s disease (PD) 

(Atkin and Paulson, 2014) and Huntington’s disease (HD) (Ortega and Lucas, 2014). 

Because of its role in synaptic plasticity the UPP may also play a role in synaptic defects 

underlying cognitive impairment observed in these diseases.

Deficits in synaptic plasticity and its association with the UPP is better understood in AD 

compared to PD and HD. Cognitive defects observed early in AD likely occur because of 

synaptic failure (Selkoe 2002). In mouse models of AD, deficits in LTP and memory are 

known to occur and have been shown to correlate well with accumulation of Aβ (Hsiao et 
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al. 1996). Ubiquitin immunoreactivity is found in plaques and tangles of AD brains. 

Blockade of the UPP in the neurons of AD brains might be responsible for accumulation of 

ubiquitinated proteins (Upadhya and Hegde, 2005; 2007). Although how the UPP connects 

to AD pathology and cognitive impairment is not understood, some hints regarding the role 

of the UPP in AD have been discovered. For instance, application of oligomeric Aβ inhibits 

LTP which can be rescued by treatment with exogenous Uch-L1 (mammalian homolog of 

Ap-uch). In AD model mice carrying amyloid precursor protein and presenilin1 transgenes, 

deficits in LTP and memory can also be rescued by treatment with exogenous Uch-L1(Gong 

et al., 2006).

Evidence for directly connecting the UPP to pathogenesis of AD came from the observation 

that the brains of some AD patients contained an aberrant form of ubiquitin that has 20 

additional amino acids at its C-terminus (UBB+1) (van Leeuwen et al., 1998). Postnatal 

expression of UBB+1 in neurons of transgenic mice showed proteasome dysfunction and 

deficits in contextual memory (Fischer et al., 2009). Given that proteasome inhibition 

throughout the neuron blocks maintenance of L-LTP because it hinders transcription and 

sustained translation (Dong et al., 2008), it is interesting to speculate that the memory 

deficits in the UBB+1 mice result from impaired synaptic plasticity owing to neuron-wide 

proteasome dysfunction.

Another type link between the UPP and neurodegeneration has also been reported. It was 

shown that another cellular degradative process, autophagy, utilizes an enzymatic pathway 

similar to ubiquitin conjugation which attaches ubiquitin-like proteins such as Atg12 to 

some proteins that regulate the autophagic process (Nakatogawa et al., 2009). In autophagy, 

a double membrane vesicle (called the autophagosome) engulfs parts of the cytoplasm or 

organelles and delivers it to the lysosome. Ubiquitination has also been found to be linked to 

autophagy. In SH-SY5Y cells, Lys-63-linked polyubiquitination promotes inclusion bodies 

which are cleared by autophagy (Tan et al., 2008). In addition, it was observed that parkin, 

which is an E3 ligase, promotes Lys-63-linked polyubiquitin chain attachment to misfolded 

proteins. Lys-63-polyubiquitin chain seems to serve as a signal to couple the misfolded 

proteins to dynein motor complex through histone deacetylase 6 (which serves as an 

adaptor) and thus aiding in sequestration of misfolded proteins into specialized inclusion 

bodies called aggresomes which are cleared by autophagy (Olzmann and Chin, 2008). A 

subsequent study found that autophagy promotes synapse development in Drosophila (Shen 

and Ganetzky, 2009). The UPP and autophagy might work in concert to remove aggregated 

proteins observed in many neurodegenerative disease (Ciechanover and Kwon, 2015). It 

remains to be seen whether autophagy is connected to synaptic malfunction observed in 

neurodegenerative diseases.

8. Other proteolytic pathways that play a role in synaptic plasticity and 

memory

In addition to the UPP, two other cellular proteolytic mechanisms are known to play a role in 

synaptic plasticity and memory: the lysosomal pathway and autophagy. It must be noted that 

both of these degradation mechanisms do have connection to the UPP.
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8.1. Roles of the lysosome in synaptic plasticity and memory

A major way in which the lysosome participates in synaptic plasticity and memory is 

through control of the number of neurotransmitter receptors on the plasma membrane. As 

described elsewhere in this article, the receptors that undergo endocytosis through ubiquitin 

signaling can either be recycled back to the plasma membrane or routed to the lysosome for 

degradation. Therefore, any effect on neurotransmitter receptors such as glutamate receptors 

or GABA receptors would affect synaptic strength and plasticity. A study carried out several 

years ago showed that in cultured rat hippocampal neurons, kainate receptors (KRs) undergo 

endocytosis in response to stimulation by kainate (Martin and Henley, 2004). The 

internalization of KRs in response to kainate stimulation is Ca2+- and PKC- dependent and 

the internalized KRs are targeted to lysosomes for degradation. Activation of NMDARs, 

however, results in Ca2+- and PKA- dependent endocytosis of KRs and recycling of the KRs 

back to the plasma membrane (Martin and Henley, 2004).

There have been some mechanistic studies using stimulation of cultured rat neurons NMDA 

and other reagents. It was found that stimulation of NMDARs caused dephosphorylation of a 

DUB called Usp8. This leads to recycling of the AMPARs that have been endocytosed as a 

result of ubiquitination by the ligase Nedd4–1. The same study also showed that increased 

synaptic activity through prolonged bicuculline treatment reduced Usp8 levels and caused an 

increase in the recruitment of Nedd4–1 at synapses and consequent enhancement in 

ubiquitination of AMPARs and trafficking of the endocytosed receptors to the lysosome for 

degradation (Scudder et al., 2014).

The number of inhibitory neurotransmitter receptors such as GABAA receptors at synaptic 

sites is controlled by lysosomal degradation as well. This was demonstrated using behavioral 

adaptation in the worm C. elegans to acute exposure of GABAA agonist muscimol (Davis et 

al., 2010). Initially the worms are paralyzed because of hyperpolarization of postsynaptic 

cells. After several hours of exposure to muscimol the worms adapt. Using 

electrophysiological recordings and visualization through immunofluorescence it was shown 

that during adaptation GABAA receptors are selectively removed from synaptic sites and are 

routed to the lysosome for degradation. The role of lysosome in GABAA receptor 

degradation was established based on the fact that the mutant worms with a defect in 

lysosomal function have elevated levels of synaptic GABAA receptors (Davis et al., 2010).

The role of the lysosome in memory has not been investigated much. There is a study in 

Drosophila, however, showing a link between lysosomal degradation and long-term 

olfactory memory. A genetic screen to identify new genes with a role in memory revealed 

that a gene called debra is linked to long-term memory (Kottler et al., 2011). Previous results 

had established that debra protein functions to induce polyubiquitination of a protein called 

Ci and directs it to the lysosome for degradation (Dai et al., 2003). The exact role of debra in 

lysosomal trafficking of Ci is not clear because debra in neither a ligase not does it have any 

homology to any other enzymes of the UPP. It has been suggested that Ci ubiquitination is 

mediated by Slimb, a protein containing F-box/WD40 repeats. The vertebrate homolog of 

Slimb is βTrCP which is part of an SCF ligase. Dai et al suggested that debra possibly binds 

to the ligase complex that ubiquitinates Ci (Dai et al., 2003). Even though these results 

provide a hint for possible function of debra in the Drosophila mushroom bodies in 
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mediating long-term memory, much remains to be learned regarding the molecular 

mechanisms by which debra contributes to long-term memory.

8.2 Roles of autophagy in synaptic plasticity and memory

There are three main types of autophagy: macroautophagy, microautophagy and chaperone-

mediated autophagy. Macroautophagy is an elaborate process comprising the formation of a 

double-membraned structure called the autophagosome which can fuse with the lysosome. 

In microautophgy, the lysosome directly takes up cytosolic components through invagination 

of its membrane. Chaperone-mediated autophagy denotes translocation of unfolded proteins 

across the lysosomal membrane with the aid of chaperones such as heat shock proteins. The 

focus in this article is on macroautophagy (henceforth referred to as “autophagy”) which 

requires the action of many proteins some of which are functionally akin to the enzymes of 

the UPP. The molecules that regulate autophagy (Atg proteins) were originally discovered in 

yeast (Mizushima et al., 2011). Since then, orthologues of Atg proteins have been discovered 

in other organisms.

Although there have not been many systematic investigations on the roles of autophagy in 

synaptic plasticity, some studies indicate a role for autophagy in phenomena such as LTP 

and LTD. Investigations on streptozotocin-induced diabetes in mice showed that LTP 

impairment in diabetic mice was exacerbated in the presence of an inhibitor of autophagy 

called 3-methyl adenine (Li et al., 2016). In the context of chemically induced LTD, it has 

been shown that neuronal stimulation induces autophagy (Shehata et al., 2012). When 

chemical LTD is induced by low doses of NMDA, a marker of autophagosome formation 

called light chain protein 3-II (LC 3-II) increases along with the number of auophagosomes. 

The increase in LC 3-II is coincides with dephosphorylation of Akt and mammalian target of 

rapamycin and degradation of GluR1, an AMPA receptor subunit. RNA interference-

mediated knockdown of ATG7, an enzyme which is like E1 of the UPP and is critical for 

formation of auophagosomes, blocks autophagy induced by chemical LTD (Shehata et al., 

2012).

There have been some studies on relating autophagy to memory. A CNS-specific knockout 

of the Wdr45 gene (one of the orthologues of yeast Atg18), whose protein product has an 

essential function in autophagosome formation, leads to memory impairment as judged by 

performance in Morris water maze and contextual fear conditioning. Mutations in the human 

WDR45 cause a type of neurodegeneration called β-propeller associated neurodegeneration 

which is characterized by cognitive impairment (Haack et al., 2012; Hayflick et al., 2013; 

Saitsu et al., 2013). Therefore, it is likely that autophagy has a role in memory formation in 

humans as well. In the study on diabetic mice, it was found that spatial memory was not 

impaired but spatial reversal memory was and the memory impairment was exacerbated by 

inhibition of autophagy (Li et al., 2016). Even though these results are suggestive of the link 

between autophagy and memory, the caveat is that the studies were conducted in the context 

of diabetes. Definitive conclusion on the role of autophagy in memory will have to await 

CNS-specific and conditional suppression of molecules critical for autophagy.

The connection between autophagy and memory was observed in another model organism, 

Drosophila. It was found that spermidine ameliorates age-related memory impairment and 
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this beneficial effect on memory requires autophagy (Gupta et al., 2013). Spermidine is a 

naturally occurring polyamine with pleiotropic effects on cells. Previous research showed 

that spermidine promotes longevity in yeast cells and one of the mediators of spermidine’s 

effect is autophagy (Eisenberg et al., 2009). Although these results suggest a role for 

autophagy in memory and the mechanisms are likely to be evolutionarily conserved, it 

would be necessary to test the effects of compounds such as spermidine in vertebrate model 

systems of memory.

9. Looking ahead

Despite numerous investigation into the roles of ubiquitin-proteasome-mediated proteolysis 

in synaptic plasticity and memory, there are many open questions. An important area of for 

future investigation is likely to be elucidation of mechanisms that determine the spatial and 

temporal regulation of proteolysis in the nervous system. Although many substrates in the 

nervous system have been identified, roles for many more are likely to be revealed. Function 

of the UPP in wiring and fine-tuning the nervous system has not been investigated much and 

needs to be explored. Studies on the roles of the UPP in memory would benefit from genetic 

manipulations such as gene editing. Connections between the UPP and neurodegenerative 

diseases will also likely to be a fruitful area of research because of the potential for 

therapeutic development.
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HIGLIGHTS

• Proteolysis plays a role in changing synaptic strength.

• Ubiquitin-proteasome pathway has a major role in synaptic plasticity and 

memory.

• Local regulation of proteolysis is critical for synaptic plasticity.

• Protein degradation in neurons also occurs through the lysosome and 

autophagy.

• Dysregulation of proteolysis could lead to diseases and disorders of the brain.
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Fig. 1. 
The ubiquitin-proteasome pathway. In this proteolytic pathway, ubiquitin (single ubiquitin 

molecule is represented by open circles with straight tails) is selectively and covalently 

attached to the substrate. The enzymatic process of attaching ubiquitin to substrates depends 

on the action of three different classes of enzymes E1, E2 and E3. First, ubiquitin is 

activated by E1 to form a ubiquitin-AMP intermediate. Activated ubiquitin (closed circles 

with straight tails) is passed on to E2 (ubiquitin carrier enzymes). E2s transfers ubiquitin to 

an E3 (ubiquitin ligase) which ligates the activated ubiquitin to the substrate. To the 

ubiquitin attached to substrate another ubiquitin is attached and thus through successive 

linkages of ubiquitin a polyubiquitin chain forms. Polyubiquitinated substrates are degraded 

by a multi-subunit proteolytic complex called the 26S proteasome in an ATP-dependent 

reaction. Ubiquitin is not degraded but the polyubiquitin chain is disassembled and ubiquitin 

is recycled by deubiquitinating enzymes (DUBs). Before being committed to be degraded by 

the proteasome, ubiquitination is reversible. DUBs can disassemble the polyubiquitin chain 

if a substrate is ubiquitinated erroneously and prevent the degradation of the substrate.
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Fig. 2. 
Role of the ubiquitin–proteasome pathway in long-term facilitation in Aplysia. When 

sensory neurons are stimulated with the neurotransmitter serotonin (5-HT), which induces 

long-term facilitation, R subunits of protein kinase A (PKA) are ubiquitinated and degraded 

by the proteasome, making the kinase persistently active. The catalytic subunit of PKA (blue 

circle) translocates to the nucleus and phosphorylates cAMP response element binding 

protein 1a (CREB1a), the activator form of CREB. Concomitantly, the repressor form of 

CREB, CREB1b, is degraded by the ubiquitin–proteasome pathway. Protein kinase C 

(PKC), which is also activated by 5-HT-mediated signaling, stimulates ubiquitin conjugation 

to CREB1b and subsequent degradation. AC, adenylyl cyclase; PLC, phospholipase C.
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Fig. 3. 
Dissimilar local roles of the proteasome in dendrites and in the nucleus during L-LTP.

(Top)-Proteasome Active: The proteasome in dendrites is highly active, translational 

activators such as eIF4E are degraded (broken green spheres) and protein substrates that 

positively regulate L-LTP are degraded (broken spheres). Therefore extent of L-LTP is 

limited and only normal L-LTP ensues. A retrograde signal is likely transmitted to the 

nucleus. Proteasome aids transcription of genes by degrading the CREB repressor ATF4 

(broken squares in the nucleus) thus allowing for normal L-LTP maintenance. The 

proteasome also enables histone modifications (Normal histone modi.). Transcribed mRNAs 

(triangles) travel to activated synapses.

(Bottom)-Proteasome Inactive: When the proteasome is inhibited (indicated by X marks on 

the proteasome), translational activators are stabilized (intact green spheres) leading to 

increased protein synthesis in dendrites. Also the newly synthesized proteins in dendrites are 
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stabilized (intact spheres) and L-LTP-inducing stimulation protocols dramatically increase 

(upward arrow) the early part of L-LTP (Ep-L-LTP). Proteasome inhibition obstructs CREB-

mediated transcription by preventing the degradation of transcription repressor ATF4 (intact 

squares in the nucleus). Proteasome inhibition could inhibit the generation of the retrograde 

signal as well. Therefore, L-LTP is not maintained but decays (downward arrow). 

Proteasome inhibition also perturbs histone modifications (Abnormal histone modi.). In 

addition, proteasome inhibition causes failure of sustained translation because of 

stabilization of translation repressors such as 4E-BP (intact red spheres) which accumulate 

after induction of L-LTP thus contributing to blockade of L-LTP maintenance [Modified 

from (Hegde et al., 2014)].
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