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Abstract

Numerous studies have supported the idea that de novo protein synthesis is critical for synaptic
plasticity and normal long-term memory formation. This requirement for protein synthesis has
been shown for several different types of fear memories, exists in multiple brain regions and
circuits, and is necessary for different stages of memory creation and storage. However, evidence
has recently begun to accumulate suggesting that protein degradation through the ubiquitin—
proteasome system is an equally important regulator of memory formation. Here we review those
recent findings on protein degradation and memory formation and stability and propose a model
explaining how protein degradation may be contributing to various aspects of memory and
synaptic plasticity. We conclude that protein degradation may be the major factor regulating many
of the molecular processes that we know are important for fear memory formation and stability in
the mammalian brain.
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1. Introduction

Pavlovian fear memories are formed when a neutral conditional stimulus (CS) is paired with
an aversive unconditional stimulus (UCS). As a result of learning this association, the CS
will acquire the ability to elicit a fear response. Memories formed through Pavlovian
conditioning are thought to go through several stages that allow for their creation, storage
and modification. Acquisition occurs when the animal is first exposed to the stimuli and
their programmed relationship and this newly formed memory will remain in a labile state
for a brief period of time following the acquisition period. The memory is then transferred,
through a process known as memory consolidation, into a stable state in which it is no
longer susceptible to disruption (McGaugh, 2000). However, upon retrieval a once
consolidated memory “destabilizes” and enters a new labile phase known as memory
reconsolidation (Nader, Schafe, & LeDoux, 2000). The reconsolidation process is believed
to be dynamic and allows new information to be incorporated into the existing trace, which
can strengthen (Inda, Muravieva, & Alberini, 2011; Lee, 2008) or weaken (Agren et al.,
2012; Clem & Huganir, 2010; Lee et al., 2008; Monfils, Cowansage, Klann, & LeDoux,
2009; Rao-Ruiz et al., 2011; Schiller et al., 2010) the original memory. Additionally, after
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repeated presentations of the CS without the UCS, memories can also undergo extinction.
The extinction process is believed to include the formation of a new inhibitory memory that
reduces responding the CS without erasing the original excitatory CS-UCS association and
this is largely regulated by synaptic plasticity in the infralimbic region of the prefrontal
cortex and the amygdala (Myers & Davis, 2007). Like fear memory consolidation and
reconsolidation, the extinction consolidation process is a distinct phase characterized by the
formation of a new inhibitory memory that requires synaptic alterations in multiple brain
regions.

Pavlovian fear memories are formed and stored in multiple brain regions, and the specific
regions recruited depend largely on the type of memory acquired (Helmstetter, Parsons, &
Gafford, 2008). In general, many of these memories require de novo protein synthesis in the
amygdala for their long-term storage. For example, infusions of protein synthesis inhibitors
directly into the amygdala can disrupt contextual (Jarome, Werner, Kwapis, & Helmstetter,
2011; Parsons, Gafford, & Helmstetter, 2006), auditory delay (Jarome et al., 2012; Nader et
al., 2000; Parsons Gafford, Baruch, Riedner, & Helmstetter, 2006; Parsons, Gafford, &
Helmstetter, 2006; Schafe & LeDoux, 2000; Schafe, Nadel, Sullivan, Harris, & LeDoux,
1999) and trace (Kwapis, Jarome, Schiff, & Helmstetter, 2011) fear memories, conditioned
taste aversion memories (Bahar, Samuel, Hazvi, & Dudai, 2003) as well as fear potentiated
startle (Yeh, Mao, Lin, & Gean, 2006). Inhibiting protein synthesis in the hippocampus can
disrupt the long-term storage of contextual fear memories (Bourtchouladze et al., 1998;
Gafford, Parsons, & Helmstetter, 2011; Lee et al., 2008) while infusion of protein synthesis
inhibitors in the auditory thalamus disrupts auditory delay fear memories (Parsons, Riedner,
Gafford, & Helmstetter, 2006) and conditioned taste aversion memories are disrupted by
blocking protein synthesis in the insular cortex (Moguel-Gonzalez, Gomez-Palacio-
Schjetnan, & Escobar, 2008). Additionally, inhibiting the atypical PKC isoform PKMC( can
disrupt long-term memory for auditory delay and contextual fear memories and fear
potentiated startle in the amygdala (Kwapis, Jarome, Gilmartin, & Helmstetter, 2012;
Kwapis, Jarome, Lonergan, & Helmstetter, 2009; Migues et al., 2010; Parsons & Davis,
2012; Serrano et al., 2009), aversive spatial memories in the hippocampus (Pastalkova et al.,
2006), and conditioned taste aversion memories in the insular cortex (Shema, Sacktor, &
Dudai, 2007; Shema et al., 2011), suggesting that fear memories are stored throughout many
different brain regions.

Consistent with these results, manipulation of several signaling pathways “upstream” of
protein synthesis impairs fear memory formation when applied following acquisition and
stability when applied following retrieval. For example, inhibiting NMDA receptor activity
impairs the long-term storage of auditory delay fear and contextual fear memories
(Rodrigues, Schafe, & LeDoux, 2001) and fear potentiated startle (Walker & Davis, 2000) in
the amygdala, trace and contextual fear memories in the medial prefrontal cortex (Gilmartin
& Helmstetter, 2010) and hippocampus (Czemiawski, Ree, Chia, & Otto, 2012), and
conditioned taste aversion memories in the insular cortex (Escobar, Alcocer, & Chao, 1998).
Inhibiting transcriptional control pathways such as protein kinase A (PKA), protein kinase
C, ERK/MAP kinase, CaMKII, and CREB, as well as new mRNA synthesis impairs fear
memory formation following acquisition and stability following retrieval in multiple brain
regions (e.g., Abel et al., 1997; Adams & Sweatt, 2002; Atkins, Selcher, Petraitis, Trzaskos,
& Sweatt, 1998; Bailey, Kim, Sun, Thompson, & Helmstetter, 1999; Duvarci, Nader, &
LeDoux, 2005; Kida et al., 2002; Rodrigues, Farb, Bauer, LeDoux, & Schafe, 2004; Schafe
& LeDoux, 2000; Selcher, Weeber, Varga, Sweatt, & Swank, 2002; Tronson, Wiseman,
Olausson, & Taylor, 2006). As a result, one current model of memory consolidation
proposed by Johansen, Cain, Ostroff, and LeDoux (2011) suggests that activation of NMDA
receptors during acquisition critically triggers changes in the activity of a number of
intracellular signaling pathways which regulate increases in gene transcription and new
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protein synthesis necessary for the synaptic changes important for fear memory formation.
However, this model does not account for the possibility that protein degradation may also
be necessary for learning-induced synaptic plasticity.

The majority of protein turnover in eukaryotes is controlled by the ubiquitin—proteasome
system (UPS), which has both proteolytic and non-proteolytic functions. The UPS is
involved in a number of cellular processes, including cell-cycle progression, transcription,
apoptosis and synaptic plasticity. Recently, evidence has begun accumulating suggesting
that protein degradation may be a critical regulator of memory formation and stability in the
mammalian brain. Here, we review the published studies on the role of protein degradation
and memory and propose a model of how ubiquitin—proteasome mediated protein
degradation may be regulating long-term memory storage.

2. The ubiquitin—proteasome system

The ubiquitin—proteasome system is a complex network of ubiquitin ligases and
interconnected proteasome structures that targets proteins for proteasome-dependent
proteolysis. The ubiquitin—proteasome system has been reviewed extensively by others
(Bingol & Schuman, 2005; Bingol & Sheng, 2011; Fioravante & Byrne, 2011; Geng,
Wenzel, & Tansey, 2012; Hegde, 2010; Mabb & Ehlers, 2010; Patrick, 2006; Tai &
Schuman, 2008; Yi & Ehlers, 2005), but generally proteins become targeted for degradation
through the coordinated actions of many different ubiquitin ligases (Fig. 1). This occurs in a
three step process where free ubiquitin is first activated by an E1 enzyme. Next, the
ubiquitin modifier is conjugated to its target protein by the coordinated actions of an
ubiquitin-conjugating enzyme (E2) and an ubiquitin—protein ligase (E3). There are hundreds
of known E3 ligases which can target a few to many different proteins for degradation,
providing a mechanism by which the UPS can control the degradation of a specific class of
proteins. While proteins can acquire a single ubiquitin, thus becoming monoubiquitinated,
most proteins acquire several ubiquitin tags. This process of polyubiquitination can result in
a target protein being tagged by 2—7 different ubiquitin modifiers. Generally, those that
acquire four or more ubiquitin modifiers will provide the maximal signal for degradation.
However, this is also dependent on the type of polyubiquitin tag a target protein receives.
Polyubiquitin tags form when each ubiquitin modifier links together at specific lysine
residues on the first ubiquitin, and lysine-48 linkage is thought to provide the maximal
signal for degradation. Once this ubiquitination process is complete, the target protein can
then be recognized and degraded by the 26S proteasome complex.

The 26S proteasome complex (Fig. 2) is a multi-subunit structure that consists of a 20S
catalytic core and two 19S regulatory particles (for review, see Bedford, Paine, Sheppard,
Mayer, & Roelofs, 2010). The 19S caps can be divided into lid and base complexes. The
19S lid contains deubiquitinating enzymes and the Rpn10/S5a subunit, which has been
shown to bind polyubiquitinated proteins that contain the proper chain length and linkage for
degradation (Wang, Young, & Walters, 2005). The base of the 19S complex contains the six
ATPase subunits of the proteasome complex, known as Rpt1-6, and four non-ATPase
subunits. The Rpt subunits regulate the activity of the 20S core through an ATP-dependent
process and are believed to regulate protein unfolding. The catalytic core of the proteasome
contains two outer rings of a subunits (1-7) and two inner rings of b subunits (1-7). The
three types of proteolytic activity, chymotrypic-, trypic- and peptidylglutamyl peptide
hydrolysing-like activities, are regulated by the 1, 2, and 5 subunits. The 19S proteasome
recognizes polyubiquitinated proteins and shuttles them into the 20S core for degradation,
making the 26S proteasome capable of recognizing, binding, deubiquitinating, unfolding and
degrading polyubiquitinated proteins all within its self-compartmentalized structure.
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3. The role of protein degradation in activity-dependent synaptic plasticity

A number of studies support a role for protein degradation in activity-dependent synaptic
plasticity. These studies have been reviewed extensively elsewhere (e.g., Mabb & Ehlers,
2010) but some of the recent findings are discussed here. Ehlers (2003) demonstrated that
chronic stimulation or inhibition of cultured hippocampal neurons resulted in dynamic
changes in the protein composition of the postsynaptic density (PSD). He found that many
of these changes were largely regulated by increases or decreases in polyubiquitination and
subsequent proteasome-dependent degradation of proteins in the PSD. Consistent with this,
inhibiting proteasome activity not only reversed many of these changes to the synaptic
structure, but also affected the activity of other signaling molecules such as CREB.
Furthermore, synaptic stimulation causes redistribution of proteasomes from the dendritic
shaft to the spine, and the redistributed proteasomes subsequently become more active
(Bingol & Schuman, 2006). This redistribution of proteasomes following synaptic excitation
is largely regulated by CaMKII, which acts as a scaffold to recruit proteasomes to dendritic
spines (Bingol et al., 2010). Once at the spines, CaMKII then phosphorylates the proteasome
regulatory Rpt6 on Serine 120 (S120), leading to increases in proteasome activity.
Consistent with this, CaMKII has been shown to target S120 /n vtiro (Djakovic, Schwarz,
Barylko, DeMartino, & Patrick, 2009) and increases in CaMKII phosphorylation at Thr-286
enhances phosphorylation of S120 (Djakovic et al., 2012). Transfecting cells with a
phospho-dead S120 reduced the activity-dependent accumulation of proteasomes to the
PSD, suggesting that phosphorylation of S120 is necessary for tethering of proteasomes to
postsynaptic scaffolds, and enhancing or inhibiting S120 phosphorylation can mimic
changes in synaptic strength that result from chronic stimulation or inhibition of cultured
hippocampal neurons (Djakovic et al., 2012). Supporting this, the activity-dependent growth
of new dendritic spines requires phosphorylation of S120 (Hamilton et al., 2012). Despite
evidence that both CaMKII and PKA phosphorylate S120 (Djakovic et al., 2009; Zhang et
al., 2007), this proteasome-dependent increase in spine growth was sensitive to CaMKII but
not PKA inhibitors and required association of CaMKII with NMDA receptors. These
results suggest that stimulation of NMDA receptors increases protein polyubiquitination and
leads to increases in CaMKII phosphorylation. CaMKII then regulates redistribution of
proteasomes to dendritic spines where it phosphorylates Rpt6 at Serine 120. Phosphorylation
of S120 leads to increases in proteasome stability at synapses and increases in proteasome
activity, which degrades the polyubiquitinated proteins at the PSD. This change in the
synaptic structure then promotes the growth of new dendritic spines, though the mechanisms
by which this occurs remain unknown.

Protein degradation has been also been shown to be important for long-term potentiation
(LTP) and long-term depression (LTD), although some of the results are conflicting.
Proteasome inhibitors have been shown to enhance or inhibit early LTP (E-LTP), while
some studies have reported no effect of these same manipulations (Dong, Upadhya, Ding,
Smith, & Hegde, 2008; Fonseca, Vabulas, Hartl, Bonhoeffer, & Nagerl, 2006; Karpova,
Mikhavlova, Thomas, Knopfel, & Behnisch, 2006). However, these same studies showed
that late LTP (L-LTP), which requires gene transcription and protein synthesis, is sensitive
to proteasome inhibitors. Interestingly, simultaneously inhibiting protein degradation and
protein synthesis during L-LTP rescues the loss of LTP that would normally occur by
blocking either one of these mechanisms individually (Fonseca et al., 2006). This suggests
that L-LTP may depend on a balance between protein synthesis and protein degradation.
Additionally, inhibiting proteasome activity in the hippocampus impairs both NMDA-
dependent and metabotropic glutamate receptor-dependent LTD (Colledge et al., 2003;
Deng & Lei, 2007; Hou et al., 2006), though not all studies have found these effects (Citri,
Soler-Llavina, Bhattacharyya, & Malenka, 2009; Mao, Lin, & Gean, 2008). As a result it
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remains unclear under what circumstances protein degradation is necessary for E-LTP and
LTD, though it does seem to be critical for L-LTP.

Some of the earliest work implicating protein degradation in learning-dependent synaptic
plasticity came from experiments examining long-term facilitation (LTF) in Aplysia. A
series of experiments by Hegde, Goldberg, and Schwartz (1993) demonstrated that PKA
regulatory subunits, which become dissociated from their catalytic subunits during the
induction of LTF, were targeted by the UPS for degradation. Additionally, the
deubiquitinating enzyme Ap-uch, which interacts with the proteasome, was induced by the
same treatment that induces LTF and injection of antibodies or antisense oligonucleotides
that targeted Ap-uch on the sensory-motor synapses blocked the induction of LTF (Hegde et
al., 1997). A follow-up study then demonstrated that a proteasome inhibitor could indeed
prevent the induction of LTF (Chain et al., 1999). These results provided the first evidence
that protein degradation may be involved in memory formation, though the first evidence of
this in mammals was not reported until several years later.

4. Protein degradation and memory

While numerous studies have supported a role for NMDA-receptor mediated plasticity and
de novo protein synthesis in the formation and stability of long-term fear memories, only
recently have researchers begun to examine the importance of ubiquitin— proteasome
mediated protein degradation in memory storage. While some of the results have been
conflicting, in general there is now convincing evidence that protein degradation is a critical
regulator of long-term memory formation and storage in the mammalian brain. Here, we
review those recent studies highlighting the requirement for protein degradation in memory
consolidation, reconsolidation and extinction.

4.1. Memory consolidation

In mammals, several labs have studied the role of protein degradation in memory
consolidation, reconsolidation and extinction. The first evidence that protein degradation
may be involved in memory consolidation came from Lopez-Salon et al. (2001) who found
that a proteasome inhibitor infused into the dorsal hippocampus impaired the consolidation
of an inhibitory avoidance (IA) memory. They found that IA training lead to an increase in
polyubiquitination and proteasome trypsin-like activity, and that one potential target of the
proteasome was the Inhibitory Kappa B (IkB) protein, an inhibitor of the nuclear factor
kappa B (NF-kB) signaling pathway. They did not find any change in the PKA regulatory
subunit, suggesting that it may not be a target of the proteasome during 1A memory
consolidation. However, this result was challenged several years later by a study examining
context fear memory consolidation in the hippocampus (Lee et al., 2008). Using a Sba-
fusion protein, which can specifically recognize and bind polyubiquitinated proteins for
degradation, they found that protein polyubiquitination was increased in the dorsal
hippocampus following context fear conditioning, however, a proteasome inhibitor applied
to the CA1 region of the hippocampus post-conditioning had no effect on long-term
memory. Consistent with this, one recent study found that conditionally knocking out Cdhl1,
which regulates the E3 ligase anaphase promoting complex/cyclosome (APC/C), in neurons
during development did not prevent mice from acquiring contextual fear conditioning or
another hippocampal-dependent spatial task (Pick, Wang, Mayfield, & Klann, 2013).
Interestingly, another study found that a hippocampus-dependent spatial memory task did
require protein degradation in the CA3 region of the hippocampus (Artinian et al., 2008),
suggesting that protein degradation may be important for the consolidation of certain
memories in the hippocampus or that there may be a region-specific requirement for protein
degradation in the hippocampus.
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While it is unclear if protein degradation is necessary for the consolidation of contextual fear
memories in the hippocampus, recent evidence suggests that it is important for the
consolidation of both auditory and contextual fear memories in the amygdala (Jarome et al.,
2011). In this study, both a S5a-fusion protein and an antibody which recognizes Lysine-48
polyubiquitination revealed that degradation-specific polyubiquitination was increased in the
amygdala following fear conditioning. These increases were learning-specific, sensitive to
NMDA receptor inhibitors, and occurred within the memory consolidation time window.
During the increases in protein degradation, there were significant increases in the
polyubiquitination of the synaptic scaffolding protein Shank and the RISC (RNA-induced
Silencing Complex) factor MOV10, two known targets of the UPS in vitro (Banerjee,
Neveu, & Kosik, 2009; Ehlers, 2003). Infusion of the proteasome inhibitor plac (clasto-
lactacystin B-lactone) into the amygdala following fear conditioning significantly impaired
memory for both the auditory cue and the context on later tests. Interestingly, these
impairments were similar to those produced by the protein synthesis inhibitor anisomycin
and simultaneous blockade of protein degradation and protein synthesis did not rescue these
impairments, suggesting that simply maintaining a balance between synthesis and
degradation is not sufficient to promote fear memory formation in the amygdala. These
results suggest that auditory and contextual fear memories likely require protein degradation
in the amygdala for their long-term storage.

Consistent with this requirement for protein degradation in the amygdala following fear
conditioning, one recent study found that conditionally knocking out Cdhl in excitatory
neurons after development lead to impairments in associative fear learning (Pick,
Malumbres, & Klann, 2013). Additionally, amygdala slices prepared from these animals had
impaired LTP and there were increased levels of Shank and NR2A following the induction
of LTP in these slices. These results suggest that this specific E3 ligase is critical for
synaptic plasticity and memory formation in the amygdala, and it may regulate these
processes by promoting the activity-and-proteasome-dependent degradation of Shank and
NR2A.

Conditioned taste aversion memories also have been shown to require protein degradation in
the amygdala and the insula cortex for their consolidation (Rodriguez-Ortiz, Balderas,
Saucedo-Alquicira, Cruz-Castaneda, & Bermudez-Rattoni, 2011) and the consolidation of
long-term memory in the crab Chasmagnathus requires proteasome activity (Merlo &
Romano, 2007), suggesting that inhibiting proteasome activity around the time of
acquisition can impair various types of memories in both vertebrates and invertebrates.
However, in some cases proteasome inhibitors can actually enhance memory. For example,
proteasome inhibitors applied into the amygdala enhance fear potentiated startle (Yeh et al.,
2006). Consistent with this, one recent study found that proteasome inhibitors enhance
classical appetitive conditioning in the honeybee (Felsenberg, Dombrowski, & Eisenhardt,
2012). Nonetheless, these studies demonstrate that protein degradation seems to play an
important role in the memory consolidation process, though whether it acts to support or
constrain memory formation varies based on the learning paradigm and model system used.

4.2. Memory reconsolidation

While a number of studies have examined the role of protein degradation in memory
consolidation, only a few have examined its role in the reconsolidation of the same
memories. One study found that retrieval of a contextual fear memory led to increases in
degradation specific polyubiquitination in the CA1 region of the dorsal hippocampus (Lee et
al., 2008). Two synaptic scaffolding proteins, Shank and GKAP, were found to be heavily
ubiquitinated during these increases in polyubiquitination, and decreases in total Shank and
GKAP followed increases in their polyubiquitination suggesting that these proteins were
being targeted for degradation by the proteasome. When the proteasome inhibitor Blac was
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applied to the CA1 region following memory retrieval it did not impair memory, but it did
rescue the memory impairments that normally results from protein synthesis blockade. This
suggested that protein degradation was involved in the initiation of the reconsolidation
process by controlling memory destabilization (Ben Mamou, Gamache, & Nader, 2006),
which induced the need for new protein synthesis in the hippocampus. In the absence of
protein degradation the original memory trace was left in a consolidated state, unable to be
modified or disrupted. Consistent with this, an elegant study by Lee (2008) demonstrated
that applying a proteasome inhibitor into the hippocampus following additional learning
would prevent memory strengthening without affecting the original memory trace.
Additionally, similar results have been reported for the updating of contextual content (Lee,
2010). However, proteasome inhibitors infused into the hippocampus following retrieval
have been shown to impair memory on a non-fearful hippocampal dependent spatial task,
suggesting that not all hippocampal dependent memories require protein degradation for
memory destabilization following retrieval, but rather some require it to restabilize memory
during reconsolidation (Artinian et al., 2008).

Protein degradation is also involved in the reconsolidation of both auditory and contextual
fear memories in the amygdala (Jarome et al., 2011). In this study retrieval of either an
auditory or contextual fear memory resulted in increases in degradation-specific
polyubiquitination in the amygdala. Similar to memory consolidation, these increases were
NMDA-dependent and the proteasome targeted the synaptic scaffolding protein Shank and
the RISC factor MOV 10. Interestingly, the peak increases in protein polyubiquitination were
observed at different times for auditory or contextual fear memory in the amygdala, with
contextual fear memory retrieval showing an earlier peak in polyubiquitination than auditory
memory retrieval. Despite this, infusions of Blac into the amygdala following memory
retrieval did not impair either memory but did rescue the memory impairments that normally
resulted from protein synthesis inhibition. This result suggests that protein degradation
regulates memory destabilization in the amygdala, an effect that was downstream of NMDA
receptor activity which has been shown to regulate memory destabilization in the amygdala
(Ben Mamou et al., 2006). However, not all fear memories that require the amygdala for
their acquisition destabilize in the amygdala following retrieval, as a proteasome inhibitor
infused into the amygdala prior to retrieval had no effect on a conditioned taste aversion
memory (Rodriguez-Ortiz et al., 2011).

Recently, a cellular model of memory reconsolidation has been proposed in Aplysia (Lee et
al., 2012). Here they found that long-term sensitization of the gill- and siphon-withdrawal
reflex became labile following retrieval, and that blocking protein degradation could prevent
the effects of a protein synthesis inhibitor when applied following retrieval. Interestingly,
they found that LTF, the cellular analog of the synaptic plasticity underlying the gill- and
siphon-withdrawal reflex, also was destabilized by protein degradation and restabilized by
protein synthesis following reactivation. These results provide additional support that
protein degradation is a major regulator of synaptic destabilization following memory
retrieval.

4.3. Extinction consolidation

The role of protein degradation in the extinction of Pavlovian fear memories has received
little attention and currently very little is known about the involvement of this process in
extinction memory consolidation. One study reported that infusion of a proteasome inhibitor
into the CA1 region of the dorsal hippocampus following extinction training could prevent
extinction consolidation for a contextual fear memory (Lee et al., 2008). Consistent with,
mice that lack Cdh1 in neurons showed impaired extinction of previously consolidated
auditory fear memory (Pick, Wang, Mayfield, & Klann, 2013). Another study reported that a
proteasome inhibitor infused into the amygdala could prevent o-cycloserine (DCS)-induced
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enhancement of memory extinction, suggesting that protein degradation may be necessary
for memory extinction in the amygdala (Mao et al., 2008). Additionally, proteasome
inhibitors impair extinction consolidation in honeybees (Felsenberg et al., 2012).
Collectively, these results suggest that protein degradation may be important for memory
extinction, though more research is needed before we can gain a better understanding of the
role of the UPS in memory extinction.

5. The role of protein degradation in long-term memory formation and

storage

While evidence is accumulating supporting the theory that protein degradation is critical for
the formation and stability of long-term fear memories, what we know very little about is
how protein degradation is involved in memory consolidation and reconsolidation.
However, /n vitrowork provides us with a possible model for how protein degradation could
be directly linked to the current signaling pathways that regulate memory storage. Here we
propose cellular models for memory consolidation and reconsolidation. These models are
adoptions from the comprehensive working models recently proposed by Johansen et al.
(2011) which did not account for the involvement of protein degradation in long-term
memory storage. Thus, our models focus on the idea that protein degradation can serve as
the main intermediate mechanism of learning-induced synaptic plasticity, linking upstream
signaling pathways (NMDA receptors, CaMKII) to downstream processes (transcription,
translation) already known to be involved in the storage of long-term memories.

5.1. Memory consolidation model

Our model for memory consolidation is presented in Fig. 3. The initiation of the
consolidation process starts with activation of the NMDA receptors (NMDAR), which leads
to the increases in intracellular calcium levels necessary for activation of the signal
pathways which regulate memory consolidation. One of the pathways is the UPS, which we
have shown to be dependent on NMDAR activity in the amygdala (Jarome et al., 2011).
Indeed, numerous studies have reported that ubiquitin—proteasome function is dependent on
NMDAR activity /in vitro (e.g., Banerjee et al., 2009; Bingol & Schuman, 2006; Bingol et
al., 2010). The likely pathway by which NMDARSs regulate increases in UPS activity is two-
fold. First, activation of various intracellular signaling pathways can increase the activity the
of ubiquitin ligases, which leads to increased protein polyubiquitination. Consistent with
this, inhibiting NMDAR in the amygdala following fear conditioning prevents increases in
protein polyubiquitination (Jarome et al., 2011). Next, the catalytic activity of the
proteasome is likely increased by CaMKII following fear conditioning. CaMKII has been
shown to regulate proteasome translocation and activity in cultured hippocampal neurons,
primarily through the phosphorylation of Rpt6-S120 (Bingol et al., 2010; Djakovic et al.,
2009, 2012; Hamilton et al., 2012). This regulation of S120 by CaMKII is regulated by
phosphorylation of CaM-KII at Thr-286 (CaMKII-T286). Indeed, fear conditioning
increases CaMKII-T286 phosphorylation in the amygdala and inhibiting CaMKII activity
impairs fear memory consolidation (Rodrigues et al., 2004). It is possible then that CaMKII
regulates increases in proteasome activity following fear conditioning, and this may occur
through phosphorylation of S120. Consistent with this, we have recently shown that
inhibiting CaMKI|1, but not PKA, in the amygdala following fear conditioning reduces
learning-induced increases in S120 phosphorylation and proteasome activity in the
amygdala (Jarome, Kwapis, Ruenzel, & Helmstetter, Unpublished result). This indicates that
the UPS is activated following fear conditioning through an NMDA-CaMKII-dependent
mechanism.
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Once activated, the UPS can potentially regulate a large number of downstream signaling
pathways and processes. One potential process the UPS could regulate is new gene
transcription. The NF-kB signaling pathway, a regulator of gene transcription, is critical for
memory formation (Ahn et al., 2008; Freudenthal et al., 2005; Yeh, Lin, Lee, & Gean, 2002;
Yeh et al., 2006). Activation of this pathway requires proteasome-dependent degradation of
the 1jB protein, which normally prevents phosphorylation and nuclear translocation of the
NF-kB protein. Consistent with this, IKB has been implicated as a target of the UPS during
fear memory formation (Lopez-Salon et al., 2001), suggesting that the UPS could be
involved in the regulation of gene transcription. Additionally, the transcription factor CREB
has been suggested as a downstream affector of proteasome activity in cultured hippocampal
neurons (Ehlers, 2003). The UPS could regulate CREB phosphorylation and activation
through two different mechanisms. First, the proteasome could degrade the PKA regulatory
subunit, allowing persistent phosphorylation and activation of the PKA catalytic subunit
(Hegde et al., 1993) which phosphorylates CREB. Second, the proteasome could target
CREB repressors. Consistent with this, the proteasome targets the CREB repressor protein
during the induction of LTF (Upadhya, Smith, & Hegde, 2004), though this has not yet been
examined in mammals. However these are just two examples of how protein degradation
could be involved in the regulation of mMRNA transcription during long-term memory
formation, though many more likely exist.

A number of recent studies have shown that epigenetic changes are critical for long-term
memory formation (Chwang, Arthur, Schumacher, & Sweatt, 2007; Gupta et al., 2010; Kim,
Levenson, Korsmeyer, Sweatt, & Schumacher, 2007; Levenson et al., 2004; Lubin &
Sweatt, 2007; Miller, Campbell, & Sweatt, 2008; Miller et al., 2010). Modifications of the
chromatin structure make the DNA more or less accessible to transcription factors, resulting
in long-term changes in gene transcription. Normally, histone acetylation and methylation
have been studied as ways of modifying histones and making DNA more or less accessible
to the transcription machinery, respectively, however, histones also undergo ubiquitination
and sumoylation. These modifications are analogous to methylation and acetylation,
respectively, however have not yet been examined in the context of long-term memory
formation. It is possible that a non-proteolytic function of the UPS during memory
consolidation is ubiquitination of histones. Additionally, this may be regulated by 19S
proteasome subunits Rpt4 and Rpt6 (Ezhkova & Tansey, 2004), though more research is
needed to address this in more detail.

The UPS could also regulate the requirement for protein synthesis during memory
formation, both through proteolytic and non-proteolytic functions. For proteolytic activity of
the UPS, translation could be regulated two different ways. First, UPS-mediated increases in
protein synthesis could be a consequence of UPS-mediated increases in gene transcription.
Second, the UPS could target translational repressors independent of its actions of gene
transcription. For example, the proteasome has been shown to target the RISC factor
MOV10 J/n vitro (Banerjee et al., 2009). MOV10 undergoes a NMDA- and proteasome-
dependent degradation process, which leads to greater protein synthesis at synapses.
Interestingly, MOV10 has been shown to be a target of the proteasome during fear memory
consolidation in the amygdala (Jarome et al., 2011). This suggests that protein degradation
could regulate protein synthesis through both transcription-dependent and transcription-
independent mechanisms. Additionally, the UPS could regulate translation through a non-
proteolytic mechanism. A seminal study by Pavlopoulos et al. (2011) demonstrated that the
cytoplasmic polyadenylation element-binding protein 3 (CPEB3) undergoes
monoubiquitination by the E3 ligase Neuralized1. This monoubiquitination of CPEB3 lead
to an increase in the synthesis of GIuR1 and GIuR2 and a growth of new dendritic spines in
cultured hippocampal neurons. Additionally, overexpression or knockdown of Neuralizedl
enhanced or impaired memory formation and synaptic plasticity, suggesting that this
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monoubiquitination of CPEB3 was critical for memory formation. Collectively, this
suggests that the UPS could regulate protein synthesis during memory formation by both
proteasome-dependent and proteasome-independent mechanisms.

The UPS could also regulate memory consolidation through its actions on the synaptic
structure. Ubiquitin—proteasome mediated protein degradation has been shown to be
important for activity dependent rearrangement of the PSD (Ehlers, 2003) and growth of
new dendritic spines (Hamilton et al., 2012) in cultured hippocampal neurons. Following
fear conditioning, there is a change in the synaptic structure and possible growth of new
dendritic spines (Lai, Franke, & Gan, 2012; Ostroff, Cain, Bedont, Monfils, & LeDoux,
2010; Radley et al., 2006). It is possible then that protein degradation regulates changes in
the PSD and growth of new dendritic spines. Consistent with this, the UPS targets the
synaptic scaffolding protein Shank for degradation in the amygdala following fear
conditioning (Jarome et al., 2011) and memory impairments resulting from knockout of a
specific E3 ligase is correlated with increased Shank expression following LTP induction
(Pick, Malumbres, et al., 2013). Shank is a “master” scaffold protein that has connections
with receptor proteins and the actin cytoskeleton (Zheng, Seabold, Horak, & Petralia, 2011),
suggesting that protein degradation could regulate changes to the synaptic structure through
removal of receptor scaffolds. Additionally, the UPS could target proteins that normally
negatively regulate dendritic spine growth, such as MEF2 which normally inhibits learning-
dependent spine growth and synaptic plasticity (Cole et al., 2012). Thus it is possible that
UPS-mediated protein degradation may be involved in structure changes to synapses
following memory formation, but no direct link has yet been established in a behaving
animal. Future research will need to address this in more detail.

Collectively, our model for memory consolidation suggests that new memories are formed
by the coordinated activation of the UPS, which regulates transcriptional and translational
control proteins to promote increases in gene transcription and protein synthesis necessary
for normal memory formation. In this hypothetical model, protein polyubiquitination is
increased through a NMDA-dependent mechanism and proteasome activity is increased by
NMDA-CaMKII mediated phosphorylation of the 19S subunit Rpt6 at Serine-120. The
proteasome then can regulate de novo gene transcription and protein translation through the
removal of transcriptional and translational repressors and proteasome-dependent
degradation of “master” scaffolds such as Shank could control alterations to the postsynaptic
structure, allowing long-term changes in synaptic strength. Additionally, non-proteolytic
ubiquitination of histone proteins could act to coordinate the histone acetylation and
methylation changes that have been shown to be important in long-term memory formation,
allowing long-term changes in gene expression. This model would suggest then that protein
degradation could be a major regulator of memory consolidation by linking upstream
signaling mechanisms to the downstream transcriptional and translational processes thought
to be important in long-term memory formation.

5.2. Memory reconsolidation model

Our model for memory reconsolidation is presented in Fig. 4. As discussed in detail
elsewhere, while memory reconsolidation shares some of the same molecular mechanisms
as memory consolidation, reconsolidation is not a recapitulation of consolidation (Alberini,
2005; Alberini & Chen, 2012; Finnie & Nader, 2012; Nader & Hardt, 2009; Tronson &
Taylor, 2007). Despite this, reconsolidation does seem to require UPS-mediated protein
degradation, however, how protein degradation regulates the reconsolidation process may be
both similar and different than how it regulates memory consolidation. For example,
increases in protein degradation after retrieval are dependent on NMDAR receptor activity
(Jarome et al., 2011). Downstream of NMDARYs, it is unknown how protein degradation is
regulated during the reconsolidation process, though CaMKII remains an attractive
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mechanism. Currently, the role of CaMKII in memory reconsolidation has not yet been
examined, though it is possible that it regulates memory flexibility or lability following
retrieval (Radwanska et al., 2011). Consistent with this, our lab has preliminary evidence
demonstrating that CaMKII regulates proteasome activity following memory retrieval
through the phosphorylation of Rpt6-S120 (Jarome et al., personal communication). Thus it
is possible then that CaMKII may regulate protein degradation during memory
reconsolidation through its actions on the proteasome.

One of the most intriguing theories for the role of protein degradation during memory
reconsolidation is that it regulates memory destabilization following retrieval. Indeed,
infusion of a proteasome inhibitor after retrieval can prevent the effects of protein synthesis
inhibitors (Jarome et al., 2011; Lee et al., 2008, 2012) and prevent memory updating (Lee,
2008, 2010). This suggests that protein degradation acts to induce memory destabilization
following retrieval, however, it is unknown how this occurs. One possibility is that the UPS
regulates structural modifications to synapses following memory retrieval (Kaang & Choi,
2012). This theory would suggest that memory destabilization is initiated by a coordinated
disassembly of the postsynaptic structure, which induces the need for new protein synthesis
to complete the synaptic remodeling process. Consistent with this, the proteasome has been
shown to target “master” synaptic scaffolding proteins such as Shank in the amygdala
(Jarome et al., 2011) and hippocampus (Lee et al., 2008) following retrieval. This suggests
that protein degradation could regulate memory destabilization by controlling the activity-
dependent remodeling of the postsynaptic density, though such a remodeling process has yet
to be identified /n vivo.

Protein degradation may also directly regulate protein synthesis during reconsolidation,
possibly through similar mechanisms as those outlined in the consolidation model. For
example, the UPS could regulate increases in protein synthesis by enhancing gene
transcription, however, there have been a number of conflicting results for the involvement
of new gene transcription in the reconsolidation process (Duvarci, Nader, & LeDoux, 2008;
Kida et al., 2002; Lee, Everitt, & Thomas, 2004; Lubin & Sweatt, 2007; Parsons, Gafford,
Baruch, et al., 2006; Parsons, Gafford, & Helmstetter, 2006; Parsons, Riedner, et al., 2006;
Si et al., 2012; Solntseva & Nikitin, 2012). Additionally, the UPS could regulate translation
directly by degrading RISC factors such as MOV 10 after retrieval (Jarome et al., 2011).
Regardless, the UPS likely regulates memory consolidation and reconsolidation in similar
ways, though, considering the large number of potential targets, it could act as a way to
differentiate the two memory storage processes.

Collectively, our model for memory reconsolidation suggests that consolidated memories
are modified by the coordinated activation of the UPS, which controls the destabilization of
the memory. In this hypothetical model, protein polyubiquitination is increased through a
NMDA-dependent mechanism and proteasome activity is increased by NMDA-CaMKI|I
mediated phosphorylation of the 19S subunit Rpt6 at Serine-120. The proteasome then can
regulate the need for de novo protein translation by disassembling the synaptic structure
through the degradation of “master” scaffolds such as Shank, allowing new long-term
changes in synaptic strength. Additionally, the UPS could directly regulate increases in gene
transcription and protein translation, but these would occur as a consequence of memory
destabilization initiated by disassembly of the synaptic structure. This model would suggest
then that protein degradation could be a major regulator of memory reconsolidation by
controlling the ability of synapses to be plastic following retrieval, allowing modification of
previously consolidated memories.
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6. Conclusions

For decades it was proposed that protein synthesis was the critical cellular process
underlying new memory formation and stability — only recently has the idea that protein
degradation may be important in memory formation process begun to emerge. While some
of the early results have been conflicting, there does appear to be a clear need for protein
degradation in the multiple stages of memory formation and storage. Despite this, we still
have a very basic understanding of how protein degradation may be involved in making and
modifying memories. Here we have proposed simple working models that incorporate
protein degradation into the existing cellular models of memory consolidation and
reconsolidation. These models could serve as tools to help us determine not only if protein
degradation is generally necessary for memory formation and stability, but also how it
contributes to these processes, ultimately unraveling the mystery of how protein degradation
is involved in learning and memory in the mammalian brain.
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Fig. 1.

The ubiquitination process. Ubiquitin protein modifiers are attached to a target protein
through a series of ATP-dependent steps. Free ubiquitin is activated by an E1 ligase and
conjugated to a target protein through the coordinated actions of ubiquitin E2 and E3 ligases.
Short ubiquitin tags target proteins for non-proteolytic functions while longer ubiquitin tags
(polyubiquitination) target the protein for degradation by the 26S proteasome complex. The
proteasome removes the ubiquitin tag through deubiquitinating enzymes (DUBs) and
degrades the target substrate into small peptide fragments.
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The 26S proteasome complex. The 26S proteasome complex consists of a 20S catalytic core
and two 19S regulatory particles. The regulatory particles are divided into lids and bases,
The lid contains the non-ATPase Rpnl11 deubiquitinating subunit and the Rpn10/S5a
subunit, which captures polyubiquitinated proteins for degradation, while the base contains
the only six ATPase subunits, Rpt1-6. The catalytic subunit contains two outer rings or a-
subunits and two inner rings of B-subunits. The B1, f2, and 5 subunits are responsible for
the catalytic activity of the proteasome.
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Cellular model of memory consolidation. Solid lines denote hypothetical pathways based on
tested mechanisms. Dotted lines denote untested, hypothetical pathways. Red lines indicate
proteasome-dependent degradation of target protein. Abbreviations: f-AR, B-adrenergic
receptor; Ca2*, calcium; CaMKII, calcium—calmodulin dependent protein kinase Il; CREB,
CAMP response element (CRE) binding protein; GIuR1/2/3, glutamate AMPA receptor
subunit 1, 2 and 3; GKAP, guanylate kinase-associated protein; IkB, inhibitory kappa B
protein; MAPK, mitogen-activated protein kinase; MOV10, Moloney leukemia virus 10;
MRNA, messenger ribonucleic acid; mTOR, mammalian target of rapamycin; NF-kB,
nuclear factor kappa B; NMDA, N-methyl-o-aspartate glutamate receptor; P70S6K, P70 S6
kinase; PKA, protein kinase A; PKC, protein kinase C; PKM{, protein kinase M{; PSD95,
postsynaptic density protein 95; RISC, RNA-induced silencing complex; SHANK, SH3 and
multiple ankyrin repeat domains protein. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4.

Cellular model of memory reconsolidation. Solid lines denote hypothetical pathways based
on tested mechanisms. Dotted lines denote untested, hypothetical pathways. Red lines
indicate proteasome-dependent degradation of target protein. Black lines denote
destabilization mechanisms. Blue lines denote restabilization mechanisms. Abbreviations: p-
AR, B-adrenergic receptor; Ca2*, calcium; CaMKII, calcium—calmodulin dependent protein
kinase 11; CREB, cAMP response element (CRE) binding protein; GIuR1/2/3, glutamate
AMPA receptor subunit 1, 2 and 3; GKAP, guanylate kinase-associated protein; IkB,
inhibitory kappa B protein; MOV10, Moloney leukemia virus 10; mRNA, messenger
ribonucleic acid; mTOR, mammalian target of rapamycin; NF-kB, nuclear factor kappa B;
NMDA, N-methyl-o-aspartate glutamate receptor; P70S6K, P70 S6 kinase; PKA, protein
kinase A; PSD95, postsynaptic density protein 95; RISC, RNA-induced silencing complex;
SHANK, SH3 and multiple ankyrin repeat domains protein. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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